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Modeling the consequences of the 
demise and potential recovery of a 
keystone-species: wild rabbits and 
avian scavengers in Mediterranean 
landscapes
Ainara Cortés-Avizanda1,2, Maria Àngels Colomer3, Antoni Margalida4,5, Olga Ceballos2 & 
José Antonio Donázar1

Restoration of demised keystone-species populations is an overriding concern in conservation 
biology. However, since no population is independent of its environment, progress is needed in 
predicting the efficacy of restoration in unstable ecological contexts. Here, by means of Population 
Dynamics P-system Models (PDP), we studied long-term changes in the population size of Egyptian 
vultures (Neophron percnopterus) inhabiting a Natural Park, northern Spain, to changes in the 
numbers of wild rabbits (Oryctolagus cuniculus), a keystone-species of Mediterranean ecosystems 
that have suffered >90% population decline after a hemorrhagic disease outbreak. Low availability 
of rabbit carcasses leads Egyptian vultures to extend their foraging activities to unprotected areas 
with higher non-natural mortality whereas growing numbers of griffon vultures (Gyps fulvus), a 
dominant competitor, progressively monopolize trophic resources resulting in a focal population 
decrease. Modeling shows that, even if keystone-species populations recover in core protected areas, 
the return to the original studied population size may be unfeasible, due to both the high non-
natural mortality rates in humanized areas and long-term changes in the scavenger guild structure. 
Policy decisions aimed to restore keystone-species should rely on holistic approaches integrating the 
effects of spatial heterogeneity on both producer and consumer populations as well as within-guild 
processes.

The keystone species concept in ecology has a long history1,2, acknowledging the disproportionate impact 
that the abundances of certain populations of definite organisms may have on ecosystems. Some aspects 
of the application of this concept to the practice of conservation have been greatly discussed, in par-
ticular, how to narrow the definition of keystone species to avoid losing its value1,2. It is beyond doubt, 
however, that the rarefaction or disappearance of some taxa at any trophic level, from large predators or 
detritivores to pollinators, encompasses profound implications for population viability of other species 
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and overall for the structure and functioning of food webs, communities and ecosystems (see3,4). The 
restoration of the populations of these species, or closely related taxa that could fulfill similar functions, 
is therefore an emerging research field both in ecology and conservation sciences5,6 and is considered a 
priority for policy managers (see7 and references therein).

The European wild rabbit (Oryctolagus cuniculus) is considered a keystone species in the Mediterranean 
within food webs (see review in8). It is the main prey for at least 29 predators (17 raptors and 9 car-
nivores9), some of which are endemic rabbit-specialists in the Western Mediterranean region (e.g. the 
Spanish Imperial Eagle (Aquila adalberti) and the Iberian lynx (Lynx pardinus)10). The sudden appear-
ance of Rabbit Hemorrhagic Disease (RHD) during the 1990s caused a sharp decline in their popu-
lations, with rabbits disappearing from much of their former areas of distribution11,12. Consequently, 
numeric and functional responses of consumers were triggered. Both rabbit-specialists and mesopredator 
species shifted their distribution areas and altered their breeding and population dynamics, which are 
also shaped by an increase in intra- and interspecific competition for this scarcer trophic resource13–17. 
On a shorter time-scale, the wild rabbit rarefaction in wilder and protected Mediterranean ecosystems 
forced rabbit-consumers to forage in open humanized areas often associated with agricultural practices, 
where the risk of non-natural mortality is higher18. Additionally, the vanishing of wild rabbits, considered  
an important game species, led to the increase in direct and indirect persecution of predators, often 
through illegal methods such as poisoning19,20.

The magnitude of the problem is so serious that to counteract the negative trends in the wild rabbit 
populations, and consequently the declining endangered consumer species, costly conservation programs 
in many Mediterranean regions, often at a considerable cost, have been carried out. For example, in 
Spain, the European LIFE–Nature projects devoted to recovering rabbit–specialist predators (which take 
specific actions focused on increasing populations of lagomorphs) have invested more than 94 million 
Euros in these efforts21–23. Meanwhile, important quantities of public funds are also devoted to reduce 
direct and indirect human–induced mortality of predators and scavengers24. However, from an ecolog-
ical point of view, these initiatives have neglected the possibility that the return to original scenarios 
could be detrimental, especially in Europe. Here, more intensive agriculture, resulting in major landscape 
transformations, forces large body-sized vertebrates to inhabit increasingly hostile environments25. In 
addition, these changes may distort the interspecific relationships within food webs26. In this context, it 
seems desirable to examine whether the recovery of wild rabbit populations would lead to increases in 
consumer population, similar to those seen previous to the RHD outbreak.

Here we use an empirical-bioinspired modeling approach to examine this issue using as a case study a 
binomial-system: the wild rabbit (Oryctolagus cuniculus) and the threatened Egyptian vulture (Neophron 
percnopterus). We took advantage of long-term and high-quality data collected in a Natural Park in 
northern Spain. There, the demise of the lagomorph population due to RHD led breeding Egyptian vul-
tures to modify their foraging habits and look for alternative food sources (mainly livestock carcasses) in 
humanized areas outside the limits of the protected area where the probability of non-natural mortality 
increased27. Moreover, the scavenger guild composition has greatly varied in this region over the last few 
decades of the study period; the Eurasian griffon vultures (Gyps fulvus) are progressively outnumbering 
the short-bodied and less-competitive scavengers28,29. In this context, wild rabbit carcasses, previously 
exploited almost exclusively by Egyptian vultures, are increasingly consumed by griffons (see30, see below 
for details).

Here, our specific goals were to: i) determine the long-term viability of the population of the focal spe-
cies; and to examine how Egyptian vulture population dynamics would evolve given changes in ii) wild 
rabbit abundance; iii) non-natural mortality in humanized areas; and iv) long-term population-trends 
of direct competitors (griffon vultures). To examine these issues we used Population Dynamics P-system 
Models (PDP)31. These models belong to the family of models developed by32 and were initially created 
to simulate the functioning of organelles in the cell (i.e., varying their numbers and operating parallel 
in a synchronous and interrelated manner). There is a close parallelism between the functioning of cells 
and ecosystems making P-systems an increasingly useful tool in many different research lines including 
animal behavior, invasion processes and conservation planning33–36.

Results
The projections of our model closely reproduced the observed Egyptian vulture population trend in 
the study area over the last three decades; in fact, the empirical data were within the 95% confidence 
intervals (Fig. 1). The immature fraction of the population, after a slight increase, would have decreased 
by almost half in the same period. Interestingly, the projections about the future trends showed that 
maintaining the current demographic parameters, conditions of food availability and the trophic inter-
specific competition with griffon vultures, the Egyptian vulture breeding population would undergo a 
slight increase of about 25% (from 40 to 50 adults). The number of immature birds would also increase 
by about 30% (Fig. 2).

Our model also estimated that the biomass of wild rabbit carcasses consumed by the Egyptian vul-
tures since the early 1990s has continuously decreased, stabilizing in recent years. On the other hand, the 
number of wild rabbit carcasses consumed by griffon vultures would have gradually increased to stabi-
lization (Fig. 3). The modeling shows that in 2013, Egyptian and griffon vultures would have consumed 
73% and 27% of the available wild rabbit carcasses, respectively. Simulations of future scenarios showed 
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Figure 1. Long term changes in the numbers of breeding and immature Egyptian vultures during the 
monitoring period (1980–2013). Predictions derived from the basic model (green line) and empirical field 
data (black) are represented. Confidence Intervals are in red. No data are available for numbers of immature 
in the field.

Figure 2. Prospective long term changes in the numbers of Egyptian vultures for a period of 35 years. 
Estimations are derived from parameters of the basic model. The top two graphs assume that the population 
of griffon vultures remains stable and the bottom two graphs that it would have doubled at the end of this 
period.
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that a twofold increase in the griffon vulture population in the area would occur within 35 years, and 
most of the griffons would consume as many rabbit carcasses as Egyptian vultures. Consequently, the 
models suggested a long-term population decline of Egyptian vultures (Fig. 2).

Finally, we estimated the sensitivity of the parameters (i.e., the effects of a change of 1% in their 
values) related to food availability, mortality by poisoning or natural mortality in a time horizon of 35 
years. We found very little sensitivity to uncertainty in model projections: 0.43 more females after an 
increase of 1% in food availability or − 1.17 and − 2.04 females, after an increase of 1% in mortality due 
to poisoning and natural mortality, respectively.

Analysis using Box-Behnken procedures based on different conservation policies and management 
scenarios combining variations in both food availability and human-induced mortality showed that the 
numbers of Egyptian vultures are extremely sensitive to the latter factor (Fig. 4). Under current parameters  
any decrease in survival rates may lead unequivocally to population decline. Even with similar mortality 
rates, the models show positive population trends only if the wild rabbit populations recover by more 
than 40%. These projections also revealed much more positive results for non-breeding birds due to their 
lower sensitivity to mortality. Finally, modeling showed that if the griffon vulture populations double 
their population size, the recovery of the Egyptian vulture population (especially the breeding fraction) 
would be jeopardized even in scenarios where management actions focuses exclusively on eliminating 
the causes of non-natural mortality.

Discussion
Our results show that even if the populations of wild rabbit recover, non-natural mortality of Egyptian 
vultures associated with the alternative exploitation of humanized landscapes would heavily condi-
tion the future viability of its population. Moreover, the modeling procedures show that the long-term 
changes in the composition of the scavenger guild may also play a determinant role: if the population 
of the dominant griffon vulture continues to increase, it would consume a significant part of the trophic 
resources (wild rabbit carcasses) to the detriment of the more threatened and less competitive scavenger.

Our modeling was fully parameterized from the beginning and faithfully reproduced the empirically 
observed long-term population trends despite the inherent simplicity of the model. This is probably a 
consequence of the data quality introduced into the model, which was obtained during a long-term study 
and allowed the true reproducibility of the process. In addition, the predictions were only very weakly 
sensitive to uncertainty in the parameters. However, some potentially important parameters that were 
not included may have additive effects that would merit consideration in future studies. This is true of 
the likely spatial asymmetries in the density of wild rabbits and the differential exploitation of land by 

Figure 3. Long-term changes in rabbit biomass consumed by the Egyptian and griffon vultures. The 
graph above shows the estimation for the monitoring period and the middle graph the prediction until 2050. 
The bottom graph show the prediction until 2050 assuming that the population of griffon vultures would 
have doubled at the end of this period. Egyptian vulture in red; Griffon vulture in green.
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Egyptian vultures living in territories of variable quality. In this regard, in some large body-sized birds 
of prey, home ranges varied with prey density and individual reproductive status, with habitat quality 
serving as a regulatory mechanism of space use (see e.g.37,38). In addition, it seems reasonable that the 
consumption of rabbit carcasses by vultures represents less than what our model assumes. This may 
be true because, apart from our focal species, there are other facultative avian scavengers and carni-
vores exploiting the same trophic resource39. Moreover, our studied population is not independent from 
those existing in the neighboring regions (upper Ebro Valley and Pyrenees) and may receive immigrants, 
which have certainly helped to slow population decline27 (unpublished data).

According to our findings, the priority conservation strategy is to focus on the recovery of wild 
rabbit populations. This goal, however, is difficult to achieve. Although rabbit populations have strongly 
recovered in certain areas over the last few decades, this recovery follows a very irregular spatial pattern 
probably due to the local environmental variability in shaping factors like vegetation cover, the presence 
and abundance of disease vectors, predation, and hunting pressure, whose relative contribution is still 
poorly understood (see8 and references therein). In fact, in our study area rabbit population recovery 
has been negligible as has been the case in other Iberian Mediterranean ecosystems8,40. Additionally, in 
2012-2013 a new viral disease reached the Iberian Peninsula posing an additive risk of mortality to wild 
rabbit populations41,42. Thus, at least in the short to medium term, a significant increase in wild rabbit 
populations in this area is unlikely. In other Mediterranean regions, the scenario would be different, and 
vegetation succession and reforestation after land abandonment may be the rule43,44. These conditions 
are predicted to favor large scavengers due to the increase/expansion of wild ungulate populations45,46 
but they may be less favorable for rabbit existence due to the well-known affinity of the lagomorph to 
open habitats47. Consequently, the Egyptian vulture, as well as other facultative scavengers linked to 
open and diverse Mediterranean landscapes, would be negatively affected by these processes contrary 
to large-carcass specialists like griffon vultures46,48. This scenario lends a new twist to the probability of 
maintenance of the populations of medium-sized avian scavengers.

Figure 4. Box-Behnken projections of changes in population size of breeding and non-breeding 
Egyptian vultures in relation to mortality (x-axis) and the change in rabbit population (y-axis). It 
simulates that mortality considered in the basic model may be increased or reduced by up to 100% and that 
the availability of rabbit can increase up to reach 100% of the numbers existing before the RDH outbreak. 
The top two graphs assume that the population of griffon vultures remains stable and the bottom two that it 
has doubled in 2050.
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Alternatively, from a demographic point of view, it is much more appropriate to focus future conser-
vation efforts on reducing the risks of non–natural mortality in the hostile landscapes surrounding the 
protected areas. In our study case, the areas near the Natural Park are frequently selected by individuals 
because of the higher availability of carrion resources linked to the existence of both numerous farms 
with intensive and semi–intensive livestock operations and the development of arid lands for irrigated 
crops. These areas offer new habitats for small and medium–sized birds and mammals, whose carcasses 
could be exploited by scavengers49. On the other hand, in the surrounding areas the causes of mortal-
ity are mainly associated with the ingestion of poisoned baits used by local hunters and shepherds to 
control carnivores27,50 and with accidents involving human-made structures such as wind farms51–53. 
Counteracting the use of poison may be feasible in the long-term but the total eradication of this practice 
is unlikely without great efforts in public education54,55. The reduction of the risk of mortality at wind 
farms may be more attainable because these accidents follow a spatially contagious distribution56. To 
date, however, mitigating measures have rarely been implemented57.

Finally, our results indicate that the viability of a rabbit consumer species is not independent of the 
potential competitor species: griffon vultures would currently consume about 26% of the available bio-
mass of wild rabbit carcasses. Field data corroborate this: in fact, 60% of the rabbit carcasses monitored 
in the study area between 2004 and 2006 were consumed by this obligate scavenger species39 (authors 
unpublished). Our models predict that if the griffon vulture population doubles in abundance this spe-
cies would consume 55% of the total rabbit biomass available vs. 45% consumed by Egyptian vultures. 
Within this scenario, the probability of Egyptian vulture population decline would be higher. The growth 
of the griffon vulture population in the study area and throughout the Iberian Peninsula has been expo-
nential (from 3,249 breeding pairs in 1979 to 25,541 in 200858,28). Currently, due to lingering effects of 
the BSE crisis59 growth rates have slowed in some regions28 but a slow recovery was apparent in 2014. 
Sanitary regulations have recently changed allowing farmers to leave livestock carcasses to scavengers in 
the field24. It could be argued, however, that the Egyptian vultures also benefit from this new legislative 
framework as they feed on livestock remains as well, but this species depends more than other vultures 
on small and medium-sized vertebrates, probably due to qualitative nutrient requirements30,35. In fact, 
modeling outputs about population trends in relation to food shortages mediated by recent sanitary 
regulations (before 2011) suggested that the Egyptian vultures are far less sensitive than griffon vultures 
to changes in the supply of livestock carcasses35.

This study shows that PDP modeling procedures can be useful to determine the sensitivity of the 
demography of target species to changes in the behavior of individuals. Modeling strategies moving for-
ward should aim to progress in these areas. For example, it is well–known that the degree of exploitation 
of a feeding place by Egyptian vultures is logically a function, though not linear, of the distance between 
the territory and the resource60,61). It is expected therefore, that the frequency of foraging trips outside 
the protected areas by the Egyptian vultures (as well as other long–ranging species) individually will 
depend on the spatial location of their territories. If the nests are located on the edge of natural protected 
areas then it is expected that the probabilities modeled here should vary (e.g. be higher). Moreover, it is 
also possible that there are intrinsic factors linked to each individual (sex, body size) that favor asym-
metric competitive abilities and differential exploitation of space and food sources59,62. Finally, because 
individuals may present consistency in their behavior, asymmetries between them regarding the same 
behavioral traits are feasible63,64. The existence of personalities would add a new feature to the compu-
tation of survival probability of a bird performing foraging movements that involve certain variables of 
risks and rewards.

To conclude, although positive aspects in the recovery of threatened keystone species are widely  
recognized65, we suggest evaluating whether such recovery programs are cost–effective under changeable 
environmental conditions such as those supporting intensive human activity and with unstable balances 
in consumer populations. It has been shown that, in those systems based on a few keystone species 
supporting complex guilds of vertebrate consumers (whether carnivores or scavengers), the fate of the 
species in these assemblages may not be independent of the balance between their populations66–71. 
Moreover, the scenario created by the existence of protected areas within highly-humanized areas turns 
these into “ecological traps” where animals look for higher-quality resources but at the expense of higher 
mortality (see43 and references therein). Thus, this adds further constraints to the viability of populations 
of large body-sized vertebrates performing long-distance displacements.

Methods
Study area and monitoring of target species. The research was performed in the Bardenas Reales 
(Ebro Valley, northern Spain) (Fig.  5). This area encompasses around 50,000 ha of which around 80% 
have been protected since 1999 and 2000 as a Natural Park and Biosphere Reserve, respectively. This is a 
dry region (< 300 mm/year of precipitation). It is dominated by large flat areas and small hills (280–659 
m a.s.l.) with natural vegetation dominated by scrublands and small wooded patches. There are no per-
manent human settlements inside the Natural Park but there are large areas historically used for the 
traditional agricultural practices of cereal crops and grazing. In contrast, neighboring areas in the Ebro 
Valley are densely populated (more than 150,000 persons within 30 km of the area), and include large 
irrigated areas and many intensive livestock operations (see details in27).
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Figure 5. Study area: The boundaries of the Bardenas Reales Natural Park and Reserve of Biosphere 
(northern Spain) are shown (black line). The rectangle delimits a military area. Note that neighboring 
areas are densely populated (more than 150,000 persons within 30 km of the area) with numerous human 
localities and settlements and land uses are mainly devoted to intensive cultures. Inside the protected area 
there are no human settlements and dominate the non-irrigate crops, scrublands, wooded/forested patches 
and steppe/badlands. CLC2000-100m version 17 (12–2013).
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Local populations of avian scavengers have been monitored annually since the early 1980s (see27). 
At that time, the density of Egyptian vultures was one of the highest known in the world with up to 50 
breeding pairs (1 pair/10 km2). It has since declined by about 50% with only 23 breeding pairs active in 
2013. During the breeding period, the Egyptian and the griffon vultures have been monitored follow-
ing the well-established standard methodologies (see27,72). The annual productivity of Egyptian vultures 
showed variability (0.3–0.8 fledglings/occupied territory). While having been a frequent prospecting vis-
itor, the first established breeding pair of griffon vultures was detected in 1990. Since then the population 
has sharply increased with 85 pairs recorded in 2013 (A. Urmeneta, unpublished data). Apart from the 
breeding population, there is a significant number of non-breeding birds (estimated to be of approxi-
mately similar size to the breeding fraction of the population) that forage in the same areas29,48,73 (authors 
unpublished). The annual productivity of griffon vultures has remained almost constant at around 0.4 
fledglings/pair (see27, A. Urmeneta unpubl.).

Model built and assumptions. In the Population Dynamics P-system Models (PDP, see Supplementary 
Information) we integrated information on: a) reproduction, mortality, and foraging behavior of the 
Egyptian vultures; b) wild rabbit carcass biomass availability, including the maximum carrying capacity 
of the study area; and c) carcass-sharing with direct trophic competitors (griffon vultures) (see detailed 
information in Supplementary Information). The model assumed that the diet of the focal species was 
primarily based on wild rabbits (> 80%) until 1990. Subsequently, and due to the demise of the wild rab-
bit in the Natural Park, the birds increased their foraging in humanized areas outside of the boundaries 
of the protected area. As a consequence, non-natural mortality increased mainly due to the ingestion 
of poisoning baits and accidents with infrastructures. This led to a decrease in breeding success (asso-
ciated with the loss of the mate, poor-quality of trophic resources and increased foraging effort, see 
Supplementary Information).

The PDP model developed here is a computational modeling procedure structured according to five 
sequenced modules (see Fig.  6). In each module, we simulated each of the processes, with individuals 
evolving in parallel by means of the so-called “evolutionary rules” (see Supplementary Information for 
details). The first module executed the process of natural mortality and additional non-natural mortal-
ity linked to foraging movements of breeding Egyptian vultures perform into more highly humanized  
areas outside of the park. Birds that survive then begin the feeding process (module 2; see details in 
Supplementary Information). In the next module, are accounted the exits of the park for lack of food 
resources (module 3, how many times the individual leaves the park; see details in Supplementary 
Information). The foraging trips, including the potential exits of the park, are modeled daily for each 
month and are thus repeated 30 times. Taking the day as the unit time, modules 2 and 3 run 30 times 
each for the six months corresponding to the period spent by the vulture in its European breeding area. 

Figure 6. Scheme of the PDP model. The model takes into account the breeding periods (6 months) and 
the basic processes of reproduction, mortality, foraging behavior, as well as trophic resource availability, 
maximum carrying capacity and competition. The Egyptian vultures forage outside of the protected area 
when insufficient resources are available. Birds search for food and then return to their breeding territories. 
They performed more flights out of the park if the food is scarcer. The carrying capacity of the protected 
area is based on the biomass of wild rabbit carcasses available monthly. We consider as a unit time the day. 
This process run 30 times each month (N =  6) due to this is the period this migrant species spent in the 
study area.
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In the end, we get the number of times each animal leaves the park in search of food. This is the input 
for module 4, which addresses non-natural mortality due to the ingestion of poisoned baits. Once the 
month is completed, the model runs module 1 again and this loop is repeated six times, once for each 
month. At the end of the sixth month, the number of times the individual has gone in search of food on 
throughout the year is recorded. This parameter is the input for module 5, addressing the reproductive 
process. With the application of module 5 the execution of one year is complete. The loop should be 
repeated as many times as necessary to simulate years.

The model begins simulating an initial population in 1980 composed of 50 breeding pairs of Egyptian 
vultures and a similar number of non–breeding individuals, which includes birds between 1 and 5 years 
old. Immature birds became “breeding adults” in their eighth year of life72. New recruitments came from 
birds born during each new breeding season.

The individuals search for food daily in the protected area. Based on the data obtained from 
radio-tagged individuals studied in the 1980s74 (authors unpublished data) we consider that during this 
period around 20% of the foraging trips of the breeding individuals were outside the limits of protected 
area boundaries (i.e. in humanized areas). Before 1990, the use of poisoned baits outside the park was 
almost nonexistent, and therefore we consider that there is initially a cost associated with foraging behavior  
outside the boundaries of the Natural Park and overall mortality is taken to be 2% and 10% per year for 
breeding and non-breeding birds, respectively. We also considered that before 1990 the yearly produc-
tivity was 0.4 fledglings/breeding female.

We then modeled the impact of the RHD. After the outbreak in 1990, Egyptian vultures increased 
foraging activity outside the limits of the Natural Park. Observations conducted with tagged individuals 
with plastic rings (up to 50% of the total population) showed that after the demise of wild rabbits the 
Egyptian vultures foraged in areas up to 30 km away from their nests (unpublished authors). We assume 
that this implies an associated cost that leads to a decline in breeding success by more than half (up to 0.2 
chicks/breeding female see27). In addition, foraging outside the Natural Park had other costs associated 
with higher mortality risk due to the occasional use of poisoned baits by shepherds, mainly in nearby 
hunting areas after the arrival of the RHD27. Consequently, the mortality rates of adult breeding birds 
in this population were relatively high (17% annual)72. This risky scenario has remained unchanged as 
rabbit populations have not recovered and non–natural mortality remains important outside the limits 
of the protected areas.

To model the role of interspecific trophic competition we estimated the number of prospecting griffon  
vultures in the Natural Park on the basis of: a) the density of prospecting birds estimated by48 and b) the 
regional long–term population trends of the species in the region, which has shown invariable incre-
ments during the last three decades59 (see Figure S2 and also Supplementary Information). Before the 
RHD irruption in 1990, the griffon vulture relied almost exclusively on carcasses of livestock and only 
included the rabbit anecdotally75. However, due to the extensive closure of large feeding stations as a 
result of European sanitary regulations76,77, small prey items, including rabbits, increased significantly30,39. 
Griffon vultures dominate Egyptian vultures and other smaller scavengers at carcasses29,48. Therefore, 
our model assumed that if a griffon vulture finds a rabbit carcass it consumes the resource completely, 
impeding access by Egyptian vultures.

Finally, the daily biomass consumption of griffon and Egyptian vultures was calculated based on the 
methodology described by78 and followed by79 and80. For both species, two estimates were calculated: 
1) one for territorial individuals that breed successfully and 2) the other for both territorial individuals 
who failed in breeding and non-territorial individuals. In the first case, it is assumed that during the 
chick-rearing period the consumption increases by up to 30% due to the increase in energetic require-
ments78. In the case of the griffon vultures, we assumed that only 25% of the total population breeds 
(50% of the griffons in the study area are not breeders and productivity per female is 0.25 chicks/year, 
authors unpublished).

Modeling future conservation policies. To determine how population viability may vary depending 
on different potential conservation polices and future management scenarios, we used a Box–Behnken 
design81. The Response Surface Methodology, to which the Box–Behnken design belongs, is a set of 
mathematical and statistical techniques used to model and analyze questions in which a variable of 
interest is influenced by others. The Box–Behnken designs make the estimation of the coefficients of first 
and second order more efficient than other designs. We specifically designed variations in two factors: 
food (rabbit carcasses) availability and mortality associated with daily foraging activity outside of the 
protected area. Food availability was measured as a percentage of the initial rabbit population existing 
in the study area (range: 0 to 100%). The mortality rates ranged from 2.4% to 25.5% when the vulture  
population remained stable and 2.5% to 100% when the vulture population doubled. The projections 
were simulated up to 35 years with 100 repetitions by year. Finally, we performed simulations in two 
different scenarios relative to the long-term trend of the griffon vulture population in the study area: 
stability (the population found in 2014 remains constant) and increase (the population doubles linearly 
in 35 years).

The model was executed using MeCoSim software (free software under license) developed by the 
Computation Group at the University of Sevilla (GNU GPL; htpp://www.p-lingua.org).

http://htpp://www.p-lingua.org


www.nature.com/scientificreports/

1 0Scientific RepoRts | 5:17033 | DOI: 10.1038/srep17033

References
1. Power, M. E. et al. Challenges in the quest for keystones. BioScience 46, 609–620 (1996).
2. Simberloff, D. Flagships, umbrellas, and keystones: Is single-species management passé in the landscape era? Biol. Conserv. 83, 

247–257 (1998).
3. Libralato, S., Christensenc, V. & Paulyc, D. A method for identifying keystone species in food web models. Ecol. Model. 195, 

153–171 (2006).
4. Begon, M., Townsend, C. R. & Harper, J. L. Ecology: from Individuals to Ecosystems. (Blackwell Publishing, Malden, MA, 2006).
5. Gibbs, J. P., Hunter, Jr. M. L. & Sterling, E. J. Problem-solving in Conservation Biology and Wildlife Management, 2nd edition. 

(Blackwell Science Malden, MA, 2008).
6. Hansen, D. M. On the use of taxon substitutes in rewilding projects on islands. In: Islands and Evolution. (eds Pérez-Mellado, V. 

& Ramon, C.) 111–146 (Institut Menorquí d’Estudis, Menorca 2010).
7. Kaufman, M. J. et al. Landscape heterogeneity shapes predation in a newly restored predator–prey system. Ecol. Lett. 10, 690–700 

(2007).
8. Delibes-Mateos, M., Delibes, M., Ferreras, P. & Villafuerte, R. Key role of European Rabbits in the conservation of the Western 

Mediterranean Basin hotspot. Conserv. Biol. 22, 1106–1117 (2008).
9. Delibes, M. & Hiraldo, F. The rabbit as prey in the Iberian Mediterranean ecosystem in Proceedings of the I World lagomorph 

conference. (eds Myers, K. & MacInnes, C. D.) 614–622 (University of Guelph, Guelph, Ontario, Canada, 1981).
10. Ferrer, M. & Negro, J. J. The near extinction of two large European predators: super specialists pay a price. Conserv. Biol. 18, 

344–349 (2004).
11. Villafuerte, R., Calvete, C. Blanco, J. C. & Lucientes, J. Incidence of viral hemorrhagic disease in wild rabbit populations in Spain. 

Mammalia 59, 651–659 (1995).
12. Virgós, E., Cabezas-Díaz, S. & Lozano, J. Is the wild rabbit (Oryctolagus cuniculus) a threatened species in Spain? Sociological 

constraints in the conservation of species. Biodivers. Conserv. 16, 3489–3504 (2007).
13. Martínez, J. A. & Zuberogoitia, I. The response of the Eagle Owl (Bubo bubo) to an outbreak of the rabbit haemorrhagic disease. 

J. Ornithol. 142, 204–211 (2001).
14. Moreno-Rueda, G., Pizarro, M., Ontiveros, D. & Pleguezuelos, J. M. The coexistence of the eagles Aquila chrysaetos and 

Hieraaetus fasciatus increases with low human population density, intermediate temperature, and high. Ann. Zool. Fenn. 46, 
283–290 (2009).

15. Moleón, M. et al. Predator–prey relationships in a Mediterranean vertebrate system: Bonelli’s eagles, rabbits and partridges. 
Oecologia 168, 679–689 (2012).

16. Moleón, M. et al. Large scale spatiotemporal shifts in the diet of a predator mediated by an emerging infectious disease of its 
main prey. J. Biogeogr. 36, 1502–1515 (2009).

17. Ferreras, P., Travaini, A., Zapata, S. C. & Delibes, M. Short-term responses of mammalian carnivores to a sudden collapse of 
rabbits in Mediterranean Spain. Basic Appl. Ecol. 12, 116–124 (2011).

18. Ferreras, P., Aldama, J. J., Beltr, J. F. & Delibes, M. Rates and causes of mortality in a fragmented population of Iberian lynx Felis 
pardina Temminck, 1824. Biol. Conserv. 61, 197–202 (1992).

19. Villafuerte, R., Viñuela, J. & Blanco, J. C. Extensive predator persecution cased by population crash in a game species: the case 
of red kites and rabbit in Spain. Biol. Conserv. 84, 181–188 (1998).

20. Márquez, C., Vargas, J. M., Villafuerte, R. & Fa, J. E. Understanding the propensity of wild predators to illegal poison baiting. 
Anim. Conserv. 16, 118–129 (2013).

21. Cabezas, S. & Moreno, S. An experimental study of translocation success and habitat improvement in wild rabbits. Anim. 
Conserv. 10, 340–348 (2007).

22. Simón, M. A. et al. Reverse of the decline of the endangered Iberian Lynx. Conserv. Biol. 26, 731–736 (2012).
23. Moreno, S., Villafuerte, R., Cabezas, S. & Lombardi, L. Wild rabbit restocking for predator conservation in Spain. Biol. Conserv. 

118, 183–193 (2004).
24. Margalida, A. Baits, budget cuts: A deadly mix. Science 338, 192 (2012).
25. Ferreras, P., Gaona, P. Palomares, F. & Delibes, M. Restore habitat or reduce mortality? Implications from a population viability 

analysis of the Iberian lynx. Anim. Conserv. 4, 265–274 (2001).
26. Tylianakis, J. M., Didham, R. K., Bascompte, J. & Wardle, D. A. Global change and species interactions in terrestrial ecosystems. 

Ecol. Lett. 11, 1351–1363 (2008).
27. Cortés-Avizanda, A., Ceballos, O. & Donázar, J. A. Long-term trends in population size and breeding success in the Egyptian 

vulture (Neophron percnopterus) in Northern Spain. J. Raptor. Res. 43, 43–49 (2009).
28. Del Moral, J. C. (Ed.). El buitre leonado en España. Población reproductora: método de censo. (SEO/BirdLife. Madrid-Spain 2009).
29. Cortés-Avizanda, A., Jovani, R., Carrete, M. & Donázar, J. A. Resource unpredictability promotes species diversity and coexistence 

in an avian scavenger guild: a field experiment. Ecology 93, 2570–2579 (2012).
30. Donázar, J. A., Cortés-Avizanda, A. & Carrete, M. Dietary shifts in two vultures after the demise of supplementary feeding 

stations: consequences of the EU sanitary legislation. European J. Wildl. Res. 56, 613–621 (2010).
31. Colomer, M. A., Margalida, A. & Pérez-Jiménez, M. Population dynamic P system (PDP) models: a standardized protocol for 

describing and applying novel bio-inspired computing tools. PLoS ONE 8, e60698 (2013).
32. Păun, G. Computing with membranes. J. Comput. Syst. Sci. 61, 108–143 (1998).
33. Colomer, M. A., Margalida, A., Sanuy, D. & Pérez-Jiménez, M. J. A bio-inspired computing model as a new tool for modeling 

ecosystems: the avian scavengers as a case study. Ecol. Model. 222, 33–47 (2011).
34. Colomer, M. A., Margalida, A., Valencia, L. & Palau, A. Application of a computational model for complex fluvial ecosystems: 

The population dynamics of zebra mussel (Dreissena polymorpha) as a case study. Ecol. Compl. 20, 116–126 (2014).
35. Margalida, A. & Colomer, M. A. Modeling the effects of sanitary policies on European vulture conservation. Sci. Rep. 2, 753 

(2012).
36. Kane, A., Jackson, A. L., Monadjem, A., Colomer, M. A. & Margalida, A. Carrion ecology modelling for vulture conservation: 

are vulture restaurants needed to sustain the densest breeding population of the African white-backed vulture? Anim. Conserv. 
18, 279–286 (2014).

37. Fernández, M., Oria, J., Sánchez, R., González, L. M. & Margalida, A. Space use of adult Spanish Imperial Eagles (Aquila 
adalberti). Acta Ornithol. 44, 17–26 (2009).

38. Pérez-Garcia, J. M. et al. Interannual home range variation, territoriality and overlap in breeding Bonelli’s eagles (Aquila fasciata) 
tracked by GPS satellite telemetry. J. Ornith. 154, 63–71 (2013).

39. Sebastián-González, E. et al. Interactive effects of obligate scavengers and scavenger community richness on lagomorph carcass 
consumption patterns. Ibis 155, 881–885 (2013).

40. Moreno, S. et al. Long-term decline of the European wild rabbit (Oryctolagus cuniculus) in south-western Spain. Wildl. Res. 34, 
652–658 (2007).

41. Abrantes, J. et al. New variant of rabbit hemorrhagic disease virus, Portugal, 2012-2013. Emerg. Infect. Dis. 19, 1900–1902 (2013).



www.nature.com/scientificreports/

1 1Scientific RepoRts | 5:17033 | DOI: 10.1038/srep17033

42. Delibes-Mateos, M., Ferreira, C., Carro, F., Escudero, M. A. & Gortázar, C. Ecosystem effects of variant rabbit hemorrhagic 
disease virus, Iberian Peninsula. Emerg. Infect. Dis. 20, 2166–2168 (2014).

43. Navarro, L. M. & Pereira, H. M. Rewilding Abandoned Landscapes in Europe. Ecosystems 15, 900–912 (2012).
44. Pereira, H. M. & Navarro, L. (ed.) Rewilding European landscapes. (Springer. London 2015).
45. Blázquez-Alvarez, M. & Sánchez-Zapata, J. A. The role of wild ungulates as a resource for the community of vertebrate scavengers, 

in: Vultures, feeding stations and sanitary legislation: A conflict and its consequences from the perspective of conservation biology. 
Donázar, J. A., Margalida, A. & Campión, D. (eds) 308–327 (Munibe 29 Suppl., Sociedad de Ciencias Aranzadi, San Sebastián-
Spain 2009).

46. Cortés-Avizanda, A., Donázar, J. A. & Pereira, H. M. Top scavengers in a wilder Europe, in: Rewilding European landscapes (eds 
Pereira H. M. & Navarro L. N.). 85–106 (Springer. London 2015).

47. Delibes-Mateos, M., Redpath, S. E., Angulo, E., Ferreras, P. & Villafuerte, R. Rabbits as a keystone species in southern Europe. 
Biol. Conserv. 137, 149–156 (2007).

48. Cortés-Avizanda, A., Jovani, R., Donázar, J. A. & Grimm, V. Birds sky networks: How do avian scavengers search for carrion 
resource. Ecology 95, 1799–1808 (2014).

49. Sánchez-Zapata, J. A. et al. Breeding waterbirds in relation to artificial pond attributes: implications for the design of irrigation 
facilities. Biodiv. Conserv. 14, 1627–1639 (2005).

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

51. Lehman, R. N., Kennedy, P. L. & Savidge, J. A. The state of the art in raptor electrocution research: a global review. Biol. Conserv. 
136, 159–174 (2007).

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

53. Rioux, S., Savard, J.-P. L. & Gerick, A. A. Avian mortalities due to transmission line collisions: a review of current estimates and 
field methods with an emphasis on applications to the Canadian electric network. Avian Conserv. Ecol. 8, 7 (2013).

54. Whitfield, D. P., McLeod, D. R. A., Watson, J., Fielding, A. H. & Haworth, P. F. The association of grouse moor in Scotland with 
the illegal use of poisons to control predators. Biol. Conserv. 114, 157–163 (2003).

55. Mineau, P., Lyon, L. & McMillin, S. Impacts of Carbofuran on Birds in Canada and the United States in Carbofuran and Wildlife 
Poisoning: Global Perspectives and Forensic Approaches (ed. Richards, N.) (John Wiley & Sons, Ltd, Chichester, UK. 2011).

56. Carrete, M. et al. The precautionary principle and wind-farm planning: data scarcity does not imply absence of effects. Biol. 
Conserv. 143, 1829–1830 (2010).

57. Márquez, C., Vargas, J. M., Villafuerte, R. & Fa, J. E. Risk mapping of illegal poisoning of avian and mammalian predators. J. 
Wildl. Manag. 77, 75 (2013).

58. Parra, J. & Tellería, J. L. The increase in the Spanish population of Griffon vulture Gyps fulvus during 1989–1999: effects of food 
and nest site availability. Bird Conser. Int. 14, 33–41 (2004).

59. Donázar, J. A., Margalida, A. & Campión, D. (ed). Vultures, feeding stations and sanitary legislation: a conflict and its consequences 
from the perspective of conservation biology. Munibe 29 Suppl. (Sociedad de Ciencias Aranzadi, San Sebastian-Spain. ISSN  
1698–3807 (2009)).

60. García-Heras, S., Cortés-Avizanda, A. & Donázar, J. A. Who are we feeding? Asymmetric individual use of surplus food resources 
in an insular population of the endangered Egyptian vulture Neophron percnopterus. PLoS ONE 8, e80523 (2013).

61. Carrete, M., Donázar, J. A. & Margalida, A. Density-dependent productivity depression in Pyrenean bearded vultures: implications 
for conservation. Ecol. Appl. 16, 1674–1682 (2006).

62. López-Bao, J. V., Rodríguez, A. & Palomares, F. Competitive asymmetries in the use of supplementary food by the endangered 
Iberian Lynx (Lynx pardinus). PLoS ONE 4, e7610 (2009).

63. McDougall, P., Réale, D., Sol, D. & Reader, S. Wildlife conservation and animal temperament: causes and consequences of 
evolutionary change for captive, reintroduced, and wild populations. Anim. Conserv. 9, 39–48 (2006).

64. Réale, D., Reader, S. M., Sol, D., McDougall, P. T. & Dingemanse, N. J. Integrating 750 animal temperament within ecology and 
evolution. Biol. Rev. 82, 291–318 (2007).

65. MacDonald, D. W. & Willis, K. J. (ed.). Key topics in conservation biology 2. (John Wiley & Sons. Wiley-Blackwell, Oxford, UK. 
2013).

66. Jedrzejewska, B. & Jedrzejewski, W. Predation in vertebrate communities. The Białowieza Primeval Forest as a case study. 
(Springer-Verlag. Berlin. 1998).

67. Sergio, F. et al. Preservation of wide-ranging top predators by site-protection: Black and Red kites in Doñana National Park. Biol. 
Conserv. 125, 11–21 (2005).

68. Ritchie, E. G. & Johnson, C. N. Predator interactions, mesopredator release and biodiversity conservation. Ecol. Lett. 12, 982–998 
(2009).

69. Balme, G. A., Slotow, R. & Hunter, L. T. B. Edge effects and the impact of non-protected areas in carnivore conservation: leopards 
in the Phinda–Mkhuze Complex, South Africa. Anim. Conserv. 13, 315–323 (2010).

70. Moleón, M., Sánchez-Zapata, J. A., Selva, N., Donázar, J. A. & Owen-Smith, N. Inter-specific interactions linking predation and 
scavenging in terrestrial vertebrate assemblages. Biol. Rev. 89, 1042–1054 (2014).

71. Yackulic, C. B. et al. The roles of competition and habitat in the dynamics of populations and species distributions. Ecology 95, 
265–279 (2014).

72. Grande, J. M. et al. Survival in a long-lived territorial migrant: Effects of life-history traits and ecological conditions in wintering 
and breeding areas. Oikos 118, 580–590 (2009).

73. Donázar, J. A., Ceballos, O. & Tella, J. L. Communal roost of Egyptian vultures (Neophron percnopterus): dynamics and 
implications for the species conservation in: Biology and Conservation of Mediterranean Raptors (ed. Muntaner, J. & Mayol, J.) 
189–202, (SEO/BirdLife, Monography 4. Madrid-Spain 1996).

74. Donázar, J. A. & Ceballos, O. Alimentación y tasas reproductoras del Alimoche (Neophron percnopterus) en Navarra. Ardeola 35, 
3–14 (1988).

75. Donázar, J. A. Los buitres ibéricos. Biología y conservación. (ed. Reyero J. M.). (Madrid- Spain 1993).
76. Donázar, J. A., Margalida, A., Carrete, M. & Sánchez-Zapata, J. A. Too sanitary for vultures. Science 326, 664 (2009).
77. Margalida, A., Donázar, J. A., Carrete, M. & Sánchez‐Zapata, J. A. Sanitary versus environmental policies: fitting together two 

pieces of the puzzle of European vulture conservation J. Appl. Ecol. 47, 931–935 (2010).
78. Houston, D. C. The adaptations of scavengers. in Serengeti: dynamics of an ecosystem. (eds Sinclair, A. R. E. & Griffiths, M. N.). 

236–286. (University of Chicago Press, Chicago, Illinois, USA. 1979).
79. Hiraldo, F. Diet of the Black Vulture (Aegypius monachus) in the Iberian Peninsula. Doñana Acta Vert. 3, 19–31 (1976).
80. Hiraldo, F. Breeding biology of the Cinereous vulture in Vulture biology and management. (ed. Wilbur, S. R. & Jackson, J. A.) 

197–213, (University of California Press, Berkeley 1983).
81. Box, G. E. P. & Behnken, D. W. Some new three level design for the study of quantitative variables. Technometrics 2, 455–475 

(1960).



www.nature.com/scientificreports/

1 2Scientific RepoRts | 5:17033 | DOI: 10.1038/srep17033

Acknowledgements
We gratefully acknowledge the staff of Bardenas Reales Natural Park, specially to Alejandro Urmeneta, 
for logistical support at field work and the Natural Computing Group at the University of Seville for 
their help with the design of the simulator. Catarina C. Ferreira and two anonymous referees provided 
helpful and constructive comments on earlier draft. This study was funded by the Project CGL2012-
40013-C02-01. ACA was supported by a post-doctoral grant from the Fundação para a Ciência e a 
Tecnologia (FCT) (SFRH/BPD/91609/2012). A.M. was supported by a “Ramón y Cajal” research contract 
by Ministry of Economy and Competitiveness (RYC-2012-11867). M. de la Riva helped with map creation.

Author Contributions
A.C.A. and J.A.D. conceived the idea. A.C.A., J.A.D. and O.C. collected the data. A.M. and M.A.C. 
performed the modeling. All the authors discussed the results, commented and contributed to write the 
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Cortés-Avizanda, A. et al. Modeling the consequences of the demise 
and potential recovery of a keystone-species: wild rabbits and avian scavengers in Mediterranean 
landscapes. Sci. Rep. 5, 17033; doi: 10.1038/srep17033 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Modeling the consequences of the demise and potential recovery of a keystone-species: wild rabbits and avian scavengers in  ...
	Results
	Discussion
	Methods
	Study area and monitoring of target species. 
	Model built and assumptions. 
	Modeling future conservation policies. 

	Acknowledgements
	Author Contributions
	Figure 1.  Long term changes in the numbers of breeding and immature Egyptian vultures during the monitoring period (1980–2013).
	Figure 2.  Prospective long term changes in the numbers of Egyptian vultures for a period of 35 years.
	Figure 3.  Long-term changes in rabbit biomass consumed by the Egyptian and griffon vultures.
	Figure 4.  Box-Behnken projections of changes in population size of breeding and non-breeding Egyptian vultures in relation to mortality (x-axis) and the change in rabbit population (y-axis).
	Figure 5.  Study area: The boundaries of the Bardenas Reales Natural Park and Reserve of Biosphere (northern Spain) are shown (black line).
	Figure 6.  Scheme of the PDP model.



 
    
       
          application/pdf
          
             
                Modeling the consequences of the demise and potential recovery of a keystone-species: wild rabbits and avian scavengers in Mediterranean landscapes
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17033
            
         
          
             
                Ainara Cortés-Avizanda
                Maria Àngels Colomer
                Antoni Margalida
                Olga Ceballos
                José Antonio Donázar
            
         
          doi:10.1038/srep17033
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17033
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17033
            
         
      
       
          
          
          
             
                doi:10.1038/srep17033
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17033
            
         
          
          
      
       
       
          True
      
   




