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Abstract The population of the Vulnerable Spanish im-
perial eagle Aquila adalberti has experienced a gradual
recovery from 38 pairs (1974) to 198 (2004). We analysed
the spatial and temporal variation of the demographic para-
meters for 1981–2004. Annual productivity was 1.19–1.32
chicks per female and adult survival rate 0.918–0.986.
Survival during the post-fledging period was 0.894 and the
annual survival rate of the dispersing individuals was 0.561.
Three phases of population evolution were distinguished:
growth (1981–1993), stability or slight decrease (1994–
1999) and growth (2000–2004). Variation in adult survival
seems to explain this pattern for the first two periods.
However, a large disparity between the observed growth
rate and the modelled population growth in 2000–2004 is
best explained if we assume that a decrease in the age of
recruitment took place. This is supported by the recent
increase in the frequency of non-adult birds in breeding
pairs. The survival of unpaired eagles in dispersal areas is
becoming more important for the maintenance of current
population growth. Spatial variation of adult survival and
breeding success is not congruent with the observed growth
rate of the population, which suggests the existence of an
important flow of individuals between populations. These
results highlight the importance of addressing the conser-
vation of the species from a global perspective and the need
to focus on adult survival in breeding territories and on
non-adult survival in dispersal areas.

Keywords Aquila adalberti, demography, population dy-
namics, Spain, Spanish imperial eagle.

Introduction

Demographic models are useful tools to understand
population trends and the influence of demographic

parameters (Lebreton & Clobert, 1991) and to evaluate

strategies for conservation (Sarrazin & Legendre, 2000).
Such models can also be used to anticipate future population
trends (Wootton & Bell, 1992). Demographic studies in birds
of prey have been carried out mainly in declining popula-
tions (Whitfield et al., 2004), and less attention has been
paid to the demographic processes underlying recovering
populations (Wyllie & Newton, 1991; Ferrer & Donázar,
1996). However, the indicators of demographic health or
sensitivity to demographic parameters in growing popula-
tions can differ from those observed in declining populations
and, therefore, the diagnostic tools and the conservation
strategies may be different (Katzner et al., 2007).

The Spanish imperial eagle Aquila adalberti is catego-
rized as Vulnerable on the IUCN Red List (Birdlife
International, 2004; IUCN, 2007) and recovered from 38

pairs in the 1970s to c. 200 pairs in 2004 (González & Oria,
2004). This offers the possibility of analysing the demo-
graphic processes associated with a population recovery.
The demography of the population of 8–15 pairs in Doñana
has already been analysed (Ferrer & Calderón, 1990;
Ferrer & Donázar, 1996; Ferrer & Bisson, 2003; Ferrer
et al., 2003) but there is no published information on the
demography of the largest part of the population. In this
context the aims of this research were to (1) describe and
analyse the geographical variation of the species’ popula-
tion trend during 1981–2004, (2) estimate the main de-
mographic parameters and analyse their spatial and
temporal variation, (3) build a demographic model to
relate these variations to the species’ population trend,
and (4) make recommendations for the conservation of the
species.

Methods

All known breeding territories of the species up to 2004

(González & Oria, 2004; González et al., 2006b) were
grouped into five geographical areas: North, Centre, West,
South and Doñana (Fig. 1), based on the species’ breeding
area in 2004 (González et al., 2008). Breeding territories
were clumped in the same area if they were , 20 km apart
and belonged to a similar geographical and habitat unit.
The data come from 10 national censuses of the species,
in 1974 (Garzón, 1974), 1981–1986 (González et al., 1987),
1989 (González, 1991), 1994 (González, 1996), and 1999,
2000, 2001, 2002, 2003 and 2004 (González & Oria, 2004);
each census covered the species’ whole range. We focus on
North, Centre, West and South, which account for 95% of
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the population (Fig. 2). A total of 220 territories, which
were occupied with variable frequency, were monitored in
these censuses. Except for the 1974 census, LMG, JO and RS
participated in and coordinated the censuses. Previous
work has shown the existence of three periods of popula-
tion growth during the recovery period: 1981–1993, 1994–
1999 and 2000–2004 (González, 1996; González & Oria,
2004). Comparisons of observed with expected trends were
conducted with a Student t-test for related samples,
comparing results of the real counts with the number of
pairs predicted by the model.

A Leslie matrix model structured in four age classes was
constructed (Fig. 3). We modelled only the female fraction
of the population. The model took the average date of birth
to be 15 April and the beginning of the post-fledging period
to be 1 July (Margalida et al., 2007). The dependence period
of fledglings was assumed to last until 1 October (Alonso
et al., 1987). At the beginning of each reproductive cycle,
1 January, four possible age classes were considered: age 1,

individuals 0.7 years old; age 2, individuals 1.7 years old; age 3,
individuals 2.7 years old; age 4, individuals $ 3.7 years old.
The model included the following parameters:

So, survival from fledging until independence (the same
value was assumed for all models);

Sd, annual survival during the dispersal period, 0.7–2.7
years of age, using the same value in all simulations;

Sa, annual survival of breeders $ 3.7 years old;
S

3
, annual survival rate over 2.7–3.7 years, could not be

directly estimated because of the lack of radio tracking data
for this period, and was therefore calculated in all cases
as the average of Sa and Sd, weighted according to the
proportion of age 3 birds that are assumed to breed (c

3
;

Fig. 3; in this way we assumed that survival before settle-
ment on a breeding territory was low and only rose after
settlement);

P
3
, average number of chicks fledged by age 3 females;

P
4
, average number of chicks fledged by age 4 females;

r, proportion of females among fledglings, set as 0.5 in
all cases.

We used the software ULM 4.0 (Legendre, 2003) to run
the model. One hundred random trajectories were drawn
by randomly changing the productivity and survival pa-
rameters each year, considering the productivity values P

3

and P
4

as stochastic variables with mean and variance
following a log-normal distribution, and survival rates So,
Sd, and Sa as stochastic variables with mean and variance
following a beta distribution. We used the total variance,
which integrates the inter-annual and inter-territorial
variability of productivity. In this way, we estimated the
average population growth rate ke and its associated stan-
dard errors under different scenarios. Firstly, we built
a global model considering all the geographical aggrega-
tions as a single population going through three phases of
population growth, 1981–1993, 1994–1999 and 2000–2004,
each with its own estimated demographic parameters. The
initial number of individuals in each age group (ni) at the
start of the simulation in 1981 was estimated by interpola-
tion from the results of the 1974 and 1986 censuses, as-
suming that the population was in equilibrium. The initial

FIG. 2 Changes in the number of pairs of the Spanish imperial
eagle in the five areas (Fig. 1) from the results of 10 national
censuses.

FIG. 3 Leslie matrix of the model for the population of the
Spanish imperial eagle i, where n1, n2, n3 and n4 are the numbers
of females of each age group, t is time in years, So survival during
post-fledging, Sd survival of the dispersers, S3 survival of the
third to fourth age group, Sa survival of the breeders, b is the
proportion of fledgling females, P3 and P4 are the productivity of the
females in the third and fourth age classes, respectively, and�3 and�4

are the proportion of breeding females in each of these groups.

FIG. 1 The five areas of the distribution of the Spanish imperial
eagle (see text for further details); 95% of the population occurs
in North, South, West and East, and only these areas were
considered in this study.
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number of individuals in each age class for each successive
period corresponds to the output values of the previous
period, leaving the simulations for the three periods linked.
Secondly, we estimated the growth rate of each geograph-
ical area independently, to evaluate the average demo-
graphic balance in each during 1981–2004. The estimated
growth rates were compared with observed growth rates ko,
which were calculated as ko 5 (Nt/N0

)1/t (Lande, 1988),
where Nt is the final observed population size, N

0
is the

initial observed population size and t is the number of years
between the two counts.

Sensitivity and elasticity analysis implemented in ULM
were conducted to see the effect of changes in each param-
eter on the estimated population growth rates. Considering
the demographic parameters estimated for 2000–2004, we
evaluated the current demographic viability of the popula-
tion as the probability of extinction for each geographical
aggregation in the next 50 and 100 years in the worst
scenario, i.e. considering each population as isolated. This
was performed using Monte Carlo simulations as imple-
mented in ULM. The probability of extinction at the end of
the simulation period was calculated as the proportion of
100 trajectories in which the modelled population went
extinct.

We estimated observed productivity (number of fledg-
lings per occupied territory) from nest survey data obtained
from 1981 and 2004, involving 1,781 breeding attempts
(292, 484, 744 and 261 in Centre, West, North and South,
respectively). A detailed account of the monitoring meth-
ods is given in Margalida et al. (2007). We computed
independent estimates of productivity for females of age 3

(P
3
) and for females of age 4 (P

4
). The average and inter-

annual standard deviation of each productivity parameter
were calculated for each of the above mentioned periods
and geographical aggregations. The average productivity of
the populations was calculated for each year, and these
values subsequently averaged for all the years included in
a given period. Temporal and spatial differences in pro-
ductivity values were tested with an analysis of variance and
Tukey tests (Zar, 1984).

We estimated actual survival rates based on the mon-
itoring of radio-tagged individuals or of those easily
identifiable by natural markings (patterns of the white
feathers on the leading edge of the wing). Standard errors
for survival rates were calculated assuming a binomial
distribution of these variables, according to ((S(1 – S))/n)2,
where S is the survival rate and n is the sample size.

Over 1990–2001 we radio tagged 66 chicks at the nest
(33 males, 27 females and six of indeterminate sex) and
radio tracked them until independence. Survival during
the post-fledging period, So, was calculated as the percent-
age of these young that were still alive on 1 October, after
a period of parental dependency of c. 3 months (Alonso
et al., 1987).

We estimated actual survival rates of dispersers (Sd) and
of breeders (Sa; – 95% confidence interval) by analysing
sighting-resighting histories of individuals from year to
year, with the software MARK (Burnham & Anderson, 1998;
White & Burnham, 1999). The sample analysed by MARK
is not the set of year to year events for an individual but the
set of histories, which are independent of one another.
MARK estimates the actual survival rates as the parameters
of a model obtained by means of adjusting these sighting-
resighting data to several models and selecting the one
that best explains the observed data. In accordance with
the nature of the available information, a combination
of resighting (birds found alive) and of recoveries (birds
found dead), we used the model Both Burnham (White &
Burnham, 1999) that considers four parameters: S, the
probability of surviving from one interval to the next
(survival rate); p, the probability of resighting a marked
individual alive; F, the probability that a marked individual
remains in the area between two periods (philopatry);
and r, the probability of a dead marked individual being
recovered. In South, where the records only included
resightings of individuals but no recoveries, a recaptures-
only model was used, which only considers two parameters,
S and p. Goodness of fit tests were conducted with 1,000

iterations, adjusting the models when necessary. Among
the models produced to fit our observed data, we selected
the most parsimonious on the basis of the minimum
Akaike Information Criterion (AIC). The significance of
the parameters on the models was evaluated using Likeli-
hood Ratio Test.

We estimated actual annual survival during dispersal,
Sd, from the radio tracking of 52 individuals (26 males,
23 females and three of unknown sex), tagged in 1990–2001,
after leaving the parental territory. In each of the five
6-month intervals following the onset of dispersion
(1 October), each individual was considered as found alive,
found dead, not found or not tracked. This data set was
used to estimate the 6-month survival rate, which was
squared to obtain the annual survival rate.

From 1989–2004 the annual monitoring of breeding
territories provided information on the actual survival of
157 territorial individuals $ 3.7 years old, Sa (143 based on
natural markings and 14 based on radio tracking). At the
start of each breeding season each individual was consid-
ered as alive, not found, or found dead. Estimates of
survival rates of breeders were computed for 1989–1993,
1994–1999 and 2000–2004 (22, 76 and 76 individuals,
respectively). The individuals whose records cover more
than one period were considered in each of the respective
simulations. Average survival rates of breeders was esti-
mated for 1989–2004 in Centre (n 5 14 individuals), North
(n 5 44) and West (n 5 31) and for 1994–2004 in South
(n 5 18), according to the availability of monitoring data.
We also tested for differences in survival between sexes,
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considering data from 66 females and 65 males from
Centre, North and West, for which this information was
available.

The proportion of females breeding at 3 years of age (c
3
)

was estimated from radio-tagged birds that were tracked at
least until their third year of life during 1994–1999.

For each year territorial birds were categorized as adults
or non-adults, as described in Margalida et al. (2007). Based
on this, we calculated the annual proportion of territorial
birds that were non-adults.

Results

The breeding population of the Spanish imperial eagle in
the areas considered includes 95% of the breeding pairs of
the species in 2004, the number of which has increased
from 25 to 188 breeding pairs between 1974 and 2004

(Garzón, 1972, 1974; González et al., 1987; González, 1991,
1996; González & Oria, 2004), rising at an average of 5.4
pairs per year. However, three different phases or periods in
the evolution of the population can be identified (Fig. 4).
Over 1974–1993 numbers rose from 25 to 127 pairs (average
growth of 5.1 pairs per year), over 1994–1999 the population
was 127–131 pairs, and over 2000–2004 the number of pairs
rose from 131 to 188 (average increase of 14.2 pairs per year).
The species increased in numbers in all areas except
Doñana (Fig. 2).

We did not find statistically significant differences in
average productivity P between the three periods (Table 1),
although it increased slightly in the last two compared to the
first (F

2,21
5 0.79, P 5 0.47). Average annual productivity

was higher in Centre and South and lower in West
(F

3,91
5 7.78, P 5 0.0001). Multiple comparison analyses

showed that the average annual productivity in West differs
significantly from that of Centre (Tukey test, P 5 0.001)
and South (Tukey test, P 5 0.001).

The observed survival during the post-fledging period of
3 months, So, was 0.894 (n 5 66), 0.818 in males (n 5 33)
and 0.963 in females (n 5 27), although this difference was
not significant (Fisher’s exact test, P 5 0.12). The equivalent
annual survival rate would be 0.638 (0.447 for males and
0.860 for females).

To estimate the observed survival rate during dispersal
(Sd) the selected model considered all parameters to be
constant except r, which was considered to be dependent
on time (LRT test v2

4
5 30.57, P , 0.0001). The observed

6-month survival rate during the dispersal period was thus
0.749 – SE 0.037, which produces an average annual sur-
vival rate of 0.561 – SE 0.067. Combining So and Sd, we can
estimate an overall observed survival rate of 0.579 for the first
year of life after fledging, and a global observed survival rate
from fledging to the start of the fourth calendar year of 0.243

and of 0.136 to the start of the fifth calendar year.
The most parsimonious model to estimate the observed

annual survival of breeders, Sa, in each of the three periods
considered all model parameters as constant throughout
each period. The values of adult survival were 0.986 – SE
0.061 for 1989–1993, 0.918 – SE 0.032 for 1994–1999 and
0.933 – SE 0.052 for 2000–2004. When considering the
different areas, a better fit was obtained with a model that
considers all parameters as constant except survival (Sa),
which was considered to be dependent on the area (LRT,
v2

2
5 13.38, P 5 0.0012). The resulting estimates of observed

survival rates of breeders in each area were Sa 5 0.967 – SE
0.023 for Centre, Sa 5 0.953 – SE 0.013 for West, Sa 5 0.819 –
SE 0.016 for North and Sa 5 0.914 – SE 0.034 for South.
The overall observed survival rates of breeders was found to
be independent of sex, and the global observed survival rate
of breeders for all areas, periods and sexes combined was
estimated as Sa 5 0.915 – SE 0.012.

Two of the 80 radio-tagged females that reached age 3

over 1994–1999 were established as breeders at this age,
giving an estimate of the observed proportion of breeding
females at 3 years of age, c

3
, of 0.125.

The annual proportion of breeders in non-adult plum-
age was 0–14.3% (Fig. 5). Over 1981–1990 values were always
, 7%. From 1991–2004 onwards, the annual percentage of
territorial birds with non-adult plumage was 7–14.3%.
During this period the lowest values (7–10%) coincided
with the period of stabilization of the population (1994–
1999), while the periods of increase (1981–1993, 2000–2004)
were characterized by values . 10%.

The model predicted population growth for the three
periods, as the confidence interval for k always excludes 1

(Table 1). Observed rates of increase were clearly below the
95% confidence interval of expected rates of increase dur-
ing the second period and above during the third period
(Table 1). However, the population counts predicted by our
model showed a good fit to the observed evolution of the
population in the first (Student t-test for related samples,

FIG. 4 Observed evolution of the number of breeding pairs of
Spanish imperial eagles in Centre, West, North and South
combined (continuous line) and the predicted evolution of the
population according to the results of the simulation model
(broken line; see text for further details), with 95% confidence
interval.
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t
1
5 0.67, P 5 0.63) and second (t

2
5 1.09, P 5 0.39) periods,

but not in the third period (t
3
5 3.99, P 5 0.028; Fig. 4).

Unrealistic increases of Sa during this latter period are
needed to improve the fit (Fig. 6). However, different
simulations using combinations of c

3
ranging from 0.125

(the value estimated in this study for 1994–1999) to 0.50

(the value observed for 2000–2006, authors’ own data,
n 5 8) and of Sd, ranging from 0.561 (the value estimated in
this study) to 0.743 (the highest value reported for the
species; Ferrer et al., 2004) were able to improve the fit to
the observed trend in 2000–2004 (Fig. 6). Although the
eagle population had positive observed growth rates in all
the areas considered, expected growth rates were only
positive in Centre, West and South and negative in North.

FIG. 5 Observed trend of the of the number of breeding pairs of
Spanish imperial eagle in Centre, West, North and South
combined (continuous line) and the percentage of non-adult
birds (black dots) in the breeding population.

TABLE 1 Demographic parameters considered for each period and area (Fig. 1). Sd is the estimated annual survival during the dispersal
period; Sa the estimated annual survival of breeders; ni the estimated number of females within each age class at the start of each period
(as in the Leslie matrix, Fig. 3; see text for further explanation); P

3
the observed average number of chicks fledged by 3-year old females;

P
4

the observed average number of the chicks fledged by 4-year old females; k average population growth rate. The following parameters
were kept constant in all periods and areas: proportion of females of age 4 that start breeding, c

4
5 1; proportion of females of age 3 that

start breeding, c
3
5 0.125; survival rate during the fledging period, S

0
5 0.894 – 0.037).

Parameter

Time period Area

1981–1993 1994–1999 2000–2004 Centre West North South

Sd 0.561 – 0.067 0.561 – 0.067 0.561 – 0.067 0.561 – 0.067 0.561 – 0.067 0.561 – 0.067 0.561 – 0.067
Sa 0.986 – 0.061 0.918 – 0.032 0.933 – 0.052 0.967 – 0.023 0.953 – 0.013 0.819 – 0.016 0.914 – 0.075
n1 26 63 82 5 7 12 4
n2 15 36 44 3 4 6 2
n3 8 17 25 2 2 4 1
n4 57 144 163 9 17 24 6
Productivity 1.19 – 0.98 1.29 – 1.05 1.29 – 0.06 1.38 – 1.04 1.07 – 0.89 1.23 – 1.07 1.54 – 1.08
P3 0.00 – 0.00 0.67 – 0.82 0.61 – 0.60 0.83 – 1.04 0.6 – 0.89 0.31 – 0.66 1.00 – 1.15
P4 1.19 – 0.19 1.32 – 0.20 1.31 – 0.09 1.48 – 0.86 1.08 – 0.26 1.24 – 0.26 1.51 – 0.59
Observed k 1.062 1.005 1.095 1.061 1.033 1.032 1.109
Expected k 1.056 1.020 1.022 1.060 1.027 0.932 1.014
95% CI 1.052, 1.060 1.016, 1.024 1.018, 1.026 1.056, 1.063 1.025, 1.029 0.930, 0.933 1.010, 1.017

FIG. 6 Difference between the observed trends in the Spanish
imperial eagle population and simulated trajectories from the
model (see text for details) using different combinations of
parameters. The simulation trajectories until 1999 are as in Fig. 4.
For 2000–2004 we illustrate several simulations with variable
values of Sa, keeping the other parameters as in Fig. 4 (a), and
several combinations of Sd and �3, keeping the other parameters
as in Fig. 4 (b). Note the different y-axis scales.
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Observed k values were particularly divergent from 95%
confidence intervals of expected k in North and South, in
which the eagle population performed much better than
predicted.

The population proved to be especially sensitive to
variations in the survival rate of breeders (sensitivity values
of 0.743–0.817 and elasticity of 0.650–0.750) and, to a lesser
extent, to the survival rates of individuals during dispersion
(sensitivity values of 0.361–0.466 and elasticity of 0.201–
0.281) and to post-fledging survival (Table 2). Over the
years, a decrease is seen in sensitivity to the adult survival
rate and a relative increase in sensitivity to the rest of the
population parameters, especially to survival during the
dispersal phase. Considering the demographic parameters
for 2000–2004, the probability of extinction in the next 50

and 100 years for the whole population studied was 0, and
also in West, Centre and South considered independently.
In North the probabilities of extinction in the next 50 and
100 years were 0.25 and 1, respectively.

Discussion

The population of the Spanish imperial eagle has experienced
a spectacular recovery over 1974–2004. The rate of recovery
went through a period of increase (1981–1993), a period of
stability (1994–1999) and a period of further increase
(2000–2004; González & Oria, 2004). The analysis of the
temporal and spatial variation of breeding success and
adult survival helps to explain the demographic mecha-
nisms underlying this pattern. Productivity has remained
more or less constant and thus variations in breeding
success do not appear to explain the temporal variations of
the observed population growth rates. The temporal and
spatial variation in recovery rates matches the changes in
adult survival in the different periods. The implementation

of conservation actions for the species probably contributed
to the maintenance of a high survival rate during 1981–1993.
However, adult survival was significantly reduced during
1994–1999 as a consequence of an increase in the use of
illegal poison in South and North (González et al., 2007),
which were more affected by the decline in growth rates.
The last period of population growth again coincided with
an increase in adult survival, probably associated with
a decline in the number of poisoning events (González
et al., 2007). Thus, in agreement with previous demo-
graphic studies (Ferrer & Calderón, 1990; Real & Mañosa,
1997; Katzner et al., 2006), high adult survival is the main
parameter explaining increase of the population and the
observed temporal and spatial variation in population
growth rates.

However, changes in adult survival may not have been
acting alone. Although there are no previous published
estimates of survival rate during the dependence period
(from fledging to initiation of dispersal) for the Spanish
imperial eagle, we found a relatively high value in compar-
ison to similar species (Real & Mañosa, 1997), possibly as
a consequence of the implementation of supplementary
feeding programmes (González et al., 2006a). On the other
hand, our results indicate a relatively low annual survival
rate during dispersal in comparison to previous estimates
(Penteriani et al., 2006). Our estimate corresponds to 1990–
2001, when a steady decline in rabbit availability due to
hemorragic disease was recorded (Villafuerte et al., 1995),
which may have had a severe impact on the survival of
dispersing eagles (Penteriani et al., 2005). Globally, how-
ever, our estimate of survival from fledging to the start of
the fourth or fifth calendar year is similar to previous es-
timates for the species (Ferrer & Calderón, 1990).

Our model reproduced fairly well the behaviour of the
population during 1981–1999, but during 2000–2004 the
observed increase in the number of pairs was more than

TABLE 2 Results of the sensitivity and elasticity analyses of the demographic parameters of the Spanish imperial eagle population in the
three time periods, and separately for the four geographical areas (Fig. 1). For explanation of parameters, see Table 1 and text.

Parameter

Time period Area

1981–1993 1994–1999 2000–2004 Centre West North South

Sensitivity to S0 0.080 0.096 0.103 0.101 0.084 0.108 0.121
Sensitivity to Sd 0.361 0.434 0.466 0.454 0.381 0.493 0.547
Sensitivity to Sa 0.817 0.774 0.743 0.774 0.801 0.718 0.699
Sensitivity to c3 0.043 0.050 0.045 0.059 0.045 0.037 0.053
Sensitivity to P3 0.001 0.001 0.002 0.001 0.001 0.002 0.002
Sensitivity to P4 0.059 0.060 0.067 0.053 0.063 0.071 0.062
Elasticity to S0 0.066 0.090 0.092 0.081 0.071 0.100 0.107
Elasticity to Sd 0.201 0.248 0.281 0.247 0.218 0.309 0.329
Elasticity to Sa 0.750 0.692 0.650 0.692 0.729 0.616 0.590
Elasticity to c3 0.005 0.006 0.006 0.007 0.005 0.005 0.007
Elasticity to P3 0.000 0.001 0.001 0.001 0.000 0.000 0.001
Elasticity to P4 0.066 0.080 0.091 0.080 0.071 0.100 0.106
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expected from the model. This discrepancy may be partially
caused by an increase in monitoring effort during this
period. Another potential source of bias could be the use of
incorrect parameter estimates for this period. This is
unlikely, however, because adult survival and productivity
values were both estimated from large sample sizes.
Moreover, simulated increases of productivity or adult
survival during this period were not sufficient to reproduce
the observed population increase. A more likely explana-
tion is an underestimation of pre-adult survival or of the
proportion of 3-year old females starting to breed, as the
values used in the model were based on data collected in
earlier periods. Manipulation of one or both of these
parameters within biologically reasonable values for this
period improved the fit to the real trajectory of the pop-
ulation, indicating that variation of one or both of these
parameters may be the cause of the increase and expansion
of the species from 2000 onwards.

The total population growth rate is not particularly
sensitive to variations in Y

3
because productivity of age 3

females is low but this parameter does have a large direct
influence on the number of breeding pairs. A decrease in
the age of first breeding in recent years may be the cause of
the noticeable rapid increase of the breeding population
during 2000–2004. This is consistent with the increase in
the proportion of breeders with non-adult plumage in
2000–2004, particularly in recently established territories
but not in older ones (Margalida et al., 2007), and also with
the increase in the proportion of third year females that
started breeding in 2000–2004 (Margalida et al., 2008).
Although a high proportion of non-adults in breeding pairs
may be taken as an indicator of a declining population in
stable populations with high adult mortality (Balbontı́n
et al., 2003; Ferrer et al., 2003), this may not be so in all
situations (Katzner et al., 2007; Margalida et al., 2008). In
fact, during the initial period of population increase we
observed low and high values of the proportion of non-
adults in breeding pairs. From 1990 onwards the proportion
of non-adults in breeding pairs appeared to fluctuate
inversely with growth rate. This indicates that the magni-
tude of this parameter may be dependent on several factors
and that its meaning and interpretation is not straight
forward (Katzner et al., 2007). In an increasing population,
such as that studied here, this high proportion of non-adult
birds in the breeding population may be the result of
colonization, i.e. the occupation of new territories by im-
mature or subadult birds (González et al., 2006b; Margalida
et al., 2007). However, the factors underlying this general
decrease in the age of first breeding in the Spanish imperial
eagle in 2000–2004 are still not understood, although it
could be related to an increase in food or nest site
availability (Margalida et al., 2008). We know that the
main factor that explains the population recovery of this
eagle in the last century was their ecological plasticity in the

selection of breeding habitats as a response to human
pressures (González et al., 2008). On the other hand, a
general improvement in food availability in dispersal areas
associated with the recovery of rabbit populations after
2000 may have triggered a possible increase in pre-adult
survival relative to values in the previous decade.

During the study period the species has increased in
numbers across its distribution range, except in Doñana,
where it has been suggested that the population is saturated
(Ferrer et al., 2003, although see Beja & Palma, 2008). The
population viability analysis failed to detect any global
population imbalance and indicated that as long as adult
and pre-adult survival are high the population is not at risk
in the short-term. However, future habitat or anthropogenic
changes in the breeding or in the dispersal areas could have
unexpected effects on the population parameters. As ex-
pected from other studies (Real & Mañosa, 1997; Katzner
et al., 2007), we found that the population growth rate is
highly sensitive to variation in the survival rates of breeders
and, to a lesser extent, to the survival of dispersing individ-
uals. We found that the sensitivity of k to pre-adult survival
rates was higher in those areas that showed the largest dis-
crepancy between observed and expected growth rate, and
also that sensitivity to this parameter increased during the
study period. This indicates that when and where the relative
importance of non-adult birds in the population increases,
population growth rate becomes more sensitive to the pop-
ulation parameters affecting this fraction of the population.

The observed population trends were close to those
predicted by the simulation models in Centre and West,
whereas in North and South the observed trends were
substantially higher than predicted. A possible explanation
for these discrepancies could be an unaccounted exchange
of individuals between areas. We hypothesize that West
would have acted as a donor population for other areas.
North, where predicted tendency was to decrease, would
have been a sink for individuals (Whitfield, 2003) from
other areas. Because of its proximity, West is the likely
origin of the North population individuals. This would also
explain why the West population has fluctuated in tandem
with that of North in recent decades. Current popula-
tion trends (stabilization) and breeding parameters (low
productivity) in these two areas indicate that they are
probably saturated, whereas Centre and South are still able
to increase. This pattern of population flow is supported by
natal dispersal information (González et al., 2006b), and
explains the light genetic structuring found between these
areas (Martı́nez-Cruz et al., 2004).

Our results indicate that the population of the Spanish
imperial eagle has a positive demographic trend. Nonethe-
less, habitat changes or human activities could alter this
situation, causing changes in productivity or survival that
could alter the demography of the species. Adult mortality is
the main factor driving population trends but the population
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is becoming more sensitive to pre-adult survival rates,
confirming previous studies showing it may be a key factor
for the conservation of breeding populations (Penteriani
et al., 2005, 2006). These results highlight the need to
increase efforts to preserve high adult survival, to identify
dispersal areas, and to monitor and promote the survival of
non-mated eagles. A generalized decline in the age of first
reproduction is taking place, which allowed the rapid
expansion of the species but may have implications for
future performance and management of the species in its
breeding areas. Also, local declines in productivity and adult
survival in some breeding areas could have negative effects
on other breeding areas with high survival. As all areas
occupied by the species seem to be demographically con-
nected, coordinated management of the species across its
range is required.
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west Spain. Ibis, 129, 212–224.
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dependent age of first reproduction as a buffer mechanism
affecting persistence of small populations. Ecological Applications,
14, 616–624.

F E R R E R , M., P E N T E R I A N I , V., B A L B O N T Í N , J. & P A N D O L F I , M.
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Normale Supérieure, Centre National de la Recherche Scientifique,
Paris, France.
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