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ABSTRACT  23 

Exploring predator–prey systems in diverse ecosystems increases our knowledge about 24 

ecological processes. Predator population growth may be positive when conspecific 25 

density is low but predators also need areas with prey availability, associated with 26 

competition, which increases the risk of suffering losses but stabilizes populations. We 27 

studied relationships between European rabbits Oryctolagus cuniculus (prey) and adult 28 

eagle owls Bubo bubo (predators) in south–western Europe. We assessed models 29 

explaining the predator population growth and stability. We estimated the abundance of 30 

rabbits and adult eagle owls during three years in eight localities of central–southern 31 

Spain. We explored models including rabbit and adult eagle owl abundance, accounting 32 

for yearly variations and including the locality as a random variable. We found that 33 

population growth of adult eagle owls was positive in situations with low conspecific 34 

abundance and tended to be negative but approaching equilibrium in situations of higher 35 

conspecific abundance. Population growth was also positively related to previous 36 

summer rabbit density when taking into account eagle owl conspecific abundance, 37 

possibly indicating that rabbits may support recruitment. Furthermore, abundance 38 

stability of adult eagle owls was positively related to previous winter–spring rabbit 39 

density, which could suggest predator population stabilization through quick territory 40 

occupation in high–quality areas. These results exemplify the trade–off between prey 41 

availability and abundance of adult predators related to population growth and 42 

abundance stability in the eagle owl–rabbit system in south–western Europe. Despite 43 

rabbits have greatly declined during the last decades and eagle owls locally specialize 44 

on them, eagle owls currently have a favourable conservation status. As eagle owls are 45 

the only nocturnal raptor with such dependence on rabbits, this could point out that 46 
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predators may overcome prey decreases in areas with favourable climate and prey in the 47 

absence of superior competitors with similar foraging mode.  48 
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Abbreviations: RHD is rabbit hemorrhagic disease. N represents rabbit density, being 
NW–Sp the estimates in winter-spring and NSu the estimates in summer. P is the 
abundance of adult eagle owls. PPG is the annual predator population growth. PRR is 
the predator rate of return to equilibrium 
 

Keywords: abundance stability; Bubo bubo; conspecifics; Mediterranean Iberia; 49 

Oryctolagus cuniculus; predator–prey relationships50 
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1. Introduction 51 

Food availability is an essential requirement in predator populations, especially for 52 

species linked to a given single prey species (Begon et al., 1996). In territorial species, 53 

individuals wait for an opportunity to occupy territories with high food resources. These 54 

territories may allow them to meet their objectives e.g. survival and reproduction 55 

(Stamps, 1994). However, it may also imply high competition, which increases the risk 56 

of suffering losses in the population, especially in species that are highly territorial and 57 

aggressive (López–Sepulcre and Kokko, 2005). If a territory becomes vacant it would 58 

be quickly occupied, benefiting predator population stability (López–Sepulcre and 59 

Kokko, 2005). This is especially clear in avian top predators, which have higher ability 60 

to quickly move between areas in order to find locations with the best conditions 61 

(Penteriani et al., 2005b). Nevertheless, poor territories may not permit continued use 62 

and predators may have to continue searching in other areas (Penteriani et al., 2005b). 63 

Altogether, food availability and intraspecific density could be important factors 64 

determining population dynamics of predators.  65 

Eagle owls Bubo bubo are sit–and–wait top predators that are widely distributed 66 

in Eurasia and northern Africa (Mikkola, 1983). In the Iberian Peninsula this species is 67 

relatively common and shows high reproductive performance, mainly because of 68 

favourable climate and dietary local specialization on European rabbits Oryctolagus 69 

cuniculus (Donázar, 1990; Pérez–García et al., 2010). This lagomorph species is highly 70 

rewarding because of its suitable size for large predators, and relative ease of capture 71 

(Delibes–Mateos et al., 2008a; Ferrer and Negro, 2004; Penteriani et al., 2008). In 72 

recent decades rabbit populations have undergone dramatic declines as a result of the 73 

incidence of myxomatosis and the rabbit hemorrhagic disease (RHD). For instance, 74 

Moreno et al. (2007) recorded a rabbit population crash in Doñana (south–western 75 
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Spain), where rabbit abundance is currently less than 10% prior to the arrival of the 76 

disease. Similar rabbit abundance reductions have allowed reporting the eagle owl 77 

numerical response in terms of population size and breeding performance (Martínez and 78 

Calvo, 2001; Martínez and Zuberogoitia, 2001). Despite these reports, the relationships 79 

between eagle owls and rabbits have not yet been adequately assessed in south–western 80 

Europe. All this information is especially relevant after the recent arrival of a new RHD 81 

strain to Iberia (Abrantes et al., 2013) that may cause further declines of rabbit 82 

populations and unexpected consequences for the rabbit dependent predators, such as 83 

the eagle owl (Penteriani et al., 2008). 84 

To improve understanding of the effects of food availability and abundance of 85 

adult conspecifics on predator population growth and stability we estimated rabbit and 86 

adult eagle owl abundance in several localities of central–southern Spain during several 87 

years. Rabbits were the main prey of eagle owls, at least at the localities with higher 88 

densities of rabbits (range of biomass consumed by eagle owls = 73–89%, Tobajas, 89 

2012). We performed several analyses accounting for locality and seasonal variations. 90 

We assessed models for explaining eagle owl population growth that included rabbit 91 

and adult eagle owl abundance. We also assessed similar models for explaining 92 

abundance stability of adult eagle owls. Finally, in the light of our results, we discussed 93 

the potential of predators to overcome main prey declines. 94 

 95 

2. Materials and methods 96 

2.1. Study areas 97 

We carried out field work in 8 sites of central–southern Spain (localities 1–8 in 98 

Fernandez–de–Simon et al., 2011) that differed in rabbit density. All localities have 99 

Mediterranean climate characterized by mild wet winters, and warm dry summers. 100 
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Habitat composition was also similar in all localities and mainly consisted of 101 

Mediterranean scrublands, pastures, croplands, dehesas (savanna–like formations that 102 

combine pasture with intermittent cereal cultivation in park–like oak woodlands; 103 

Blondel and Aronson, 1999) and tree plantations. Localities had gentle slopes and 104 

ecotones between Mediterranean scrublands and pastures or croplands favourable for 105 

rabbits (Lombardi et al., 2003). Low cliffs that are the preferred nesting habitat for eagle 106 

owls were also available.  107 

2.2. Rabbit surveys  108 

We counted rabbits at each locality along a transect (mean ± SE = 14.91 ± 0.59 km, 109 

range = 7.1–17.2 km) driven at night (starting 2 h after sunset) and using a spotlight. 110 

The surveys were conducted in good weather conditions (no strong winds or rainfall; 111 

Fernandez–de–Simon et al., 2011) and traversing ecotone areas which are favourable to 112 

rabbits but also to eagle owls in order to hunt rabbits (Lombardi et al., 2003; Ortego and 113 

Díaz, 2004). Counts were performed in different yearly seasonal periods to account for 114 

varying rabbit densities according to the annual cycle of rabbit reproduction and 115 

abundance (Moreno et al., 2007). The surveys were carried out in winter–spring (mainly 116 

February–March) of years 2007, 2008 and 2009, and in summer (mainly June–July) of 117 

years 2007 and 2008. Because of logistical limitations we could not conduct the counts 118 

in a locality during the winter–spring of year 2009 (see locality 5 in Appendix). We 119 

counted rabbits at each locality on three–four consecutive nights unless climatic or 120 

logistical factors prevented from doing so. We estimated rabbit density (individuals per 121 

hectare, hereafter N) at each locality and season using the distance sampling method 122 

(Buckland et al., 1993), with the Fourier series estimator as the detection function in 123 

TRANSECT software (Burnham et al., 1980). For a detailed description of the method, 124 

see Fernandez–de–Simon et al. (2011). 125 
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2.3. Adult eagle owl surveys 126 

Adult eagle owls typically call during twilight hours for either mating or territorial 127 

purposes (Delgado and Penteriani, 2007). The annual eagle owl pre–laying period 128 

occurs from September to January in our study areas (Delgado and Penteriani, 2007). 129 

Playback surveys were conducted during winters (November–January) of years 2006–130 

2007, 2007–2008 and 2008–2009. As for spotlight rabbit counts, surveys were carried 131 

out on nights with good weather (no strong winds or rainfall; Penteriani, 2003). Each 132 

survey commenced 15 min after sunset and lasted 2 h at most. Surveys involved five 133 

stations per night and locality although, because of weather or logistic limitations, 134 

exceptionally less than five stations per night were surveyed. Stations were located 135 

along the spotlighting transect with a separation of 1.5–2 km between them. At each 136 

station a three–minute recording of the “oohu” hoot of adults was broadcasted from a 137 

CD/MP3 device connected to a pair of loudspeakers (PRO BASIC 10W PMPO) (Fuller 138 

and Mosher, 1987). We listened for eagle owl calls for 10 min following the broadcast, 139 

which were considered adequate because 85% of eagle owl calls occurred within the 140 

first five minutes. Calls from different directions were considered to correspond to 141 

different individuals. During winter 2006–2007 we undertook only one survey per 142 

locality but, in order to reduce variability (authors, unpublished data; Penteriani et al., 143 

2002a), we repeated the surveys on three–four consecutive sunsets per locality at the 144 

same stations in subsequent winters. As for spotlight rabbit counts, the survey could not 145 

be conducted in a locality during 2008–2009 winter. The mean number of individuals 146 

per playback for each winter and locality was used as a predator (adult eagle owls) 147 

abundance index (hereafter P). We also estimated the annual population growth of adult 148 

eagle owls for each locality and consecutive years by applying the formula: 149 

PPG = ln(Pt/Pt–1) 150 
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Where PPG is the annual predator (adult eagle owls) population growth and Pt 151 

and Pt–1 are the abundance indices of adult eagle owls in a given winter and in the 152 

previous winter respectively. 153 

Furthermore, we computed the predator rate of return to equilibrium (hereafter 154 

PRR) as the absolute value of the PPG (Sibly et al., 2005). This allows to test if 155 

abundance of adult eagle owls changed between years or was rather stable (i.e. rate of 156 

return close to zero). 157 

2.4. Statistical analyses 158 

2.4.1. Which model best explains the annual population growth of adult eagle owls?  159 

We compared various generalised mixed models, using PPG as dependent variable 160 

(Table 1). They were based on the linear response to previous winter–spring rabbit 161 

density (NW–Sp), and the linear response to previous summer rabbit density (NSu) as 162 

independent variables. We also used the natural logarithm of P in previous winter (Sibly 163 

et al., 2005). The locality was included in the models as a random variable (Zuur et al., 164 

2009). The year variable was also included to control the possible effect of year in our 165 

models (Hurlbert, 1984). We also included a model with the year variable only. The 166 

comparison with a null model (intercept only) served as an overall performance 167 

indicator of the models. This summed 9 single–effect models and we considered as the 168 

most parsimonious model that with the lowest AICc value (Burnham and Anderson, 169 

2002). Differences in AICc (∆i) > 2 between a given model and the model with the 170 

lowest AICc indicated little or no empirical support for that model. In addition to model 171 

weights, we calculated the weights of individual variables to look for informative 172 

parameters and models (Arnold, 2010). Sample size (n = 15) was equal for all models. 173 

We tested the normality, linearity and homocedasticity of model residuals and variables 174 

used. If necessary we transformed variables by means of e.g. using the decimal 175 
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logarithm. We also show parameters and probability values of individual variables in 176 

the best models but do not set a critical probability threshold since we are more 177 

interested in inference than in hypothesis testing. Thus we have considered models with 178 

non-significant variables (p > 0.05), even so included for inference purposes (Burnham 179 

and Anderson, 2002). 180 

2.4.2. Which model best explains the annual rate of return to equilibrium of adult eagle 181 

owls?  182 

We developed generalised mixed models similarly as in the previous section but using 183 

PRR as dependent variable. We again assessed models with rabbit and adult eagle owl 184 

abundance (see also Table 1). In this case we used P instead of its natural logarithm as 185 

independent variable as we did not have a previous hypothesis that the relationship 186 

could have a curvilinear natural logarithmic shape. We accounted for seasonal and 187 

locality variations. Model selection was performed according to the AICc criteria. We 188 

also tested the normality, linearity and homocedasticity of model residuals and variables 189 

used (see section 2.4.1). We used R version 3.0.1 (R Development Core Team, 2013) to 190 

perform all the analyses. 191 

 192 

3. Results 193 

3.1. Rabbit and adult eagle owl abundance 194 

Mean N estimated for each locality ranged from 0.01 to 1.22 rabbits per hectare in 195 

winter–spring, and 0–1.5 rabbits per hectare in summer (Appendix). We recorded adult 196 

eagle owl presence at all localities and years (mean ± SE = 0.98 ± 0.16 individuals per 197 

playback, range of means of all localities = 0.31–2.2 individuals per playback, 198 

Appendix), and population was close to stability (i.e. mean PPG was close to zero, 199 

mean ± SE = –0.06 ± 0.24). 200 
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3.2. Which model best explains the annual population growth of adult eagle owls? 201 

Two models of PPG obtained ∆i < 2. The first model included P in the previous winter, 202 

NSu (log–transformed) and the effect of year (Table 1 and 2). The second model 203 

included P in the previous winter and the year variable (Fig. 1; Table 1 and 2). 204 

Summing their model weights totalled 0.61. The largest individual weight was obtained 205 

by P in the previous winter (weight = 0.77), followed by NSu (0.46) and then NW–Sp 206 

(0.19). 207 

3.3. Which model best explains the rate of return to equilibrium of adult eagle 208 

owls? 209 

The model of PRR including NW–Sp (log-transformed) and year was the only one with ∆i 210 

< 2 (Table 1 and 2). It also accounted the largest model weight (0.68). Hence, PRR was 211 

negatively related to NW-Sp (Fig. 2). This model indicates that P was more stable at high 212 

N in the previous winter–spring (Fig. 2; Table 1 and 2). We found the largest individual 213 

weight in NW–Sp (weight= 0.77), followed by NSu (0.11) and P (0.1).  214 

 215 

4. Discussion 216 

Eagle owl population growth was related to rabbit density and abundance of adult 217 

conspecifics in the previous winter, according to models taking into account year and 218 

locality variations. These results could reflect the trade–off between food and 219 

intraspecific competition in predator–prey systems such as the eagle owl–rabbit system 220 

of south–western Europe.  221 

Rabbits could partly determine adult eagle owl abundance changes in southern 222 

Europe (Martínez and Calvo, 2001; Martínez and Zuberogoitia, 2001; Penteriani et al., 223 

2002b). We found a positive relationship between NSu and population growth of adult 224 

eagle owls when controlling for eagle owl conspecific abundance in the models. This 225 
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could indicate the important role of rabbits for eagle owl juveniles, as the postfledging 226 

period prior to dispersal is risky for their survival (Penteriani et al., 2005a) and enough 227 

food availability could be helpful for them (but see Sergio et al., 2004). In addition, the 228 

estimates of PRR showed that changes in adult eagle owl abundance between years 229 

were less pronounced with higher NW–Sp. The latter could be the result of a stabilizing 230 

effect of rabbit density in high–quality conditions (Pérez–García et al., 2012). Though 231 

we lack information of breeding territories in these areas, this abundance stabilization 232 

might be explained by floaters that would quickly occupy vacant territories with high 233 

NW–Sp when available (Delgado et al., 2010). In the opposite situation could be localities 234 

with low NW–Sp and with abundance of adult eagle owls either strongly decreasing or 235 

increasing. This could be a consequence of individuals searching a territory with 236 

sufficient food resources such as alternative prey of medium size (Donázar, 1989; 237 

Martínez and Zuberogoitia, 2001; Serrano, 2000; Tobajas, 2012). If eagle owls do not 238 

find these food resources, they might not persist (Penteriani et al., 2002b).  239 

We found a logarithmic and negative curvilinear relationship between the PPG 240 

and P. Eagle owls are territorial birds, and form nesting pairs that mate annually for 241 

several years (Mikkola, 1983). As it occurs in other territorial raptor species (Valkama 242 

et al., 2005), the greatest densities appear in high–quality territories with high food 243 

availability (see above). In these conditions intraspecific density dependence with adult 244 

conspecifics could play a prominent role. Our results show that population growth of 245 

adult eagle owls between consecutive years is positive at low eagle owl abundance and 246 

negative at higher abundance, promoting eagle owl stability near abundance 247 

equilibriums (López–Sepulcre and Kokko, 2005). This result would suggest the 248 

existence of some degree of interference between individuals in the populations 249 

surveyed.  250 
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These results show the dynamics of the eagle owl–rabbit system in the range of 251 

low to moderate densities for both species. To our knowledge, the only density 252 

estimation of eagle owl for our localities corresponds to moderate values (1.96 253 

territories/100 km2 in locality 3 in winter 2004–2005; De la Dueña and López, 2007). 254 

This density could have remained close to this value during our study as (i) our surveys 255 

began two years later (winter 2006–2007), (ii) rabbit densities did not greatly change 256 

during these years (0–1 rabbits per hectare, De la Dueña and López, 2007), and (iii) 257 

large modifications in habitat composition or structure did not occur since it is a 258 

protected area (Lagunas de Ruidera Natural Park). As this locality ranked 2nd in P 259 

(Appendix), eagle owl density may be low to moderate in most localities. This could 260 

also be applicable to rabbits as the densities estimated are in the range 0–1.5 rabbits per 261 

hectare. Therefore future studies should try to elucidate these relationships in higher 262 

densities of both eagle owls and rabbits for a better understanding of the system (but see 263 

Pérez–García et al., 2012). 264 

Several facts about our eagle owl and rabbit abundance estimates should be 265 

considered. First, eagle owls might move between posts (Delgado and Penteriani, 2007), 266 

and we rarely saw them during playbacks (authors, unpublished data). This could inflate 267 

abundance estimates as detection of individuals is based on calls from different 268 

directions. Nevertheless, the mean P and its standard error were relatively low, 269 

indicating that large numbers per playback were rare and estimates should not be 270 

excessively affected. Second, calling behaviour might change depending on eagle owl 271 

activity (Delgado and Penteriani, 2007). In this sense, we always used the same method 272 

in the same time period and then the error should always be similar. Third, we preferred 273 

the use of playbacks instead of listening of spontaneous calls (Martínez and 274 

Zuberogoitia, 2002), as adult eagle owls usually are more silent at low densities (see 275 
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above; Penteriani, 2003), and otherwise it would be difficult to detect their presence (De 276 

la Dueña and López, 2007). Fourth, although the distance between call posts of the 277 

nearest neighbour adult eagle owl males could be up to 2.5 km, the mean value was 1.16 278 

km (Delgado and Penteriani, 2007) which suggests that our 1.5–2 km distance between 279 

playback stations provides a great probability of detection of different individuals. Fifth, 280 

both P and N estimates are relatively low and the results could be more sensitive to the 281 

imprecision of these estimates. However, the information from these variables was 282 

obtained from several replicates of the methods used, which provide more reliable 283 

results (Hurlbert, 1984). Altogether, future studies should improve abundance estimates 284 

by including additional methods that allow individual standardisation as, for instance, 285 

studying eagle owl sonograms (see Penteriani, 2003). This could also be applicable to 286 

our N estimates from spotlight rabbit counts. Although the latter have been considered a 287 

reference method (Fernandez–de–Simon et al., 2011), it may also need further testing 288 

by comparisons against e.g. live–trapping and capture–mark–recapture density estimates 289 

(King and Wheeler, 1985; Marchandeau et al., 2006). Nevertheless in this study with a 290 

regional scale and the resources available we could consider our indices as cost–291 

efficient (Sutherland, 2006).  292 

Another potential downside arises from the fact that, while generally studies of 293 

this kind have surveyed predators and prey during decades (e.g. moose–wolf 294 

interactions at Isle Royale, Jost et al., 2005), our monitoring period covered only three 295 

years. Although PPG could be meaningful to detect annual changes of adult abundance, 296 

it might not capture potential variation that could appear on the long run, especially for 297 

a long–lived species such as the eagle owl (Mikkola, 1983). However as young eagle 298 

owls reach sexual maturity in their first year (König and Weick, 2008) we still feel that 299 

PPG and PRR are measures of abundance change as they compare abundance of adult 300 
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individuals between two consecutive years which may differ annually due not only to 301 

productivity and survival, but also to immigration and emigration (Begon et al., 1996). 302 

We encourage future studies with intensive monitoring of predator and prey populations 303 

to provide more understanding of the numerical response (see e.g. Hone et al., 2007; 304 

Rohner 1995, 1996). Anyway, in this study the use of a regional approach provided a 305 

wide range of abundance estimates and valuable large–scale observations of dynamics 306 

of natural species in their home–range conditions. 307 

The best models obtained intermediate levels of support (sum of model weights 308 

for the best models, i.e. ∆i < 2, explaining PPG and PRR are 0.61 and 0.68 309 

respectively). Moreover, some of the variables included were not significant, which 310 

provide discordant results considering that they appear in the best models. That is the 311 

case of the year variable, which was kept in all models to control for its effect on the 312 

response variable (Hurlbert, 1984). With our model selection procedure we maximise 313 

inference (Burnham and Anderson, 2002), getting the most parsimonious models that 314 

depict a valuable picture of the role of rabbit abundance and intraspecific density 315 

dependence on eagle owl population growth, while taking into account year and locality 316 

variations. Again future studies should make further progress by conducting refined 317 

surveys with intensive and long term monitoring of populations of both prey and 318 

predators (see e.g. Penteriani et al., 2005b; Fargallo et al., 2009) but also experimentally 319 

test the effect of the variables studied here (Begon et al., 1996). 320 

The abundance of rabbit populations in Iberia is undoubtedly very low if 321 

compared to few decades ago (Moreno et al., 2007; Delibes–Mateos et al., 2008b; 322 

2009). Eagle owls have also experienced human–induced mortality and habitat 323 

modifications (Marchesi et al., 2002). Nevertheless the contraction in the eagle owl 324 

distribution has been relatively small (mainly in northern Spain, Martínez et al., 2006). 325 
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In fact, eagle owls were present in all localities in our study, according to their good 326 

conservation status in central–southern Spain (Martínez and Zuberogoitia, 2003). Then, 327 

how have eagle owls overcome the rabbit decline? From the 24 predator species that 328 

frequently consume rabbits in Mediterranean Iberia (i.e. those with >5% of rabbits in 329 

diet, Delibes–Mateos et al., 2008a), only two are nocturnal raptor species: Eagle owls 330 

and tawny owls Strix aluco, but the latter mainly prefer prey of smaller size (Villarán, 331 

2000). Therefore, the eagle owl is the only nocturnal raptor that preys heavily on 332 

rabbits, where they are available (Penteriani et al., 2008) in an area that is already 333 

favourable climatically for eagle owls (Donázar, 1990). Although they may also feed on 334 

other prey (see above), their productivity in Iberia is highest when rabbits are abundant 335 

(Pérez–García et al., 2010). This altogether suggests that with optimum climatic 336 

conditions and prey (Donázar, 1990; Penteriani et al., 2008) predators could overcome 337 

their main prey declines in the absence of superior competitors with similar foraging 338 

mode (Schoener, 1974).  339 

 340 

5. Conclusions 341 

This study shows the potential relationship of food density and adult conspecifics on the 342 

abundance changes of this bird of prey. On the one hand, the role of rabbits seemed 343 

directly related to boost the abundance of adult eagle owls but also stabilize their 344 

population. On the other hand, adult conspecifics may reduce population growth of 345 

adult eagle owls with a trend towards stabilization in situations of relative high 346 

abundance of adult conspecifics. This reflects an ecological trade–off that may influence 347 

population dynamics. We show these patterns from a regional approach which could 348 

help us to understand the interrelations between predators and their main prey when 349 

studies with long–term datasets collected at specific localities are absent. For that 350 
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reason, more research is needed to complete our understanding of the factors that 351 

explain predator and prey abundance. In Iberia, this will be greatly welcome as a new 352 

strain of RHD could be producing again high mortalities in European wild rabbit 353 

populations and the consequences for their dependent predators remain largely 354 

unexplored. 355 

 356 

Acknowledgements  357 

This study is a partial result from the I+D National Plan Projects CGL2005–02340 and 358 

CGL2009–10741, funded by the Spanish Ministry of Science and Innovation and EU–359 

FEDER funds. These funding sources had no involvement in the study design; in the 360 

collection, analysis and interpretation of data; in the writing of the report; and in the 361 

decision to submit the article for publication. J. Fernandez–de–Simon benefitted from a 362 

FPI scholarship funded by the Spanish Ministry of Science and Innovation and the 363 

European Social Fund. We are indebted to the landowners and personnel of the study 364 

areas where we undertook this study. We thank many people related to IREC and 365 

University of Córdoba who kindly collaborated with us. English Manager Science 366 

Editing greatly improved the quality of the English text. We also show gratitude to M. 367 

Delibes–Mateos, S.M. Redpath, N. Vallverdú-Coll, J. Tobajas, V. Penteriani, A. 368 

Travaini, C. Rouco, B. Arroyo, M. Delibes, P.C. Alves, R. Arditi, and six anonymous 369 

reviewers for reading previous drafts and providing helpful suggestions. 370 

 371 

References 372 

Abrantes, J., Lopes, A.M., Dalton, K.P., Melo, P., Correia, J.J., Ramada, M., Alves, 373 

P.C., Parra, F., Esteves, P.J., 2013. New variant of rabbit hemorrhagic disease 374 



18 
 

 

virus, Portugal, 2012–2013. Emerg. Infect. Dis. 19, 1900–1902. DOI: 375 

http://dx.doi.org/10.3201/eid1911.130908. 376 

Arnold, T.W., 2010. Uninformative parameters and model selection using Akaike's 377 

information criterion.  J. Wildl. Manag. 74, 1175–1178. DOI: 10.2193/2009-367. 378 

Begon, M., Harper, J.L., Townsend, C.R., 1996. Ecology: individuals, populations and 379 

communities. Blackwell Science, Oxford. 380 

Blondel, J., Aronson, J., 1999. Biology and wildlife of the Mediterranean region. 381 

Oxford University Press, Oxford. 382 

Buckland, S.T., Anderson, D.R, Burnham, K.P., Laake, J.L., 1993. Distance sampling: 383 

estimating abundance of biological populations. Chapman and Hall, London. 384 

Burnham, K.P., Anderson, D.R., 2002. Model selection and multimodel inference: a 385 

practical information–theoretic approach. Springer, New York. DOI: 386 

10.1007/b97636. 387 

Burnham, K.P., Anderson, D.R., Laake, J.L., 1980. Estimation of density from line 388 

transect sampling of biological populations. Wildl. Monogr. 72, 1–202. 389 

De la Dueña, F., López, M., 2007. El búho real Bubo bubo en el Parque Natural 390 

“Lagunas de Ruidera”, in: Casas, F., Arredondo, A., López–Jamar, J. (Eds.), 391 

Anuario Ornitológico de Ciudad Real 2004–2005. SEO–Ciudad Real, Ciudad 392 

Real, pp. 79–86. 393 

Delgado, M.M., Penteriani, V., 2007. Vocal behaviour and neighbour spatial 394 

arrangement during vocal displays in eagle owls (Bubo bubo). J. Zool. 271, 3–395 

10. DOI: 10.1111/j.1469-7998.2006.00205.x. 396 

Delgado, M.M., Penteriani, V., Revilla, E., Nams, V.O., 2010. The effect of phenotypic 397 

traits and external cues on natal dispersal movements. J. Anim. Ecol. 79, 620–398 

632. DOI: 10.1111/j.1365-2656.2009.01655.x. 399 



19 
 

 

Delibes–Mateos, M., Delibes, M., Ferreras, P., Villafuerte, R., 2008a. Key role of 400 

European rabbits in the conservation of the western Mediterranean basin hotspot. 401 

Conserv. Biol. 22, 1106–1117. DOI: 10.1111/j.1523-1739.2008.00993.x. 402 

Delibes–Mateos, M., Ferreras, P., Villafuerte, R. 2008b. Rabbit populations and game 403 

management: the situation after 15 years of rabbit haemorrhagic disease in 404 

central-southern Spain. Biodivers. Conserv. 17, 559–574. DOI: 10.1007/s10531-405 

007-9272-5. 406 

Delibes–Mateos, M., Ferreras, P., Villafuerte, R. 2009. European rabbit population 407 

trends and associated factors: a review of the situation in the Iberian Peninsula. 408 

Mammal Rev. 39, 124–140. DOI: 10.1111/j.1365-2907.2009.00140.x 409 

Donázar, J.A., 1989. Variaciones geográficas y estacionales en la alimentación del búho 410 

real (Bubo bubo) en Navarra. Ardeola 36, 25–39. 411 

Donázar, J.A., 1990. Geographic variation in clutch and brood size of the eagle owl 412 

Bubo bubo in the western Palearctic. J. Ornithol. 131, 439–443. DOI: 413 

10.1007/BF01639820. 414 

Fargallo, J.A., Martínez-Padilla, J., Viñuela, J., Blanco, G., Torre, I., Vergara, P., De 415 

Neve, L., 2009. Kestrel-prey dynamic in a Mediterranean region: The effect of 416 

generalist predation and climatic factors. Plos ONE 4. DOI: 417 

10.1371/journal.pone.0004311. 418 

Fernandez–de–Simon, J., Díaz–Ruiz, F., Cirilli, F., Tortosa, F.S., Villafuerte, R., 419 

Delibes–Mateos, M., Ferreras, P., 2011. Towards a standardized index of 420 

European rabbit abundance in Iberian Mediterranean habitats. Eur. J. Wildl. Res. 421 

57, 1091–1100. DOI: 10.1007/s10344-011-0524-z. 422 



20 
 

 

Ferrer, M., Negro, J.J., 2004. The near extinction of two large European predators: 423 

super specialists pay a price. Conserv. Biol. 18, 344–349. DOI: 10.1111/j.1523-424 

1739.2004.00096.x. 425 

Fuller, M.R., Mosher, J.A., 1987. Raptor survey techniques, in: Giron Pendleton, B.A., 426 

Millsap, B.A., Cline, K.W., Bird, D.M. (Eds.), Raptor management techniques 427 

manual. National Wildlife Federation, Washington DC, pp. 37–65. 428 

Hone, J., Krebs, C., O'Donoghue, M., Boutin, S., 2007. Evaluation of predator 429 

numerical responses. Wildl. Res. 34, 335–341. DOI: 430 

http://dx.doi.org/10.1071/WR06171.  431 

Hurlbert, S.H., 1984. Pseudoreplication and the design of ecological experiments. Ecol. 432 

Monogr. 54, 187–211. DOI: http://dx.doi.org/10.2307/1942661. 433 

Jost, C., Devulder, G., Vucetich, J.A., Peterson, R.O., Arditi, R., 2005. The wolves of 434 

Isle Royale display scale–invariant satiation and ratio–dependent predation on 435 

moose. J. Anim. Ecol. 74, 809–816. DOI: 10.1111/j.1365-2656.2005.00977.x. 436 

King, D.R., Wheeler, S.H., 1985. The European rabbit in south–western Australia I. 437 

Study sites and population dynamics. Aust. Wildl. Res. 12, 183–196. DOI: 438 

10.1071/WR9850183. 439 

König, C., Weick, F., 2008. Owls of the world. Christopher Helm Publishers, London. 440 

Lombardi, L., Fernández, N., Moreno, S., Villafuerte, R., 2003. Habitat–related 441 

differences in rabbit (Oryctolagus cuniculus) abundance, distribution, and 442 

activity. J. Mammal. 84, 26–36. DOI: http://dx.doi.org/10.1644/1545-443 

1542(2003)084<0026:HRDIRO>2.0.CO;2. 444 

López–Sepulcre, A., Kokko, H., 2005. Territorial defense, territory size, and population 445 

regulation. Am. Nat. 166, 317–329. DOI: 10.1086/432560. 446 



21 
 

 

Marchandeau, S., Aubineau, J., Berger, F., Gaudin, J.C., Roobrouck, A., Corda, E., 447 

Reitz, F., 2006. Abundance indices: reliability testing is crucial – a field case of 448 

wild rabbit Oryctolagus cuniculus. Wildl. Biol. 12, 19–26. DOI: 449 

http://dx.doi.org/10.2981/0909-6396(2006)12[19:AIRTIC]2.0.CO;2. 450 

Marchesi, L., Sergio, F., Pedrini, P., 2002. Costs and benefits of breeding in human–451 

altered landscapes for the eagle owl Bubo bubo. Ibis 144, 164–177. DOI: 452 

10.1046/j.1474-919X.2002.t01-2-00094_2.x. 453 

Martínez, J.E., Calvo, J.F., 2001. Diet and breeding success of eagle owl in southeastern 454 

Spain: effect of rabbit haemorrhagic disease. J. Raptor Res. 35, 259–262. 455 

Martínez, J.A., Martínez, J.E., Mañosa, S., Zuberogoitia, I., Calvo, J.F., 2006. How to 456 

manage human–induced mortality in the eagle owl Bubo bubo. Bird Conserv. 457 

Int. 16, 265–278. DOI: 10.1017/S0959270906000402. 458 

Martínez, J.A., Zuberogoitia, I., 2001. The response of the eagle owl (Bubo bubo) to an 459 

outbreak of the rabbit haemorrhagic disease. J. Ornithol. 142, 204–211. DOI: 460 

10.1046/j.1439-0361.2001.00078.x. 461 

Martínez, J.A., Zuberogoitia, I., 2002. Factors affecting the vocal behaviour of eagle 462 

owls Bubo bubo: effects of sex and territorial status. Ardeola 49, 1–9. 463 

Martínez, J.A., Zuberogoitia, I., 2003. Búho real Bubo bubo, in: Martí, R, del Moral, JC 464 

(Eds.), Atlas de las aves reproductoras de España. Dirección General de 465 

Conservación de la Naturaleza–Sociedad Española de Ornitología, Madrid, pp. 466 

316–317. 467 

Mikkola, H., 1983. Owls of Europe. T and AD Poyser, Calton. 468 

Moreno, S., Beltrán, J.F., Cotilla, I., Kuffner, B., Laffite, R., Jordán, G., Ayala, J., 469 

Quintero, C., Jiménez, A., Castro, F., Cabezas, S., Villafuerte, R., 2007. Long–470 

term decline of the European wild rabbit (Oryctolagus cuniculus) in south–471 



22 
 

 

western Spain. Wildl. Res. 34, 652–658. DOI: 472 

http://dx.doi.org/10.1071/WR06142. 473 

Ortego, J., Díaz, M., 2004. Habitat preference models for nesting eagle owls Bubo 474 

bubo: How much can be inferred from changes with spatial scale? Ardeola 51, 475 

385–394. 476 

Penteriani, V., 2003. Breeding density affects the honesty of bird vocal displays as 477 

possible indicators of male/territory quality. Ibis 145, 127–135. DOI: 478 

10.1046/j.1474-919X.2003.01734.x. 479 

Penteriani, V., Delgado, M.M., Bartolommei, P., Maggio, C., Alonso–Alvarez, C., 480 

Holloway, G.J., 2008. Owls and rabbits: predation against substandard 481 

individuals of an easy prey. J. Avian Biol. 39, 215–221. DOI: 10.1111/j.0908-482 

8857.2008.04280.x. 483 

Penteriani, V., Delgado, M.M., Maggio, C., Aradis, A., Sergio, F., 2005a. Development 484 

of chicks and pre-dispersal behaviour of young in the eagle owl Bubo bubo. Ibis 485 

147, 155–168. DOI: 10.1111/j.1474-919x.2004.00381.x. 486 

Penteriani, V., Gallardo, M., Cazassus, H., 2002a. Conspecific density biases passive 487 

auditory surveys. J. Field Ornithol. 73, 387–391. DOI: 488 

http://dx.doi.org/10.1648/0273-8570-73.4.387. 489 

Penteriani, V., Gallardo, M., Roche, P., 2002b. Landscape structure and food supply 490 

affect eagle owl (Bubo bubo) density and breeding performance: a case of intra–491 

population heterogeneity. J. Zool. 257, 365–372. DOI: 492 

10.1017/S0952836902000961. 493 

Penteriani, V., Otalora, F., Ferrer, M., 2005b. Floater survival affects population 494 

persistence. The role of prey availability and environmental stochasticity. Oikos 495 

108, 523–534. DOI: 10.1111/j.0030-1299.2005.13514.x. 496 



23 
 

 

Pérez–García, J.M., Donázar, J.A., Hiraldo, F., Sayago, J.M., 2010. Broods of five 497 

fledglings in the Eurasian eagle–owl (Bubo bubo). J. Raptor Res. 44, 161–163. 498 

DOI: 10.3356/JRR-09-30.1. 499 

Pérez–García, J.M., Sánchez–Zapata, J.A., Botella, F., 2012. Distribution and breeding 500 

performance of a high–density eagle owl Bubo bubo population in southeast 501 

Spain. Bird Study 59, 22–28. DOI: 10.1080/00063657.2011.613111. 502 

R Core Team, 2013. R: A language and environment for statistical computing. Austria 503 

R Foundation for Statistical Computing, Vienna. 504 

Rohner, C., 1995. Great horned owls and snowshoe hares: what causes the time lag in 505 

the numerical response of predators to cyclic prey? Oikos 74, 61–68. 506 

Rohner, C., 1996. The numerical response of great horned owls to the snowshoe hare 507 

cycle: consequences of non-territorial 'floaters' on demography. J. Anim. Ecol. 508 

65, 359–370. 509 

Schoener, T.W., 1974. Resource partitioning in ecological communities. Science 185, 510 

27–39. DOI: 10.1126/science.185.4145.27. 511 

Sergio, F., Marchesi, L., Pedrini, P., Ferrer, M., Penteriani, V., 2004. Electrocution 512 

alters the distribution and density of a top predator, the eagle owl Bubo bubo. J. 513 

Appl. Ecol. 41, 836–845. DOI: 10.1111/j.0021-8901.2004.00946.x. 514 

Serrano, D., 2000. Relationship between raptors and rabbits in the diet of eagle owls in 515 

southwestern Europe: competition removal or food stress? J. Raptor Res. 34, 516 

305–310. 517 

Sibly, R.M., Barker, D., Denham, M.C., Hone, J., Pagel, M., 2005. On the regulation of 518 

populations of mammals, birds, fish, and insects. Science 309, 607–610. DOI: 519 

10.1126/science.1110760. 520 



24 
 

 

Stamps, J., 1994. Territorial behavior: testing the assumptions. Advan. Study Behav. 23, 521 

173–232. DOI:10.1016/S0065-3454(08)60354-X 522 

Sutherland, W.J., 2006. Ecological census techniques: a handbook. Cambridge 523 

University Press, Cambridge. DOI: 524 

http://dx.doi.org/10.1017/CBO9780511790508.  525 

Tobajas, J., 2012. Respuestas funcionales del búho real (Bubo bubo) ante los cambios 526 

en la abundancia de conejo (Oryctolagus cuniculus) en el centro de la Península 527 

Ibérica. Master Thesis, Universidad de Castilla–La Mancha, Ciudad Real. 528 

Valkama, J., Korpimäki, E., Arroyo, B., Beja, P., Bretagnolle, V., Bro, E., Kenward, R., 529 

Mañosa, S., Redpath, S.M., Thirgood, S., Viñuela, J., 2005. Birds of prey as 530 

limiting factors of gamebird populations in Europe: a review. Biol. Rev. 80, 171–531 

203. DOI: 10.1017/S146479310400658X. 532 

Villarán, A., 2000. Análisis comparativo de la dieta de ambos sexos en el cárabo común 533 

Strix aluco en la Península Ibérica. Ardeola 47, 203–213. 534 

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed effects 535 

models and extensions in ecology with R. Springer Science+Business Media, 536 

New York. DOI: 10.1007/978-0-387-87458-6.537 



25 
 

 

Tables 538 

Table 1  539 

Generalised mixed models used to explain the annual population growth (PPG) and the 540 

rate of return to equilibrium (PRR) of adult eagle owls. P is the abundance index of 541 

adult eagle owls in winter, NW–Sp is winter–spring rabbit density and NSu is summer 542 

rabbit density (see text for further details). The locality is included as a random variable. 543 

The models with ∆i < 2 are shown in bold and labelled with numbers between 544 

parenthesis (1, 2 and 3, see also Table 2). The degrees of freedom may vary between 545 

models. 546 

Dependent 

variable 

Model and independent variables AICc ∆i Weight 

PPG (1) ln(P) + Log(NSu) + Year 42.95 0 0.42 

 (2) ln(P) + Year 44.58 1.63 0.19 

Year 44.97 2.02 0.15 

ln(P) + Log(NW–Sp) + Year 45.01 2.06 0.15 

Null model 47.73 4.78 0.04 

Log(NSu) + Year 49.02 6.07 0.02 

ln(P) + Log(NW–Sp) + Log(NSu) + Year 49.16 6.22 0.02 

 Log(NW–Sp) + Year 49.54 6.6 0.02 

 Log(NW–Sp) + Log(NSu) + Year 54.74 11.79 <0.01 

     

PRR (3) Log(NW–Sp) + Year 29.03 0 0.68 

 Null model 33.02 3.99 0.09 

 Log(NSu) + Year 33.7 4.67 0.07 

 Year 33.92 4.89 0.06 
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 Log(P) + Log(NW–Sp) + Year 34.33 5.3 0.05 

 Log(NW–Sp) + Log(NSu) + Year 34.61 5.58 0.04 

 Log(P) + Year 37.64 8.62 0.01 

 Log(P) + Log(NSu) + Year 39.41 10.39 <0.01 

 Log(P) + Log(NW–Sp) + Log(NSu) + Year 41.56 12.53 <0.01 

 547 

548 



27 
 

 

Table 2  549 

Parameters of models explaining annual population growth (PPG) and the rate of return 550 

to equilibrium (PRR) of adult eagle owls. ln(P) is the natural logarithm of the previous 551 

winter abundance of adult eagle owls, Log(NW–Sp) is the decimal logarithm of the 552 

previous winter–spring rabbit density and Log(NSu) is the decimal logarithm of the 553 

previous summer rabbit density. Only models with ∆i < 2 are shown. These models are 554 

labelled with numbers between parentheses in Table 1. See text for further details. 555 

Model (1)  Coefficient Std. Error t value Probability 

value 

PPG Intercept  –1 0.25 –3.99 0.005 

Year 2008 0.44 0.34 1.31 0.26 

 ln(P) –0.78 0.21 –3.65 0.02 

 Log(NSu) 3.27 1.23 2.66 0.06 

Model (2)      

PPG Intercept –0.59 0.24 –2.42 0.05 

Year 2008 0.7 0.39 1.77 0.14 

 ln(P) –0.5 0.23 –2.19 0.08 

Model (3)      

PRR Intercept 1.34 0.19 6.97 <0.001 

Year 2008 –0.45 0.21 –2.13 0.09 

Log(NW–Sp) –4.25 1.21 –3.5 0.02 

 556 

557 
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Figure legends 558 

Fig. 1. Annual population growth of adult eagle owls (PPG) in years 2007 (white 559 

points, solid line), and 2008 (black points, dashed line) as a function of the natural 560 

logarithm of the abundance index of adult eagle owls (eagle owls per playback, P) in the 561 

previous winter, according to one of the most parsimonious generalised mixed models, 562 

which takes into account the locality as random variable (Model (2), see Table 1 and 2). 563 

The equation of the model is the following: PPG=–0.59+0.7×(Year2008)–0.5×ln(P) 564 

Fig. 2. Annual rate of return to equilibrium of adult eagle owls (absolute values of 565 

population growth, PRR) in years 2007 (white points, solid line) and 2008 (black points, 566 

dashed line) as a function of rabbit density (rabbits per hectare, NW–Sp, log–transformed) 567 

in the previous winter–spring, according to the most parsimonious generalised mixed 568 

model, which takes into account the locality as random variable (Model (3), see Table 1 569 

and 2). The equation of the model is the following: PRR=1.34–0.45×(Year2008)–570 

4.25×Log(NW–Sp) 571 

572 
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 Fig. 1. (1.5-column fitting image) 573 

 574 

575 
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Fig. 2. (1.5-column fitting image) 576 

 577 


