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Summary
1. Mortality caused by power lines is a conservation problem for many vulnerable bird species. Many large species are especially threatened by electrocution as they frequently perch on
pylons leading to electrocution that typically causes death. Electrocution mitigation measures
have been implemented to protect several species; however, a resulting decrease in mortality
due to these measures has not previously been demonstrated at the population scale.
2. In this study, we used data from a long-term capture–recapture programme (combining
resightings of live birds and recovery of dead birds) carried out on the French population of
the Bonelli’s eagle Aquila fasciata from 1990 to 2009 to estimate the impact of the insulation
of power lines on key demographic rates.
3. We found that the survival probability of all age classes increased after the insulation of
dangerous power lines, due to a decrease in mortality caused by electrocution. This decrease
was partially compensated for by an increase in other causes of death.
4. Our findings show that insulation of power lines has a strong positive impact on juveniles
and immature birds and a lesser impact on adults. The overall increase in survival due to
power line insulation led to a sharp increase in predicted population growth rates (from 082
to 098), although our findings still suggest that the population is not self-sustaining. Elasticity values indicate that adult survival is the key parameter in the population dynamics of this
species, and since adult mortality caused by electrocution seemed close to zero, our ability to
act on this parameter is limited.
5. This study demonstrates that insulation of power lines is relevant for the conservation of
large bird species at a population scale as it allows the survival rate of all age classes to
increase and thus in turn has a strong positive impact on population growth rates.
6. Synthesis and applications. We demonstrated that mortality rates induced by electrocution
are considerable and have major consequences for the population viability of birds. We also
demonstrated that electrocution mitigation measures can lead to a sharp increase in survival
through reducing mortality from electrocution leading to improved population viability. In
the light of these results, there is an urgent need that conservationists contact power line
stakeholders not only to urge them to generalize retrofitting actions but also, in planning new
infrastructure development, to plan for less harmful power lines, since this will be far less
costly than developing a posteriori mitigation actions.
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Introduction
Understanding the impact of human-induced mortality on
animals is a key topic in conservation biology. Mortality
due to power lines has been argued to be a major cause
of the short-term decline of a large number of endangered
avian species on both local and broad spatial scales (Leshem 1985; Ferrer, De La Riva & Castroviejo 1991; Real
& Manosa 1997), as well as the cause of death of many
bird species around the world (Bevanger & Brøseth, 2004;
Bevanger 1998; Lehman, Kennedy & Savidge 2007). It
has also been demonstrated as a threat for some bat species (Tidemann & Nelson 2011). In developing countries,
where biodiversity is usually highest (Myers et al. 2000),
the power grid is growing rapidly, and power lines are
often installed in areas where the impact on the environment is unknown and mitigation measures are not typically imposed by legislation (Bevanger 1998). Thus,
developing an effective electrocution mitigation strategy
based on scientific evidence is becoming increasingly critical on a global scale.
Large- or medium-sized birds such as raptors and the
white stork Ciconia ciconia (Schaub & Pradel 2004) are
particularly threatened by electrocution from power lines
(Bevanger 1998). This is because their wings easily span
the distance between energized and grounded components
of power poles, leading to an electric shock that can cause
irreversible injury or death. Furthermore, these birds frequently use pylons to perch, hunt and nest (Janss & Ferrer 1999; Lehman, Kennedy & Savidge 2007). Most of
these birds are naturally long-lived, with small populations whose dynamics are especially sensitive to adult
mortality due to unnatural causes (Real & Manosa 1997;
Saether & Bakke 2000). Mitigation of electrocution risk
has thus been proposed as key to promote the conservation of several threatened species (Sergio et al. 2004;
Schaub et al. 2010; Boshoff et al. 2011). Although the
effectiveness of mitigation measures has been demonstrated for retrofitted pylons, even at larger scales (see,
e.g., Tinto, Real & Manosa 2010), to our knowledge only
one study has demonstrated in a methodologically sound
way a decrease in bird mortality resulting from mitigation
programmes (see Lopez-Lopez et al. 2011). This lack of
evidence is primarily due to the inherent difficulties of
monitoring and estimating the main vital rates of largesized bird species, which usually have small populations.
In addition, it is important to base such investigations on
long-term studies that intensively monitor marked birds
so their fates can be known, allowing the estimation of
electrocution mortality rates and the associated consequences on the population (Lehman, Kennedy & Savidge

2007). Despite these difficulties, evidence-based conservation strategies (Sutherland et al. 2004) require the unambiguous demonstration that insulation of power lines is
effective and eventually leads to increased survival, in turn
improving the population growth rates of species at risk.
In this study, we took advantage of an intensive capture–
recapture programme conducted since 1990 on the French
population of Bonelli’s eagle Aquila fasciata to investigate
the impact of insulation of power lines on population viability.
We first estimated the key demographic parameters of
this population before and after the electrocution mitigation measures by using multistate capture–recapture
analyses, which allow mortality by different causes to be
estimated separately (Schaub & Pradel 2004). Then, we
investigated the impact of insulation of power lines on
overall population viability by building matrix models.

Materials and methods
THE STUDIED SPECIES

Bonelli’s eagle is a medium-sized raptor species distributed from
south-east Asia through the Middle East to the western Mediterranean (Del Hoyo, Elliott & Sargatal 1992). Its population in
Europe is estimated at 920–1100 pairs (Birdlife International
2004) and has suffered a rapid decline in numbers and range in
recent decades (Real 2004). As a consequence, the Bonelli’s eagle
is listed in numerous conventions that aim to protect biodiversity
and it is currently considered as ‘Endangered’ at the European
scale (Carrete et al. 2002; Birdlife International 2004). Although
several factors, including habitat loss, competition with the
golden eagle Aquila chrysaetos and disturbance at breeding sites
from leisure activities, have a negative effect on its population,
the main cause of its decline is high mortality (Real & Manosa
1997; Hernandez-Matıas et al. 2013). This is mainly due to shooting or trapping and, especially, electrocution by power lines (Real
& Manosa 1997; Real et al. 2001; Carrete et al. 2002). In France,
the species has declined sharply, from about 80 pairs in 1960 to
23 pairs in 2002, the population’s lowest level to date. Its range
has contracted and is now highly fragmented (CEN-LR 2013).
To stop the decline of the population, a national conservation
plan was adopted in 1984, leading to the implementation of several conservation actions, including power line insulation in the
species’ dispersal and breeding areas (CEN-LR 2013).
The Bonelli’s eagle life cycle is characteristic of long-lived species with a fecundity around one fledging chick per pair per year,
and an adult survival above 085 (Hernandez-Matias et al. 2010,
2011). Once they leave the nest, fledglings remain in the parents’
territory for around 90 days (Balbontin 2005). Then, they undertake long-distance movement to areas where they are vagrants
(Lopez-Lopez et al. 2004; Cadahia et al. 2010). At the age of
three or four (Hernandez-Matias et al. 2010), individuals recruit
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into a territory, where they show strong site and pair bond tenacity (Bosch et al. 2010).

MONITORING PROGRAMME

Our study is based on capture–recapture data (hereafter CR) collected from 1990 to 2009. During this period, almost all the
chicks born in the French population were individually ringed in
the nest before fledging (450 chicks ringed out of 478 known to
have fledged, i.e. 94%). They were double-banded with a plastic
Darvic ring, carrying a code that can be read using a telescope at
a distance of up to 200 m, and a standard metal ring. The recapture data consist of (i) resightings across the entire zone occupied
by the species in France, which is intensively monitored by various NGOs (LPO, Salsepareille, CEN-LR, CEN-PACA, etc.), and
(ii) occasional recoveries of dead birds. In the majority of cases,
when a dead bird was recovered, the cause of death was determined by a veterinarian. Electrocutions were determined by the
location of the dead bird as well as by the presence of burn
marks or necrosis typical of electrocution. In some cases, the
cause of death could not be identified.

INSULATION OF POWER LINES

Measures to retrofit power lines in the framework of the conservation of Bonelli’s eagle began around 1990 in southern France,
but concerned <20 poles. More significant insulation efforts were
implemented from 1997 onwards, when specific contracts were
signed between NGOs and some of the local electricity providers.
To guide the mitigation measures, NGOs began to map the
power lines in the vicinity of breeding pairs as well as in the area
known to be used for dispersal. Based on available maps, some
of the local energy providers began to insulate the lines considered as dangerous. Quantitative or spatial data regarding insulation works were gathered a posteriori for the National Action
Plan report, but it is not complete (CEN-LR 2013). The insulation work began in 1997, and between 1999 and 2004, 500 dangerous poles were insulated in the home range of 15 breeding
Bonelli’s eagle pairs (i.e. about 75% of the population’s breeding
pairs). During these years, many dangerous power lines were also
insulated in the Camargue delta, an important area for vagrants
(mostly immature) in France. In addition, between 2005 and 2009
(the last year we considered in our analysis), fewer than 100 poles
were insulated (CEN-LR 2013). From this information, we can
conclude that most of the retrofitting measures were carried out
between 1997 and 2004 and that they concerned a large proportion of both breeding and vagrant areas for this species.

STATISTICAL ANALYSES

Survival probability estimation
Survival probabilities were estimated based on the CR data using
a ‘special case’ of the multistate approach (Arnason 1973; Schwarz, Schweigert & Arnason 1993) that combines data from the
resightings of live birds and the recoveries of dead birds (Lebreton & Pradel 2002). This modelling approach has been shown to
improve the accuracy of survival probability estimates (Kendall,
Conn & Hines 2006). Recent developments in these models also
enable the simultaneous modelling of survival and mortality
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probabilities associated with different causes, as well as the probability of tag loss (Schaub & Pradel 2004; Tavecchia et al. 2012).
By combining all the available data, an individual observed in
a given year was assigned to one of the seven mutually exclusive
states: (1) alive with a Darvic ring (state A+) or (2) without a
Darvic ring (state A–); (3) dead by electrocution with a Darvic
ring (state DE+) or (4) without a Darvic ring (state DE ); (5)
dead by another cause with a Darvic ring (DO+) or (6) without a
Darvic ring (DO ); and (7) ‘long dead’ (noted LD). The latter
defines an unobservable and absorbing state corresponding to a
bird previously recovered, in contrast to the observable states
corresponding to recovery of a corpse (Lebreton, Almeras & Pradel 1999). This differentiation allowed us to estimate the reporting rate of dead animals and the probability of dying from
different causes (Schaub & Pradel 2004). In any given year, a resighted individual might move from one state to another as
recorded in a 7 9 7 transition matrix (see Table S1, Supporting
Information). For instance, the transition from state A+ at time t
to state A+ at time t + 1 represents the probability that the individual has not lost its Darvic ring and has survived from 1 year
to the next. The transition from state A+ at time t to state DE+
at time t + 1 represents the probability that the individual has
not lost its Darvic ring, but died by electrocution during the time
interval. The probability of resighting may be influenced by the
state of the individual (for instance, with or without a Darvic
ring). Moreover, dead individuals are not systematically detected
and different mortality causes can lead to different recovery rates.
These probabilities are denoted as p for resightings of rings and r
for report of recoveries.
We built several models with two different age-class structures
for survival probability. One included four age classes (first year,
second year, third year and survival after 3 years old), and the
other also included four age classes (but with the second and
third year having the same survival [following the best model
from Hernandez-Matias et al. 2011]). Before the age of 3–4, when
Bonelli’s eagles recruit, individuals are usually vagrants. Consequently, individual detection probability could vary with age, so
our models included two types of age-class structure for resighting probability. One included four age classes (first year, second
year, third year, and the resighting of individuals 4 years old and
older), the other included three age classes (first year, second
year, and the resighting of individuals 3 years old and older).
The resighting probabilities were considered different for birds
with or without their Darvic ring. Regarding the tag loss, we
tested whether they were constant or change with age by testing a
constant, two or three age classes on this parameter.
To test the effect of power line insulation measures on survival
probability, we divided the study period into two subperiods:
‘before’ (1990–1997) and ‘after’ (1998–2009) insulations of power
lines and poles (mainly carried out since 1997). These two periods
were used as a time constraint on transition probabilities within
the same modelling framework.
In total, we fitted 48 different models that included all the
combinations of the different effects on survival, detection probabilities and tag loss (see Table S2).
The software E-SURGE (Choquet, Rouan & Pradel 2009b) was
used to obtain maximum likelihood estimates of parameters.
Model selection was performed using QAICc, that is the AIC
corrected for small sample size and potential over-dispersion
(Burnham & Anderson 2002). No goodness-of-fit tests are
available for models that include absorbing states (i.e. states
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can be summarized as a transition matrix (Caswell 2001), which
is shown in Table S3.
The matrix was used to calculate the asymptotic growth rate of
the population (k) with parameters estimated before and after
power line insulation. The analysis of the matrix also provided
the elasticity values of matrix components that quantify the contributions of each parameter of the life cycle to the population
growth rate (Caswell 2001). All matrix population manipulations
were conducted using ULM software (Legendre & Clobert 1995).

corresponding to all dead individuals, D and LD), so we used the
Cormack–Jolly–Seber (CJS) goodness-of-fit test on resighted
birds only (ringed chicks were removed since they may generate
artificial transience due to their low survival) using U-CARE 2.2.2
(Pradel, Gimenez & Lebreton 2005; Choquet et al. 2009a).

Fecundity estimation
The mean number of fledglings produced yearly by a breeding
pair of Bonelli’s eagles was modelled using a generalized linear
mixed model (GLMM) assuming a Poisson distribution and using
the breeding site and the year as random effects. We tested both
whether fecundity showed a trend over time (year as a linear
effect) and whether the period (before and after insulation of
power lines) showed an effect on fecundity. Model comparison
was performed using AIC values (Burnham & Anderson 2002).

Results
The data set included 446 ringed birds, 585 resightings (of
116 different individuals) and 40 recoveries of dead birds
over the study period (1990–2009). Among the recoveries,
23 deaths were attributed to electrocution and 17 to other
causes.

Matrix projection
SURVIVAL AND MORTALITY ESTIMATION

Estimated demographic parameters were integrated in a determinist population matrix model with three age classes, considering a
pre-breeding census of females only. The age-class structure follows the structure we used in the CR modelling. The age classes
of the matrix model were ‘immature’, ‘subadult’ and ‘adult’.
‘Immature’ refers to 1-year-old individuals that survived from
1 year to the next with a probability noted as S1 (second age
class in CR modelling), becoming ‘subadults’ that themselves survived from 1 year to the next with a probability noted as S2
(third age class in CR modelling) and then becoming ‘adults’ that
survived with a probability noted as S3 (fourth age class in CR
modelling). Following Hernandez-Matias et al. (2010), the proportion of breeders was set at 016, 068 and 10 for immature
(b1), subadult (b2) and adult (b3) birds, respectively, and the
fecundity was assumed to be 045 for immature and subadult
birds (f1). The fecundity for adults was the one we estimated in
our fecundity analysis (see results). Fledging chicks survived with
a rate S0 to reach ‘immature stage’ (first age class in CR modelling). We considered the sex ratio to be at equilibrium. This cycle

The CJS model fitted the data adequately (GOF test:
v253 = 3259, P = 0988).
The 10 best models are shown in Table 1 (all fitted
models are shown in Table S2). The best model has a
QAICc of 199 points lower than the second best model.
It also has a three-fold higher QAICc weight than the
second best model. We can therefore conclude that this
model is strongly supported by the data than all others
tested. This model includes four age classes for survival
probability, with classes 2 and 3 forced to equality,
three age classes for resighting probability and a constant recovery probability between age classes. The
model also includes a difference in survival probability
for all age classes before and after power line insulation.
Note that the five best models (deltaQAICc<4) included
very close structures of survival and mortality rates (see

Table 1. The 10 best models and their respective QAICc obtained by the analysis of capture–recapture data on the French population of
the Bonelli’s eagle (c-hat = 1); ‘np’ is the number of parameters. In the ‘Tag loss’ column, the row ‘Age classes’ means that this parameter was estimated for two or three age classes or with all individuals together without age distinction. In the ‘Survival’ column, the row
‘Age 2 = age 3’ means that these two age class parameters were forced to be equal. A ‘yes’ in the column ‘Recoveries’ means that the
recovery probabilities for birds killed by electrocution (E) and dead from another cause (O) were forced to be equal. All these models
include the period effect on survival probability (i.e. before and after 1997)
Transition

Event
Survival

Rank

np

Deviance

QAICc

DQAICc

QAICc weight

Tag loss
Age classes

1
2
3
4
5
6
7
8
9
10

19
20
23
21
21
21
24
22
22
23

137406
137405
136931
137340
137343
137393
136930
137339
137392
137231

141206
141405
141531
141540
141543
141593
141730
141739
141792
141831

199
325
335
337
387
524
533
586
625

039
014
008
007
007
006
003
003
002
002

–
2
–
3
–
–
2
2
2
3

Age 2 = age 3

Time effect

Age classes

Recoveries
E=O

Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes

Two
Two
Two
Two
Two
Two
Two
Two
Two
Two

3
3
3
3
4
3
3
4
3
4

Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes

period
period
period
period
period
period
period
period
period
period
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Table S4) and that the insulation effect has a QAICc
weight of 1.
Resighting probability increased with age (Table 2),
ranging from 019 for the youngest individuals to 057 for
adult individuals still with their Darvic ring. The rate of
tag loss was high, since individuals had a 12% probability
of losing their Darvic ring every year (Table 2). The resighting of individuals that have lost their Darvic ring is,
however, high (see Table 2), and this allows precise and
unbiased estimates of survival probabilities despite high
probability of tag loss. The recovery rate is estimated at
around 011 for all birds; there is no difference between
individuals that died from electrocution or other causes
(Table 2).
The estimates of survival and mortality probabilities of
the five best models are extremely similar (see Table S4).
A detailed examination of survival probability estimated
in the best model reveals a significant increase in survival
after 1997 for all age classes (Fig. 1a). The largest increase
was observed for the youngest age class and the smallest
increase for adults. The probability of dying from electrocution decreased after 1997 for all age classes (Fig. 1b).

Table 2. Estimates of the probabilities of survival, mortality, resighting and recovery provided by the best multistate model fitted
on the capture–recapture data of the French population of the
Bonelli’s eagle

Parameters
Tag loss
Survival
before
power line
insulation
1990–1997
Survival after
power line
insulation
1998–2009
Mortality
before
power line
insulation
1990–1997

Mortality
after power
line
insulation
1998–2009

Resighting
probability
Recovery
probability

Cause of
death

Age
class Estimates 95% CI

SE

All
1
2
3
4
1
2
3
4
Electrocution 1
2
3
4
Other causes 1
2
3
4
Electrocution 1
2
3
4
Other causes 1
2
3
4
1
2
3
1

012
030
049
049
077

007;
019;
031;
031;
042;

018
044
067
067
094

003
007
010
010
014

053
062
062
088
056
051
051
012
014
000
000
011
013
027
027
000
034
011
011
012
019
019
057
011

039; 066
051; 072
051; 072
080; 093
039; 072
033; 069
033; 069
003; 032
005; 035
–
–
004;028
005; 030
015; 044
015; 044
–
021; 050
003; 032
003; 032
007; 020
012; 027
012; 031
041; 071
008; 014

007
006
006
003
009
010
010
008
007
000
000
006
006
008
008
000
008
007
007
003
004
005
008
002

5

The largest decrease was for juveniles (from 056 before
power line insulation to 014 after). After 1997, no adults
were found electrocuted. Note that even though overall
survival increased with the decline in death from electrocution after 1997 for all age classes, the rate of death
from other causes increased for non-adults and remained
equal for adults (Fig. 1c).
FECUNDITY

The average fecundity estimated in this study was 091
fledglings per breeding pair per year. The analysis showed
that there was no trend over time (z = 0016, d.f. = 1,
P = 099, AIC = 12607), nor differences before and after
power line insulation (z = 089, d.f. = 1, P = 037,
AIC = 12599) (see Tables S5 and S6 for model selection
and the estimates of the constant model). Yearly estimates
of fecundity are shown in Fig. S1.
MATRIX PROJECTION

The annual population growth rate sharply increased after
power line insulation, from 082 to 098 (Table 3). This
increase in growth rate translates into a significant delay
in the time to extinction of the population (before power
line insulation: 20 years to reach only one remaining individual; after insulation: 170 years). The elasticity values
for the fecundity and survival probability of classes of
young birds do not exceed 010, while that of adult survival is around 080 (Table 3), indicating that the key
demographic parameter of the viability of this population
is adult survival. Additionally, the ratio between the elasticity of adult survival and other demographic parameters
decreases from 16 to 9 (before and after insulation), indicating a greater impact of the survival of juvenile and
immature birds on population dynamics after mitigation
measures against electrocution, although adult survival
clearly remains the most important parameter for population dynamics. To stabilize the population, adult survival
would have to increase by about 3% (to reach 091). In
contrast, the survival rate of immature birds would have
to increase by about 14% (to reach 071).

Discussion
Despite years of power line insulation around the world,
studies that robustly analyse the real impact of these measures on population viability are extremely rare (Lehman,
Kennedy & Savidge 2007). This study unambiguously
demonstrates that electrocution mitigation measures led
to an increase in survival by reducing mortality from electrocution, which in turn resulted in an increase in the
population growth rate. The study found that electrocution was the main cause of mortality in the studied population and that mortality rates from electrocution were
extremely high. Before mitigation measures, 56% of juveniles, 51% of immature individuals and 13% of adults
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0·6

0·8
4

0·0

0·2

0·4

Mortality probability

0·6
0·4

Survival probability

0·2

2
3
Age class

1

2
3
Age class

4

Mortality by other causes

1·0

0·0

1

0·6
0·4

Fig. 1. Estimates (with 95% confidence
interval) of survival probability (a); mortality probability by electrocution (b); and
mortality probability by another cause (c),
according to age class and period (circle:
before power line insulation 1990–1997;
triangle: after power line insulation 1998–
2009) for the French population of Bonelli’s eagle.

0·0

0·2

Mortality probability

0·8

(c)

Mortality by electrocution

(b)
1·0

1·0

Survival probability

0·8

(a)

1

2

3

4

Age class

Table 3. Parameters provided by the analysis of Leslie matrix
using the demographic parameters of the French population of
Bonelli’s eagle before (1990–1997) and after (1998–2009) power
line insulation in their territories: population growth rate, time to
extinction and elasticity of the demographic parameters

Growth rate
Time before extinction
Immature fecundity
Subadult fecundity
Adult fecundity
Immature survival
Subadult survival
Adult survival

Before insulation

After insulation

082
20 years
<0001
0002
0055
0057
0055
0830

098
170 years
0002
0005
0086
0091
0086
0731

died annually from electrocution that can be compared to
the full mortalities that are 070, 051 and 023, respectively. Such high mortality levels are not limited to the
Bonelli’s eagle. Schaub & Pradel (2004) have estimated
the power line mortality rate in adult white storks as 006
(95% CI = 003–010) and in juveniles as 025 (95%
CI = 014–036). In their study, Gonzalez et al. (2007)
shown that 477% of recovered Spanish imperial eagles
died by electrocution. For the eagle owl, Schaub et al.
(2010) have estimated this rate as 24%, and Tidemann &

Nelson (2011) have estimated it as 186% for the greyheaded flying fox. In all these cases, such high mortality
rates have a serious consequence on population viability
as the population growth rate of these large-sized species
is especially sensitive to survival (Lebreton et al. 2012).
Because mortality rates caused by electrocution are extremely difficult to estimate, they are rarely documented in
the literature; however, these results are probably more
the rule than the exception for large birds.
We found that following mitigation measures, the survival rate of Bonelli’s eagles in their first year increased
from 030 (SE = 007) to 053 (SE = 007), in their second
and third year from 049 (SE = 01) to 062 (SE = 006)
and in adults from 077 (SE = 014) to 088 (SE = 003).
Our analysis of the causes of mortality confirmed that the
observed increase in survival was due to a sharp decrease
in mortality from electrocution (from 56% to 14% in juveniles, from 52% to 27% in immature individuals and from
13% to 0% in adults). The insulation of power lines,
which was predicted to have a positive impact mainly on
vagrant juveniles and immature birds (Balbontin 2005; Cadahia, Urios & Negro 2007), also had a positive effect on
adult survival. This can be explained by the fact that mitigation measures were carried out not only in areas where
vagrants disperse, but also in the home range of breeding
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pairs (CEN-LR 2013). This result is of high importance as
it proves the relevance of investment in such programmes
and their effectiveness as a conservation method.
However, our results also indicated that while mortality
by electrocution decreased, mortality from other causes
increased in non-adult birds. This may be due to a compensatory process, often demonstrated in hunting studies
(Sedinger et al. 2010); that is, death by electrocution may
‘compete’ with other causes of mortality. For example,
the number of recovered young birds killed in collisions
with cars seems to have increased in recent years (one case
before 2000, but four cases between 2000 and 2009). This
finding seems relatively anecdotal, but it may suggest that
some young birds that avoided electrocution due to power
line insulation may have then been the victims of another
cause of death (car collision, starvation, etc.). Although
we cannot completely exclude that this finding is not the
result of increased pressure from other causes of mortality, we believe this is the first study to show such compensation in the context of power lines since its demographic
importance has been pointed out (Lehman, Kennedy &
Savidge 2007). This phenomenon may mean that a
decrease in mortality from electrocution may not fully
translate into the ultimate survival of non-adult birds.
Fecundity, estimated at 091 fledglings per couple per
year, did not exhibit any temporal trend over the studied
period. Power line insulation did not seem to have a
direct impact on eagle fecundity. This result is not surprising as electrocution mainly affects immature individuals.
However, fecundity is related to a bird’s age and is lower
when new birds recruit in a pair (Martınez et al. 2008;
Hernandez-Matıas, Real & Pradel 2011), so an increase in
adult survival should induce fewer turnovers and then
lead to a slight increase in mean fecundity at the population level. It may be that our data set was too small, and
fecundity too variable annually, to allow the detection of
such an effect. Our fecundity estimate is consistent with
other estimates from Western Europe populations
(Hernandez-Matıas et al. 2013). Thus, the French population does not seem to suffer a major problem in terms of
fecundity.
In the first 3 years after electrocution mitigation measures, the survival estimates remain lower than those
reported in a healthy population in southern Spain, whose
survival rates are estimated at 069 (SE = 011) in an individual’s first year and 072 (SE = 014) in its second year
(Balbontin, Penteriani & Ferrer 2003). Furthermore, in
the French population, the adult survival rate after mitigation, 088 (SE = 003), is one of the lowest known for
all Western European populations (which range between
087 and 094, mean = 0904, SE = 0006, n = 12 populations; Hernandez-Matıas et al. 2013). It is also slightly
lower than that of other long-lived birds of prey of similar
size, such as the Spanish imperial eagle Aquila adalberti
(092–099) (Ortega et al. 2009), the osprey Pandion haliaetus (087–097) (Wahl, Rolf & Barbraud 2005) and the
red kite Milvus milvus (095) (Newton, Davis & Davis
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1989). These results indicate that the survival rate of adult
Bonelli’s eagles in France is still comparatively low. As no
electrocutions of adults were reported after 1998, other
causes may be responsible for this. Several cases of shooting have been reported in recent years: the number of
recovered shot individuals seems low in the raw data set
(five immature birds between 2000 and 2009), but the
recovery level is low (about 10%), so the true number of
shot individuals may be up to 10 times the reported figure. The premature death of one adult immediately lowers
survival probability by two points (since the number of
pairs is about 25).
Our deterministic matrix models confirmed that electrocution mitigation measures can have a marked effect on
overall population dynamics and as such can significantly
improve the conservation status of endangered species.
The estimated population growth rate was very low before
the insulation of power lines (082), predicting a rapid
extinction of the population (in around 20 years). Yet the
increase in survival after retrofitting measures resulted in
an estimated growth rate (098) that is about 20% higher
than before, which would allow the survival of the population for almost 170 years (however, still currently not
self-sustaining). Until 2002, the number of breeding pairs
progressively declined to 23 pairs. Following work to
insulate power lines, particularly from 1999 to 2004, the
population decline slowed and then stopped, driven by
reduced electrocution. In recent years, the population has
increased to reach about 33 breeding pairs. Yet this
observed increase does not match the predictions of our
matrix model, which indicates further decline. This discrepancy could arise from random variation in the number of pairs caused by stochastic events or, more likely,
from the arrival of immigrants from the Iberian Peninsula
(Hern
andez-Matıas et al. 2013). The apparent health of
the population today may in fact be a result of immigration, as the local demographic parameters seem too low
to allow population viability.
Our elasticity analyses confirm that the population
dynamics of the Bonelli’s eagle, as for most large species,
are mainly influenced by adult survival (Saether 1989),
which suggests that conservation efforts should aim at
reinforcing this. Yet no adults have been reported as electrocuted since 1998, so further insulations are unlikely to
lead to improvement in adult survival. Moreover, Chevallier et al. (2013) have demonstrated that there is little difference between survival rates in different territories,
making it difficult to focus mitigation measures on specific
breeding territories. Despite these considerations, our
results demonstrate that a 14% increase in the survival
rate of juvenile and immature birds can have a strong
impact on population dynamics and therefore on the conservation of this endangered species. All young individuals
in this population pass through a nomadic phase during
which they aggregate in a few dispersal or vagrant areas
(e.g. Cadahia et al. 2010). Insulating power lines in these
dispersal areas may have a strong positive impact on the
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survival of these individuals and, as a result, on the whole
population. These mitigation measures could be even
more effective if carried out according to criteria that
identified the most dangerous pylons (e.g. Tinto, Real &
Manosa 2010). Even if the cost of mitigation actions is
high, it will be far less expensive than habitat quality
management for instance. For the Bonelli’s eagle, the habitat management would involve mitigation for the loss of
habitat through pasturage return.
To conclude, we demonstrate that mortality rates
induced by electrocution are considerable and have major
consequences on population viability of birds. This may
hold true for other species suffering high mortality from
power lines, such as large birds of prey or Ciconiiformes,
Gruiformes and Pelecaniformes (Bevanger 1998), as the
population growth rate of these species is highly sensitive
to adult survival. We also demonstrated that electrocution
mitigation measures can lead to a sharp increase in survival through reducing mortality from electrocution that
eventually leads to improved population viability. In the
light of these results, there is an urgent need that conservationists contact power line stakeholders to urge them to
generalize retrofitting actions in areas where large-sized
(and, especially, endangered) species are at risk but also
to plan the set-up of harmful power lines in case of new
infrastructure development since it will be far less costly
than developing a posteriori mitigation actions.
Lastly, our study highlights the relevance of combining
resightings and recoveries information to assess the
impact of electrocution and the efficiency of mitigation
actions. The multistate CR data modelling approach we
adopted avoids many of the problems of standard electrocution-impact studies, such as inefficient sampling design,
non-estimation of the detection probability of dead animals and even non-estimation of mortality probability
(Lehman, Kennedy & Savidge 2007). We are aware that
this method is limited to species for which large-scale CR
monitoring is feasible. This may hold mostly for large and
(relatively) easily tracked species that could really benefit
from maximizing adult survival. We then recommend to
develop CR monitoring programmes on a large panel of
birds subjected to electrocution. Such programmes should
also encourage the public to report dead individuals and
to systematically identify the causes of death.
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