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percnopterus  
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    PERE     AYMERICH     ,     JORDI     BAUCELLS     ,     CARLES     MARTORELL      and 
    JOAN     SANTANDREU     

        Summary 

 The Egyptian Vulture  Neophron percnopterus  is a threatened species throughout its world-
wide range. The Iberian Peninsula holds 50% of its global population, which has declined by 
25% over the last 20 years. Despite this negative global trend, an increase in the number of 
individuals over the last 25 years has been observed in Catalonia, where it has colonised areas 
in which it was previously unknown. In this study, we describe the demographic evolution of 
an increasing population of Egyptian Vultures in central and eastern Catalonia and we apply 
population models and maximum likelihood procedures to investigate both the main demo-
graphic processes driving the observed trends and the viability of the population. The number 
of pairs in this region increased from one to 22 in the period 1988–2012. The best-supported 
models suggest that adult survival in this population may be higher than in other Iberian 
populations and that furthermore, there is a continuous influx of immigrants. Based on the 
most likely scenarios, Population Viability Analysis predicts that the population will continue 
to increase. Sensitivity analysis indicates that the adult survival rate has the greatest influ-
ence on population dynamics so conservation efforts will be more effective if concentrated on 
improving this rate.      

   Introduction 

 Understanding the processes that shape population size and structure is one of the main 
objectives in ecology and is thus subject to extensive study (Begon  et al.   1996 , Levin  et al.  
 2009 ). Population dynamics can be understood as the outcome of the addition (births and 
immigration) and loss (deaths and emigration) of individuals from a population. These demo-
graphic processes are regulated by both intrinsic and extrinsic factors: intrinsic factors consist 
of species’ life-history traits such as age of first breeding, fertility, longevity and dispersal 
behaviour, whereas extrinsic factors are connected to environmental conditions such as food 
resources or weather, and are subject to marked variation over time and space (Levin  et al.  
 2009 ). Currently, human activities have a severe impact on the environment (Loreau  et al.  
 2001 , Barnosky  et al.   2012 ) and play an important part in the population declines and extinctions of 
species that are now occurring at unprecedented rates. Consequently, population theory plays 
a central role in modern conservation biology (Primack  2012 ). Population viability analysis 
(PVA) – the use of quantitative methods to predict the likely future status of a population – has 
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become a basic tool in current conservation research and practice (Morris and Doak  2002 , 
Hernández-Matías  et al.   2013 ). This type of analysis is based on a broad suite of population 
modelling and data-fitting methods of varying mathematical complexity whose aim is to 
estimate the expected values of the main descriptors of population dynamics that include the 
population growth rate and, particularly, the risk of extinction of a population over time 
(Beissinger and McCullough  2002 ). 

 In a global context in which many species are decreasing and/or are threatened, most PVA 
studies focus on analysing the causes of and possible solutions to human-induced population 
declines (Caughley  1994 ). Nevertheless, some species may in fact benefit from human activities 
(Duhem  et al.   2003 , Gangoso  et al.   2012 ). The application of PVA methods to growing popula-
tions can provide useful quantitative information to understand demographic processes and to 
guide practitioners as it is commonly done for invasive species (Conroy and Senar  2009 ) and 
other threatened raptor species (Ortega  et al.   2009 ). In this sense, tendencies in a species may vary 
from one population to another and, therefore, the study of populations with positive trends can 
provide very relevant information for conservation of declining populations. Usually, little demo-
graphic data are available for endangered species, but current statistical procedures may generate 
quantitative information useful to understand the demographic drivers of population dynamics 
and, consequently, provide evidence- based prescriptions to be applied by practitioners (Doak 
 et al.   2005 , Hernández-Matías  et al.   2013 ). 

 The present work examines the recent expansion of the Egyptian Vulture population  Neophron 
percnopterus  in Catalonia (north-east Iberian Peninsula). To do so, we apply likelihood-based 
procedures on available field data in order to identify the demographic determinants of popula-
tion dynamics and then we perform population viability analysis. The Egyptian Vulture ranges 
from the Indian subcontinent, Middle East, south-east of the former USSR to the Mediterranean 
Basin and the Sahel and eastern and southern Africa (Donázar  1993 ). This long-lived species lives 
in adult pairs that nest in caves situated on cliffs, defending the same territory year after year 
(Donázar  1993 ). Immature individuals are not territorial and usually form groups near predicta-
ble food sources such as landfills or supplementary feeding stations (Donázar  1993 , Grande  2006 ). 
European populations of this species spend the winter in Africa (Sahel) and return to Europe to 
breed during spring and summer (Benítez  et al.   2004 ). 

 The Egyptian Vulture is threatened worldwide and in recent decades its distribution has 
decreased significantly (Donázar  2004 ). At present, the conservation status of the Egyptian 
Vulture according to the IUCN Red List is ‘Endangered’. Based on recent studies, the stronghold 
of this species’ Palearctic population is in Spain (1,320–1,480 pairs) (Del Moral and Martí  2002 , 
Donázar  2004 ). Even so, its Iberian population has declined by 25% over the last two decades 
(Donázar  2004 ), mainly due to poisoning and illegal persecution, but also as a result of the loss of 
traditional agricultural practices (Liberatori and Penteriani  2001 , Donázar  2004 ) as well as elec-
trocution and collision with power lines and wind farms in some areas of Spain (Donázar  et al.  
 2002 , Carrete  et al.   2009 ). 

 In Catalonia this vulture declined in the 1960s and 1970s and became extinct in the most east-
ern part of its range (Muntaner  et al.   1981 ,  1983 ). Nevertheless, in the late 1980s this tendency 
was reversed and some abandoned territories were recolonised (Estrada  et al.   2005 ) and areas with 
no historical records were colonised. This is a paradigmatic case of a species in worldwide decline 
whose populations are decreasing at a local scale, except for part of its European range (north-east 
Catalonia), in which they are increasing and even expanding their distribution (García-Ripollès 
and López-López  2006 , Mateo-Tomás  et al.   2010 ). 

 The present study provides a demographic analysis of the colonisation by the Egyptian Vulture 
of an extensive area of Catalonia from 1988 onwards. The general aim of the study was to identify 
the demographical determinants of the observed population trend and to provide a useful guide 
for the conservation of this population and of other European populations currently in decline. 
The specific aims of this work are: (1) to describe the population dynamics from colonisation to 
the present day in the study area, (2) to estimate the vital rates in the study population, (3) to use 
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population models and likelihood-based methods to evaluate the contribution of immigration and 
adult survival to the observed past population growth rate, (4) to perform a PVA to predict the 
expected trend of the population and its risk of extinction, and (5) to identify conservation targets 
by analysing the sensitivity and elasticity of the population growth rate in relation to the main 
vital rates.   

 Materials and methods  

 Study area and data collection 

 The study area was located in central and eastern Catalonia ( Figure 3 ) at altitudes in the range 
of 200–1,900 m asl throughout an area of cliffs running from the Prelittoral Mountains in the 
south to the pre-Pyrenean Mountains in the north. In between stretches a large lowland area 
covered mainly by farmland but with important extensions of forest and scrubland. The moni-
toring of this Egyptian Vulture population was carried out from 1988 to 2012. In 1988 only one 
breeding pair was known in the study area (Muntaner  et al.   1983 , Aymerich and Santandreu 
 1998 ). From this year up to 2012, regular cliff-nesting raptor censuses were performed in the 
area (Aymerich  et al.   1991 , Real and Mañosa  1997 , Aymerich and Santandreu  1998 , Baucells 
 et al.   1998 , Aymerich and Santandreu  2002 , Guixé  2008 , Hernández-Matías  et al.   2013 ) and 
new colonising pairs located. All new occupied territories were monitored regularly in order to 
determine the level of occupancy and a subset of territorial pairs was monitored to obtain data 
on breeding success.     

 To determine the occupancy of territories, at least one visit was made with a spotting scope 
(20–60x) between March and mid-April. An area was considered unoccupied if no individuals 
were detected after four visits/days. At the end of the incubation period (42 days), nests were 
checked to detect the presence of nestlings. Seventy days after hatching, the nests were vis-
ited again to check the number of fledglings, which was used to estimate fledgling rates.   

 Life-history traits and life cycle 

 According to current knowledge of the life-history traits of this species, we defined a life cycle to 
be used in the population models described below. All simulations were based on this life cycle and 
only took females into account. The life cycle was based on a post-reproductive census of six age 
classes ( Figure 1 ). After each breeding cycle, surviving females move into the next age class; only 
adult birds produce new individuals. In the results, the number of adult females was considered to 
be equal to the number of territorial pairs in the population.       

  

 Figure 1.      Diagram of the Egyptian Vulture life cycle. Nodes represent the different age classes 
considered in the model. S 12:  yearly survival in first and second years of life, S 34:  yearly survival 
in third and fourth years of life, S 5:  yearly survival in fifth year of life when the recruitment of 
individual occurs, SA: yearly survival of adult breeders, P: productivity and SR: sex ratio which 
was assumed at 1:1.    
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 Estimation of demographic parameters 

 Based on the observed number of pairs, the population growth rate was estimated for the whole 
study period as  λ  = (N t  / N 0 ) 1/t , where N 0  is the initial population size, N t  the final population size 
and t the number of years between the start and the end of the study period. We also calculated 
the population growth rate during the period 1994–2012 given that this period was more appro-
priate for estimating the initial population size to be used in simulations. Productivity was calcu-
lated as the number of fledglings divided by the number of surveyed pairs. Other breeding 
parameters were calculated as breeding success (number of fledglings/number of laying pairs), 
fledgling rate (number of fledglings/number of pairs that have fledglings), percentage of laying 
pairs (number of laying pairs/number of territorial pairs), percentage of pairs with nestlings 
(number of pairs with nestlings/number of territorial pairs) and percentage of pairs with fledg-
lings (number of pairs with fledglings/number of territorial pairs). Using the raw values of yearly 
productivity (and their associated sample variances), we applied White’s method (White  2000 ) to 
obtain an estimate of productivity (corrected by the sampling variation associated with small 
sample sizes) and the temporal variance that we then used to simulate the environmental stochas-
ticity of the models. 

 Survival estimations could not be made in the study population since ringing schemes have 
only been initiated in recent years. Additionally, methods based on age ratios (e.g. Hernández-
Matías  et al.   2011 ) were not applicable for this species since only territorial individuals in full 
adult plumage could be monitored with ease. Therefore, we employed in the models estimates 
available for this species obtained from a large-scale ringing scheme in 1990–2005 in the Ebro 
Valley, part of the species’ largest population in the Iberian Peninsula (Grande  et al.   2008 ). 
Survival rates of non-adults used in our models were: S 12  = 0.73, S 34  = 0.78, S 5  = 0.60. Adult sur-
vival was estimated using a subsample of territorial individuals and considering a model with the 
time effect (model 24 in Table 5 from Grande  et al.   2008 ). Based on yearly estimates and the cor-
responding standard errors, we applied the method of White ( 2000 ) to estimate the temporal vari-
ance of this parameter.   

 Population models and the evaluation of the model assumptions 

 To carry out the simulations, the life cycle described above and shown in  Figure 1  was portrayed 
in the model. To calculate how many individuals of each age class will survive and will pass on to 
the next age we applied Monte Carlo simulations, which allowed us to account for demographic 
stochasticity. To introduce demographic stochasticity on productivity we determined the proba-
bility of having zero, one or two fledglings for each productivity and then applied a multinomial 
distribution to calculate the number of fledglings for each year. Environmental stochasticity for 
adult survival and for productivity were incorporated into the model using their temporal vari-
ance estimates and simulated with, respectively, the ‘beta’ and ‘stretched beta’ distribution func-
tions in package POPBIO (Stubben and Milligan  2007  based on the original code by Morris and 
Doak  2002 ). 

 Population models were initially used to assess the most likely factors explaining the observed 
population growth rate. To do so, we applied likelihood-based methods. We evaluated a set of 
models considering several sources of uncertainty regarding the degree of connection of the pop-
ulation with other populations (i.e. whether the population was closed or received immigrants) 
and the values of adult survival for the population. Evaluated models considered all possible com-
binations of assumed adult survival from 0.7 to 0.975 at intervals of 0.025, and immigration from 
0 to 10 immigrants per year. The number of immigrants considered is the net number of adult 
females that arrive in the population assuming that both emigration and immigration occurs. 
Essentially, model choice relied on how likely the observed lambda is given each model’s set of 
predictions. For each model the simulated lambda values resulting from 5,000 replicates were 
binned using fairly fine bins (0.05 bins). Then, the probability of the simulated lambdas being 
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within each bin was considered as a means of estimating the probability of seeing the observed 
lambda for the population, P( λ ). This probability was considered as a proxy of the likelihood of the 
observed lambda for each model. Models were chosen by comparing the P( λ ) for each considered 
model (Hilborn and Mangel  1997 , Hernández-Matías  et al.   2013 ). This analysis was restricted to 
the period 1994–2012 since before 1994 the population size was too small to be able to infer the 
initial population vector. By 1994 the territorial population consisted of three pairs and the initial 
population vector was approximated according to the stable distribution of ages obtained from the 
deterministic Leslie matrix model considering the life cycle and vital rates described above. The 
initial population vector considered was n0 = (1, 1, 1, 1, 1, 3), each vector element corresponding 
to the number of females in each given age class. Model scripts were developed in R code (scripts 
are provided in the online supplementary material).   

 PVA and the identifi cation of conservation targets 

 We performed a PVA in which we considered four models. The first two corresponded to the two 
best-supported models in the previous analysis (scenarios 1 and 2 in the Results section). 
Additionally, we considered scenario 3 in which adult survival was assumed to be 0.891 (the most 
likely value provided by Grande  et al.   2008 ) and the population was considered to be closed 
(0 immigrants per year). The last scenario (scenario 4) assumed the most likely adult survival 
estimated in the present study but considered a closed population. For each model, 5,000 replicates 
were simulated with a time horizon of 50 years. Population growth rate and extinction probability 
were calculated under each scenario (Morris and Doak  2002 ), whereby a population was consid-
ered to be extinct if the number of predicted breeding females was less than one. The probability 
of a fall by 50% in the number of pairs in 10 years was also calculated since this is one of the 
IUCN criteria used to classify a species as Endangered (IUCN  2012 ). 

 To identify the vital rates that had the strongest effect on the population growth rate we applied 
a simulation-based method in which the value of the vital rate of interest was increased by 25% 
and the values of  λ  recalculated (except for the number of immigrants, which was increased from 
one to two immigrants). To do, so we considered the assumptions in scenario 1 in the Results sec-
tion. Subsequently, we estimated the sensitivity and elasticity of  λ  to the main vital rates (S 12 , S 34 , 
S 5 , SA, P) and to the number of immigrants (N imm ).    

 Results  

 Population trends and estimation of demographic parameters 

 The population of the Egyptian Vulture in the study area grew from one to 22 pairs during the 
period 1988–2012 and expanded eastwards ( Figure 2 ). The population growth rate observed this 
period was estimated at 1.137 (1.117 in 1994–2012). Productivity corrected by White’s method 
was estimated at 1.168 (temporal variance = 0.404). Adult survival obtained with the same method 
was 0.891 and its temporal variance corrected was 0.003.     

 Other breeding parameters calculated were: breeding success 1.11 ± 0.60, fledgling rate 
1.17 ± 0.479, percentage of laying pairs 83.54 ± 33.90, percentage of pairs with nestlings 
81.61 ± 32.47, percentage of pairs with fledglings 78.45 ± 31.54.   

 Evaluation of the model assumptions 

 Our estimates of likelihood showed a crest of maximum values tracing a (non-linear) diagonal 
from high values of survival and low values of immigration to low values of survival and up to 
five immigrants per year ( Figure 3 ). Based on available information (Grande  et al.   2008 ), values 
of adult survival below 0.85 would seem to be unlikely. Thus, we selected two scenarios as the 
best supported, one of which (scenario 1) assumed the entry of one immigrant per year and 
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adult survival of 0.950 (likelihood estimated at 0.947), while the other (scenario 2) assumed the 
entry of two immigrants per year and adult survival of 0.875 (likelihood estimated at 0.962) 
(see  Figure 3 ).   

 Population Viability Analysis 

 Under scenario 1, the models predict that the population will continue to grow ( λ  = 1.051) and 
estimate an extinction probability of 0 in 50 years. Under scenario 2, the models predict a lower 
population growth rate ( λ  = 1.022) and an extinction probability also of 0. Under scenario 3, 
which assumes a closed population, the population growth rate was estimated at 0.994, imply-
ing that the population will remain at around 20 pairs, with an extinction probability of 
0.011. Finally, under scenario 4, the population is predicted to increase with a growth rate of 
1.039 and an extinction probability of 0 on a 50-year horizon ( Figure 4 ). Under scenarios 1, 2 
and 4, the probability of a 50% reduction in the number of pairs in 10 years was 0, but under 
scenario 3 was 0.049.       

 Sensitivity and elasticity of vital rates 

 Of all the parameters, adult survival had the greatest sensitivity (0.535) and elasticity (0.482); 
thus, relative increases in adult survival values would cause the greatest increase in the predicted 
population growth rate ( Figure 5 ). The number of immigrants did not seem to have any important 
effect on the growth rate. This is because we used an increment of one immigrant (from one to 
two) to estimate the model’s sensitivity and elasticity, thereby implying that the denominator of 
the expressions used to estimate these two metrics was much higher than for the other vital rates. 

  

 Figure 2.      Left: Colonisation of Egyptian Vulture in Catalonia.  ( a) Represents the range of the 
species according to  Atles dels Ocells nidificants de Catalunya  (Muntaner  et al .  1983 ). (b) Represents 
the expansion of the species outside the study area, according to Servei de Biodiversitat i proteció 
dels Animals, Generalitat de Catalunya ( 2012 ). (c) Represents the study area. Symbols correspond 
to territorial pairs in the study area: white cross: 1988–1995, white square: 1996–2000, black 
circle: 2001–2005, black diamond: 2006–2012. Right: Number of occupied territories of Egyptian 
Vulture in the study area during the period 1988–2012.    
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As a result, the values of the metrics were much lower. However, the effect of immigration on the 
population growth rate was highly important, particularly between the scenarios of no immigra-
tion and of one immigrant ( Figure 6 ).            

 Discussion 

 The Egyptian Vulture is an endangered species that has dramatically declined throughout its 
range (BirdLife International  2012 ), which includes the Iberian Peninsula, home to the bulk of the 
European population of this species. Despite this adverse scenario, a few local populations occupy-
ing small areas have recently grown (García-Ripollès and López-López  2006 , Mateo-Tomás  et al.  
 2010 ). We focused on one of these increasing populations in eastern Catalonia to investigate 
whether the observed trend could be explained simply by the establishment of individuals born 
in the study population or whether the arrival of immigrants was a necessary factor. To do so, we 
applied likelihood-based methods using a comprehensive demographic analysis. While population 
viability analysis is frequently applied to declining populations (Carrete  et al.   2009 ), it is used 
much more rarely to study endangered species that are increasing in number (Ortega  et al.   2009 ). 
We argue that identifying the demographic determinants of population increases may provide 
relevant information for guiding conservation managers and practitioners whose task it is to 
preserve populations of target species. 

 The results of our models strongly suggest that the increase observed in recent years in the 
Egyptian Vulture population in Catalonia was probably caused by a combination of higher 
adult survival than in other Iberian populations and the entry into the population of adults 
from outside the study area. Both adult survival and immigration play a key role in deter-
mining the dynamics of the population, as is to be expected for long-lived species (Real and 
Mañosa  1997 , Saether and Bakker  2000 ). Our analyses were based on limited field data, a 
common issue when studying endangered species (Doak  et al.   2005 ). Even so, the framework 
we applied based on likelihood methods was useful to tackle this constraint (Hernández-
Matías  et al.   2013 ). 

 Instead of adult survival or immigration, other demographic parameters could potentially 
affect the observed population trend. In the case of productivity, it was set at the values we esti-
mated from the population and indeed, these values were higher than in other Spanish popula-
tions (C.R.P.R  1984 , Donázar and Ceballos  1988 , Fernández  1994 , Donázar  et al.   2002 ). 

  

 Figure 3.      Likelihood estimate assuming different values of both adult survival (SA), from 0.7 to 
0.975, and number of immigrants, from 0 to 10. Likelihood is represented by grey tones, from 
white (0) to dark grey (1). Black lines indicate the mean number of breeding pairs predicted under 
each scenario in 2012. White points indicate two most likely scenarios selected to perform the 
PVA (scenario 1 and 2). Black points indicate two closed population scenarios (3 and 4) selected to 
perform PVA.    
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Nonetheless, sensitivity and elasticity analyses indicate that, of all factors, adult survival has the 
strongest effect on the population growth rate and that non-adult survival and, specially, produc-
tivity are much less decisive, suggesting that the positive trend and the expansion of our popula-
tion was not due simply to high levels of productivity. Regarding non-adult survival, we assumed 
in all models it was the same as described in the Ebro population. This assumption is reasonable if 
we consider that juvenile individuals from neighbouring populations share a similar life style; 
staying at the same wintering areas, aggregating in communal roosts and prospecting for poten-
tial breeding territories (Donázar  1993 ). Another assumption in our models was that all individu-
als recruit at five years old. Again, this seems reasonable if we bear in mind that Egyptian Vultures 
achieve maturity at this age (Donázar  1993 ) and that we studied a growing population and, there-
fore, no density-dependence is expected (Oro and Pradel  2000 ). 

 Unlike other areas of the Iberian Peninsula, where poisoning is the main cause of non-natural 
mortality in Egyptian Vultures (Hernández and Margalida  2009 ), the probable higher survival 
rates in the Catalan population could be due to the less widespread use of poison in Catalonia, 
especially in the study area. Support for this comes from the fact that during the period 1995–
2010 only three Egyptian Vultures were found dead by poisoning in Catalonia, and all of them 

  

 Figure 4.      Projection of the population trend (in number of pairs) estimated for the next 50 years 
using models considered for PVA. All 5,000 replicates are represented in grey as well as the aver-
age trend represented by the black line.    
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outside our study area (Hernandez  2006 , Programa Antídoto unpubl. data). In other neighbour-
ing areas such as Aragon, 47 individuals were found dead during the period 1996–2006 
(Hernandez  2006 ) which highlights the different distribution and importance of poisoning 
events in the Iberian Peninsula. Electrocution and collision with power lines and wind farms are 
also important causes of non- natural mortality of Egyptian Vulture in Spain (Donázar  et al.  
 2002 , Carrete  et al.   2009 ), but available data coming from recovery centres report that this is 
not a major cause of death of the species in Catalonia since only one case of electrocution has 
been reported up today (Servei de Biodiversitat, Generalitat de Catalunya  in litt.  2013). On the 
basis of our results, management efforts in areas where the species’ populations are decreasing 
should be directed to improving adult survival by eliminating the human related mortality that 
affects the species. 

 Our results also suggest that our study population is regularly receiving immigrating indi-
viduals from elsewhere. The Egyptian Vulture is a philopatric species with low natal dispersal 
distances (median natal dispersal 19.74 km, range = 0–150 km,  n  = 26; Grande  et al.  unpubl. 
data). Our study area is adjacent to a nucleus in north-west Catalonia (Lleida Pyrenees), which 
has increased - the number of pairs rose from 35 to 55 during the period 1983–2012 (Muntaner 
 et al.   1983 , Servei de Biodiversitat i Protecció dels Animals, Generalitat de Catalunya 2012). 
The reasons for the growth of this adjacent population are not well understood although it has 
been argued that Egyptian Vulture benefit from some feeding points provided for vultures 
(Margalida  et al.   2010 ) but also the lower use of poison and consequently high adult survival 
could be taken in account. Therefore, we hypothesise that this neighbouring population nucleus 
is the most likely origin of the new pairs being established in our area. Supporting this idea, the 
colonisation pattern inside the study area shows that new territories were always near to an 
existing territory (less that 50 km), although long-distant natal dispersal events are also pos-
sible in this species (0–150 km) (Grande  et al.  unpubl. data). 

 It is known that new sanitary policies that reduced the availability of carcass resources 
affected some species of vultures via reduction of their vital rates and/or dispersal of individuals 

  

 Figure 5.      Sensitivity and elasticity of the population growth rate to main vital rates. S 12 : yearly 
survival in the first two years of life, S 34 : yearly survival in third and fourth years of life, 
S 5 : survival in fifth year of life, SA: survival of territorial individuals, P: productivity (number of 
fledglings per territorial pair), and Nimm: number of immigrants.    
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(Donázar  et al.   2010 , Margalida  et al.   2010 ,  2014 ). In the case of Egyptian Vultures these policies 
seem not to be related to the increase in our population for two reasons; the neighbouring popula-
tion of north-west Catalonia affected by the same regulations increased in the meantime and the 
breeding success seemed not to be affected by the possible consequent food shortages (Garcia and 
Margalida  2009 ) that is in concordance with the trends predicted by Margalida and Colomer 
( 2012 ). So probably the specific lifestyle of this species (Donázar  et al.   2010 ) can benefit from new 
environmental and human factors (landfill, extensive grazing) that occurred during the last few 
decades in our area favouring their colonisation and increase (Kiff  2000 ). 

 Assuming the most supported scenarios (1 and 2), both of which assume net immigration of 
adults, our PVA predicts continued population increase at a lower rate than that observed in the 
study period. However, even in the event that immigration stopped (scenario 4) the population 
would grow if adult survival is high. In contrast, in scenario 3 where adult survival is assumed to 
be equal to that estimated in the Ebro population, the population would stop growing although 
apparently it would remain stable. Even though the role of immigrants is commonly overlooked 
in population viability assessments, there is increasing evidence to suggest that immigration is a 
key determinant in population growth rates (Ward  2005 , Schaub  et al.   2013 ). It is also worth 
mentioning that all our predictions were made under the assumption that ecological conditions 
will not change. However, if declining trends in most of the species’ range continue, fewer poten-
tial immigrants will be available to support the Catalan population, so it is important that future 
research aims to determine the ecological drivers of the vital rates of this population (e.g. Bakker 
 et al.   2009 ). Conservation actions will thus have to take this question into account (Hernández-
Matías  et al.   2013 ). 

 Our results highlight that, despite major uncertainties, likelihood-based population analysis 
may provide relevant knowledge of the factors that regulate target populations. In the future, 
by reducing uncertainty, predictions can be refined so that advice for conservation managers 
can become more accurate. For example, it is essential to estimate survival, immigration and 

  

 Figure 6.      Contribution of immigration and adult survival to the population growth rate, 
assuming different values of both adult survival (SA), from 0.7 to 0.975, and number of immi-
grants, from 0 to 10. Values of lambda lower than 1 are represented in black, while values 
greater than one are represented in a grey scale, darker tones corresponding to lower values 
of lambda.    
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recruitment rates, to continue the long-term ringing scheme initiated in 2012 in this area and 
then to apply  ad hoc  statistical methods. Furthermore, the study of the ecological and/or behav-
ioural factors driving the settlement of new territories must also be studied. It is known that 
conspecific attraction (Reed and Dobson  1993 , Grande  2006 ) and environmental features, either 
for nesting or foraging, also play a relevant role in colonisation processes (Webb  et al.   2011 ). In 
our study area, most breeding pairs are located near landfills and farms, or in areas where exten-
sive livestock farming is practised, and all these features are relevant sources of food for this spe-
cies (Margalida  et al.   2007 , Gangoso  et al.   2012 , unpublished data). Therefore, it is crucial for the 
future effective management of this species to investigate the demographic relationships of the 
different local populations, the environmental determinants of its demographic characteristics 
and whether intensive human activities may have helped drive the increase in the studied 
Egyptian Vulture population.   
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 The supplementary materials for this article can be found at journals.cambridge.org/bci     

 Acknowledgements 

 We are indebted to people who provided us with field data: S. Arís, J. Arrey, E. Bassols, M. Batriu, 
J. Bosch, J. Calaf, J. Faus, J. Fort, J. Garcia Petit, J. Gracia, P. Isern, G. Lampreave, T. Mampel, 
D. Mañas, J. Montserrat, A. Miño, F. Parés and A. Peris. We also thank the Institut Català 
d’Ornitologia (ICO) for making available its Ornithocat database, and the support received from 
the Servei de Biodiversitat de la Generalitat de Catalunya, especially from D. Garcia. Natural 
Parks of Sant Llorenç del Munt of the Diputació de Barcelona, Montserrat, Zona Volcànica de la 
Garrotxa and Cadí-Moixeró of the Generalitat de Catalunya helped in furnishing information 
and field monitoring. We are very grateful to J. M. Grande who kindly provided parameter esti-
mates of adult survival that were required to estimate its temporal variance. Drs. A. Margalida, 
J. A. Donázar and A. Sanz made very useful comments that improved the manuscript. This study 
was financed by University of Barcelona (J. Real, A. Hernández and H. Tauler) and Grup de 
Naturalistes d’Osona-ICHN (J. Baucells, C. Martorell). During 2014 we received the support of 
Red Electrica de España-SA and we are grateful to Mercedes Gil. Helena Tauler was supported by 
a predoctoral grant from the IRBIO-University of Barcelona (APIF 2014).  

 References 

    Aymerich  ,   P.   and   Santandreu  ,   J  . ( 1998 )  Fauna 
del Berguedà .  Berga (Barcelona) :  Ed. de 
l'Àmbit .  

    Aymerich  ,   P.   and   Santandreu  ,   J  . ( 2002 )  Fauna 
del Berguedà. Els ocells .  L'Erol   73 :  17 – 21 .  

    Aymerich  ,   J.  ,   Baucells  ,   J.  ,   Bigas  ,   D.  ,   Camprodon  , 
  J.  ,   Estrada  ,   J.  ,   Molist  ,   M.  ,   Ordeix  ,   M.  , 
  Ramoneda  ,   J.   and   Vigué  ,   J  . ( 1991 )  Els ocells 
d’Osona .  Barcelona, Spain :  Lynx Edicions .  

    Bakker  ,   V. J.  ,   Doak  ,   D. F.  ,   Roemer  ,   G. W.  ,   Garcelon  , 
  D. K.  ,   Coonan  ,   T. J.  ,   Morrison  ,   S. A.  ,   Lynch  ,   C.  , 
  Ralls  ,   K.   and   Shaw  ,   R  . ( 2009 )  Incorporating 
ecological drivers and uncertainty into a 
demographic population viability analysis 
for the island fox .  Ecol. Monogr.   79 :  77 – 108 .  

    Barnosky  ,   A. D.  ,   Hadly  ,   E. A.  ,   Bascompte  ,   J.  , 
  Berlow  ,   E. L.  ,   Brown  ,   J. H.  ,   Fortelius  ,   M.  ,   Getz  , 
  W. M.  ,   Harte  ,   J.  ,   Hastings  ,   A.  ,   Marquet  ,   P. A.  , 
  Martinez  ,   N. D.  ,   Mooers  ,   A.  ,   Roopnarine  ,   P.  , 
  Vermeij  ,   G.  ,   Williams  ,   J. W.  ,   Gillespie  ,   R.  , 
  Kitzes  ,   J.  ,   Marshall  ,   C.  ,   Matzke  ,   N.  ,   Mindell  , 
  D. P.  ,   Revilla  ,   E.   and   Smith  ,   A. B  . ( 2012 ) 
 Approaching a state shift in Earth’s biosphere . 
 Nature   486 :  52 – 58 .  

    Baucells  ,   J.  ,   Camprodon  ,   J.   and   Ordeix  ,   M  . ( 1998 ) 
 La fauna vertebrada d’Osona .  Barcelona, 
Spain :  Lynx Edicions .  

    Begon  ,   M.  ,   Harper  ,   J.   and   Townsend  ,   C  . ( 1996 ) 
 Ecology: Individuals, populations and com-
munities .  Oxford, UK :  Blackwell Science .  



H. Tauler et al. 12

    Beissinger  ,   S. R.   and   McCullough  ,   D. R.  , eds. 
( 2002 )  Population viability analysis .  Chicago, 
USA :  University of Chicago Press .  

    Benítez  ,   J. R.  ,   Donázar  ,   J. A  .,   De la Riva  ,   M.  , 
  Hiraldo  ,   F.  ,   Hernández  ,   F. J.  ,   Ceballos  ,   O.  , 
  Barcell  ,   M.  ,   Grande  ,   J. M.   and   Sánchez-
Zapata  ,   J. A.   ( 2004 )  Tras la pista del alimo-
che en África .  Quercus   222 :  12 – 18 .  

   BirdLife International  ( 2012 )   Neophron perc-
nopterus . In IUCN 2013.  IUCN Red List of 
threatened species. Version 2013.1  . < www.
iucnredlist.org >.  Downloaded on 15 August 
2013 .  

    Carrete  ,   M.  ,   Sánchez-Zapata  ,   J. A.  ,   Benítez  , 
  J. R.  ,   Lobón  ,   M.   and   Donázar  ,   J. A  . ( 2009 ) 
 Large scale risk-assessment of wind-farms 
on population viability of a globally endan-
gered long-lived raptor .  Biol. Conserv.   142 : 
 2954 – 2961 .  

    Caughley  ,   G  . ( 1994 )  Directions in conserva-
tion biology .  J. Anim. Ecol.   63 :  215 – 244 .  

    Conroy  ,   M. J.   and   Senar  ,   J. C  . ( 2009 )  Integration 
of demographic analyses and decision 
modeling in support of management of 
invasive Monk Parakeets, an urban and 
agricultural pest . Pp. 491–510 in  Modeling 
demographic processes in marked popu-
lations .  US :  Springer .  

   C.R.P.R . ( 1984 )  Grandes rapaces de los Pirineos 
catalanes .  Acta Biol. Montana   4 :  397 – 403 .  

    Del Moral  ,   J. C.   and   Martí  ,   R  . ( 2002 )  El alimo-
che común en España y Portugal. I Censo 
Coordinado. Año 2000 .  Monografía n° 8. 
Madrid, Spain :  SEO/BirdLife .  

    Doak  ,   D. F.  ,   Morris  ,   W. F.  ,   Pfister  ,   C.  ,   Kendall  , 
  B. E.   and   Bruna  ,   E. M  . ( 2005 )  Correctly esti-
mating how environmental stochasticity 
influences fitness and population growth . 
 Am. Nat.   166 :  14 – 21 .  

    Donázar  ,   J. A  . ( 1993 )  Los buitres ibéricos: 
biología y conservación .  Madrid, Spain : 
J. M. Reyero (Ed.).  

    Donázar  ,   J. A  . ( 2004 )  Alimoche Común, 
 Neophron percnopterus  . In   A.     Madroño  , 
  C.     González   and   J. C.     Atienza  , eds.  Libro 
rojo de las aves de España .  Madrid, Spain : 
 Dirección General para la Biodiversidad / 
SEO-BirdLife .  

    Donázar  ,   J. A.   and   Ceballos  ,   O  . ( 1988 ) 
 Alimentación y tasa reproductoras del ali-
moche  Neophron percnopterus  en Navarra . 
 Ardeola   35 :  3 – 14 .  

    Donázar  ,   J. A.  ,   Palacios  ,   C. J.  ,   Gangoso  ,   L.  , 
  Ceballos  ,   O.  ,   González  ,   M. J.   and   Hiraldo  ,   F  . 
( 2002 )  Conservation status and limiting 
factors in the endangered population of 
Egyptian Vulture ( Neophron percnopterus ) 
in the Canary Islands .  Biol. Conserv.   107 : 
 89 – 97 .  

    Donázar  ,   J. A.  ,   Cortés-Avizanda  ,   A.   and 
  Carrete  ,   M  . ( 2010 )  Dietary shifts in two 
vultures after the demise of supplementary 
feeding stations: consequences of the EU 
sanitary legislation .  Eur. J. Wildl. Res.   56 : 
 613 – 621 .  

    Duhem  ,   C.  ,   Vidal  ,   E.  ,   Legrand  ,   J.   and   Tatoni  ,   T  . 
( 2003 )  Opportunistic feeding responses of 
the Yellow-legged Gull  Larus michahellis  
to accessibility of refuse dumps: The gulls 
adjust their diet composition and diversity 
according to refuse dump accessibility .  Bird 
Study   50 :  61 – 67 .  

    Estrada  ,   J.  ,   Pedrocchi  ,   V.  ,   Brotons  ,   L.   and 
  Herrando  ,   S  . ( 2005 )  Atles dels Ocells nidifi-
cants de Catalunya  (1999-2002).  Barcelona, 
Spain :  Lynx Edicions .  

    Fernández  ,   F. J  . ( 1994 )  El alimoche en el refu-
gio de rapaces de Montejo .  Biblioteca   9 : 
 137 – 181 .  

    Gangoso  ,   L.  ,   Agudo  ,   R.  ,   Anadón  ,   J. D.  ,   de la 
Riva  ,   M.  ,   Suleyman  ,   A. S.  ,   Porter  ,   R.   and 
  Donázar  ,   J. A  . ( 2012 )  Reinventing mutu-
alism between humans and wild fauna: 
insights from vultures as ecosystem services 
providers .  Conserv. Lett.   6 :  172 – 179 .  

    Garcia  ,   D.   and   Margalida  ,   A  . ( 2009 )  Status, 
distribution and breeding parameters of the 
avian scavenger population in Catalonia. 
Pp. 116–135  in   J. A.     Donázar  ,   A.     Margalida   
and   D.     Campión  , eds.  Vultures, feeding sta-
tions and sanitary legislation a conflict and 
its consequences from the perspective of 
conservation biology . Munibe 29 (Suppl.). 
 Donostia-San Sebastian: Sociedad de Ciencias 
Aranzadi .  

    García-Ripollès  ,   C.   and   López-López  ,   P  . ( 2006 ) 
 Population size and breeding performance of 
Egyptian Vultures ( Neophron percnopterus ) 
in Eastern Iberian Peninsula .  J. Raptor Res.  
 40 :  217 – 221 .  

    Grande  ,   J. M  . ( 2006 )   Natural and human 
induced constrains on the population dynam-
ics of long-lived species: The case of the 
Egyptian Vulture (Neophron percnopterus) 



Population trends of Egyptian Vulture in Catalonia 13

in the Ebro Valley  . PhD. Thesis.  University of 
Sevilla ,  Sevilla. Spain .  

    Grande  ,   J. M.  ,   Serrano  ,   D.  ,   Tavecchia  ,   G.  , 
  Carrete  ,   M.  ,   Ceballos  ,   O  .,   Díaz-Delgado  ,   R.  , 
  Tella  ,   J. L.   and   Donázar  ,   J. A  . ( 2008 )  Survival 
in a long-lived territorial migrant: effects 
of life-history traits and ecological condi-
tions in wintering and breeding areas .  Oikos  
 118 :  580 – 590 .  

    Guixé  ,   D.  ,   coord  . ( 2008 )  El medi natural del 
Solsonès .  Barcelona, Spain :  Universitat de 
Barcelona .  

    Hernandez  ,   M  . ( 2006 )  Informe sobre el grado 
de aplicación de la estrategia nacional con-
tra el uso ilegal de cebos envenenados en el 
medio natural .  Madrid, Spain :  Laboratorio 
Forense de Vida Silvestre .  

    Hernández  ,   M.   and   Margalida  ,   A  . ( 2009 ) 
 Poison-related mortality effects in the 
endangered Egyptian Vulture ( Neophron 
percnopterus ) population in Spain .  Eur. J. 
Wildl. Res.   55 :  415 – 423 .  

    Hernández-Matías  ,   A.  ,   Real  ,   J.   and   Pradel  ,   R  . 
( 2011 )  Quick methods for evaluating sur-
vival of age-characterizable longlived terri-
torial birds .  J. Wildl. Manage.   75 :  856 – 866 .  

    Hernández-Matías  ,   A.  ,   Real  ,   J.  ,   Moleón  ,   M.  , 
  Palma  ,   L.  ,   Sánchez-Zapata  ,   J. A.  ,   Pradel  ,   R.  , 
  Carrete  ,   M.  ,   Gil-Sánchez  ,   J. M.  ,   Beja  ,   P.  , 
  Balbontín  ,   J.  ,   Vicent-Martin  ,   N.  ,   Ravayrol  ,   A.  , 
  Benítez  ,   J. R.  ,   Arroyo  ,   B.  ,   Fernández  ,   C.  , 
  Ferreiro  ,   E.   and   García  ,   J  . ( 2013 )  From 
local monitoring to a broad-scale viability 
assessment: a case study for the Bonelli's 
Eagle in western Europe. Ecol .  Monogr . 
 83 :  239 – 261 .  

    Hilborn  ,   R.   and   Mangel  ,   M.   ( 1997 )  The eco-
logical detective: confronting models with 
data .  Princeton, New Jersey, USA :  Princeton 
University Press .  

   IUCN  ( 2012 )  IUCN Red List categories and 
criteria: Version 3.1.   Second edition .  Gland, 
Switzerland and Cambridge, UK :  IUCN .  

    Kiff  ,   L. F  . ( 2000 )  The current status of North 
American vultures. Pp. 175–189  in   R. D.   
  Chancellor   and   B.-U.     Meyburg  , eds.  Raptors 
at risk .  Berlin, Germany and Surrey, British 
Columbia :  World Working Group on Birds 
of Prey and Owls and Hancock House 
Publishers .  

    Levin  ,   S. A.  ,   Carpenter  ,   S. R.  ,   Godfray  ,   H. C. J.  , 
  Kinzig  ,   A. P.  ,   Loreau  ,   M.  ,   Losos  ,   J. B.   and 

  Wilcove  ,   D. S  . ( 2009 )  The Princeton guide 
to ecology .  Princeton, New Jersey, USA : 
 Princeton University Press .  

    Liberatori  ,   F.   and   Penteriani  ,   V  . ( 2001 )  A long-
term analysis of the declining population of 
the Egyptian Vulture in the Italian penin-
sula: distribution, habitat preference, pro-
ductivity and conservation implications .  Biol. 
Conserv.   101 :  381 – 389 .  

    Loreau  ,   M.  ,   Naeem  ,   S.  ,   Inchausti  ,   P.  , 
  Bengtsson  ,   J.  ,   Grime  ,   J. P.  ,   Hector  ,   A.  , 
  Hooper  ,   D. U.  ,   Huston  ,   M. A.  ,   Raffaelli  ,   D.  , 
  Schmid  ,   B.  ,   Tilman  ,   D.   and   Wardle  ,   D. A  . 
( 2001 )  Biodiversity and ecosystem function-
ing: current knowledge and future chal-
lenges .  Science   294 :  804 – 808 .  

    Margalida  ,   A.   and   Colomer  ,   M. A   ( 2012 ) 
 Modelling the effects of sanitary policies 
on European vulture conservation .  Sci. 
Rep .  2 :  753 .  

    Margalida  ,   A.  ,   García  ,   D.   and   Cortés-
Avizanda  ,   A  . ( 2007 )  Factors influencing 
the breeding density of Bearded Vultures, 
Egyptian Vultures and Eurasian Griffon 
Vultures in Catalonia (NE Spain): man-
agement implications .  Anim. Biodivers. 
Conserv .  30 :  189 – 200 .  

    Margalida  ,   A.  ,   Donázar  ,   J. A.  ,   Carrete  ,   M.   and 
  Sánchez-Zapata  ,   J. A  . ( 2010 )  Sanitary versus 
environmental policies: fitting together two 
pieces of the puzzle of European vulture 
conservation .  J. Appl. Ecol.   47 :  931 – 935 .  

    Margalida  ,   A.  ,   Colomer  ,   M. À.   and   Oro  ,   D  . 
( 2014 )  Man-induced activities modify demo-
graphic parameters in a long-lived species: 
effects of poisoning and health policies .  Ecol. 
Appl.   24 :  436 – 444 .  

    Mateo-Tomás  ,   P.  ,   Olea  ,   P. P.   and   Fombellida  ,   I  . 
( 2010 ).  Status of the endangered Egyptian 
Vulture  Neophron percnopterus  in the 
Cantabrian Mountains, Spain, and assess-
ment of threats .  Oryx   44 :  434 – 440 .  

    Morris  ,   W. F.   and   Doak  ,   D. F  . ( 2002 )  Quantitative 
conservation biology. Theory and practice of 
population viability analysis .  Sunderland, 
Massachusetts, USA :  Sinauer .  

    Muntaner  ,   J.  ,   Alamany  ,   O.  ,   Buñuel  ,   J.  , 
  De Juan  ,   A.  ,   Filella  ,   S.  ,   García  ,   D.  ,   Marco  ,   X.  , 
  Parellada  ,   X.  ,   Sargatal  ,   J.   and   Ticó  ,   J  . ( 1981 ) 
 Statut, evolution et distribution des rapaces 
diurnes nicheurs en catalogne .  Rapaces 
Mediterraneens .   Annales du CROP  n°1 .  



H. Tauler et al. 14

     HELENA     TAULER    *   ,     JOAN     REAL     ,     ANTONIO     HERNÁNDEZ-MATÍAS    
   Conservation Biology Group ,  Departament de Biologia Animal ,  Universitat de Barcelona ,  Av. 

Diagonal 643 ,  08028 Barcelona ,  Catalonia ,  Spain . 

   PERE     AYMERICH    
   C. Barcelona ,  29. 08600 Berga. Catalonia .  Spain . 

   JORDI     BAUCELLS     ,     CARLES     MARTORELL    
   Grup de Naturalistes d’Osona ,  C. de la Laura ,  13. 08500 Vic ,  Catalonia ,  Spain . 

   JOAN     SANTANDREU    
   C. Ramón Turró ,  5 ,  Esc A ,  4t-3a ,  08005- Barcelona .  Catalonia ,  Spain . 

   * Author for correspondence; email:  htauler@ub.edu   

  Received    22     April     2014   ;   revision accepted     2     October     2014   

    Muntaner  ,   J.  ,   Ferrer  ,   X.   and   Martínez-
Vilalta  ,   A  . ( 1983 )  Atles dels ocells nidifi-
cants de Catalunya i Andorra .  Barcelona, 
Spain :  Ketres editora .  

    Oro  ,   D.   and   Pradel  ,   R  . ( 2000 )  Determinants of 
local recruitment in a growing colony of 
Audouin's gull .  J. Anim. Ecol.   69 :  119 – 132 .  

    Ortega  ,   E.  ,   Mañosa  ,   S.  ,   Margalida  ,   A.  , 
  Sánchez  ,   R.  ,   Oria  ,   J.   and   Gonzalez  ,   L. M  . 
( 2009 )  A demographic description of the 
recovery of the Vulnerable Spanish imperial 
eagle   Aquila adalberti. Oryx   43 :  113 – 121 .  

    Primack  ,   R. B  . ( 2012 )  A primer of conserva-
tion biology .  Sunderland, MA :  Sinauer 
Associates .  

    Real  ,   J.   and   Mañosa  ,   S  . ( 1997 )  Demography 
and conservation of western European 
Bonelli’s eagle populations .  Biol. Conserv.  
 79 :  59 – 66 .  

    Reed  ,   J. M.   and   Dobson  ,   A. P  . ( 1993 )  Behav-
ioural constraints and conservation biology: 
Conspecific attraction and recruitment . 
 Trends Ecol. Evol.   8 :  253 – 256 .  

    Saether  ,   B. E.   and   Bakker  ,   O  . ( 2000 )  Avian life 
history variation and contribution of demo-
graphic traits to the populations growth 
rate .  Ecology   81 :  642 – 653 .  

   Servei de Biodiversitat i protecció dels animals, 
Generalitat de Catalunya  ( 2012 )  Síntesi dels 
resultants del cens d’aufrany a Catalunya . 
 Barcelona, Spain :  Departament d’Agricultura, 
Ramaderia, Pesca Alimentació i Medi Natural .  

    Schaub  ,   M.  ,   Jakober  ,   H.   and   Stauber  ,   W  . ( 2013 ) 
 Strong contribution of immigration to local 
population regulation: evidence from a 
migratory passerine .  Ecology   94 :  1828 – 1838 .  

    Stubben  ,   C. J.   and   Milligan  ,   B. G  . ( 2007 ) 
 Estimating and analyzing demographic 
models using the popbio Package in R .  J. Stat 
Software   22 :  11 .  

    Ward  ,   M. P  . ( 2005 )  The role of immigration in 
the decline of an isolated migratory bird 
population .  Conserv. Biol.   1 :  1528 – 1536 .  

    Webb  ,   W. C.  ,   Marzluff  ,   J. M.   and   Hepinstall-
Cymerman  ,   J  . ( 2011 )  Linking resource use 
with demography in a synanthropic popu-
lation of common ravens .  Biol. Conserv.  
 144 :  2264 – 2273 .  

    White  ,   G. C  . ( 2000 )  Population viability analy-
sis: data requirements and essential analyses . 
Pp. 288–331 in   L.     Boitani   and   T. K.     Fuller  , eds. 
 Research techniques in animal ecology: con-
troversies and consequences .  New York, 
USA :  Columbia University Press .  


