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Abstract
European wild rabbit (Oryctolagus cuniculus) and red-legged partridge (Alectoris rufa) are main small game species of con-
servation concern in Mediterranean ecosystems. To date, their presence in wild boar’s (Sus scrofa) diet and factors driving 
their consumption have been little investigated. A genetic metabarcoding approach was used on 80 wild boar faeces collected 
from four hunting estates devoted to small game hunting during two different seasons. Abundances of wild boar, rabbits and 
partridges were first estimated. Results showed DNA of seventeen chordate species. The highest frequency of occurrence 
(FO) corresponded to mammals and birds, with 77.6 and 22.3%, respectively. DNA of game species was detected in 39/71 
(FO = 55.0%) samples, highlighting the presence of European wild rabbit in 27 (FO = 38.0%) and red-legged partridge in 
eight (FO = 11.3%). Dietary composition varied between seasons and estates, being rabbit the main responsible (explaining 
35.26% and 39.45% of differences, respectively). Rabbit FO in the diet was positively related to the abundance of wild boar 
and rabbit density on the estate. It was greater in autumn and in estates where rabbits were hunted. Regarding red-legged 
partridge, a significant and positive relationship between its population density and its diet FO was observed, without sig-
nificant differences between seasons or estates. Overall, our results suggest wild boar as an opportunistic species whose 
diet is largely determined by the relative availability of different food resources. Its ecological role concerning small game 
species in Mediterranean agroecosystems seems to be more related to consumption of carrion during the hunting season 
than to direct predation.
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Introduction

The impact of land-use changes on game species has been the 
subject of increasing concern and, consequently, research (e.g. 
Sotherton 1998; Jiménez-García et al. 2006; Delibes-Mateos Antonio J. Carpio and João Queirós both authors contributed 
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et al. 2009; Petersson et al. 2019). Agricultural intensifica-
tion has been reported as a critical constraint for small game 
populations (e.g. Smith et al. 2004), which may explain the 
decline of small game species in some regions (Panek 1997; 
Buenestado et al. 2008). However, these species have suf-
fered a marked decline (Edwards et al. 2000; Bro et al. 2001; 
Delibes-Mateos et al. 2008, 2009; Díaz-Fernández et al. 
2012; Guerrero-Casado et al. 2016; Gée et al. 2018), while 
large game species have substantially increased their abun-
dance and distribution (Herruzo and Martinez-Jauregui 2013;  
Carpio et al. 2021), especially in the case of wild boar (Sus 
scrofa; Massei et al. 2015; Wehr 2021).

Previous studies have shown a clear spatial segregation 
between small and large game species, where small game 
species are mainly linked to agroecosystems and large game 
species to woodlands (Vargas et al. 2007; Delibes-Mateos et al. 
2009). However, the wild boar is colonising and spreading rap-
idly throughout agricultural areas (Hearn et al. 2014; Morelle 
et al. 2016) and urban and peri-urban scenarios (Castillo-
Contreras et al. 2018); they are now present in quasi-entire 
countries in the Northern Hemisphere (e.g. Bencatel et al. 
2019). In agroecosystems, hunting traditionally targets small 
game species (i.e. rabbits, hares, partridges). Consequently, 
the return of wild boar to agroecosystems is not considered 
positive, and this species is therefore mostly hunted to reduce 
crop damage (e.g. Morelle et al. 2016) and avoid predation on 
small game species (e.g. Carpio et al. 2014a). In this context, 
previous studies have shown a negative relationship between 
wild boar and population abundances of small game species, 
which was explained either by competition or direct predation 
(Carpio et al. 2014a, 2014b; Barros et al. 2020). However, 
most of these studies have been carried out in forested areas 
devoted to large game species, where the abundance of small 
game species is low and wild boar reaches a high population 
abundance (Virgós et al. 2011). Nevertheless, little is known 
about the relevance of small game species in the diet of wild 
boar and the factors driving their consumption in newly colo-
nised agroecosystems.

In the specific case of the red-legged partridge (Alecto-
ris rufa) and other birds that nest on the ground, previous 
studies have shown the wild boar as an important predator 
of nests (Carpio et al. 2014a; Oja et al. 2017; Mori et al. 
2021). Furthermore, when dead birds become available 
seasonally, such as by releasing farm-bred partridges in 
autumn to increase game yield (Alonso et al. 2005), which 
usually experience a high mortality rate (Gortázar et al. 
2000; Díaz-Fernández et al. 2012), wild boar scavenging on 
bird carrion has been reported (Cellina 2008; Ballari et al. 
2015). In the case of European wild rabbits (Oryctolagus 
cuniculus), the potential effect of wild boar as a predator 
is little known (see a review by Schley and Roper 2003), 
although wild boar could depredate young or diseased rab-
bits (Virgós et al. 2011). In this respect, Herrero et al. (2006) 

found that vertebrates only represent 1.3% of the volume 
in the diet of wild boar in agroecosystems in north-eastern 
Spain, but with a frequency of occurrence of 48.2% (depict-
ing mammals and birds 0.96% and 0.15% of volume and 
27% and 16% of frequency, respectively). Similarly, Schley 
and Roper (2003) reported a frequency of the occurrence 
of animal matter (including hunted species such as Alecto-
ris rufa, Columba palumbus, Phasianus colchicus, Turdus 
sp., Lepus europaeus, Oryctolagus cuniculus and Cervus 
elaphus) of between 47 and 88% in the agroecosystems of 
Western Europe. However, the role of factors that drive the 
consumption of small game species in agroecosystems (e.g. 
hunting, densities) is mostly unknown (Wilcox and Van 
Vuren 2009; Tobajas et al. 2021a, 2021b).

Genetic tools allow considerably more precise taxonomic 
identification of the animals/plants consumed compared to 
morphological analyses of animal remains (Oja et al. 2017). 
Robeson et al. (2018) assessed the utility of metabarcoding, 
showing that this technique is revolutionising diet studies by 
adding sensitivity to species identification (de Sousa et al. 
2019), even though this method does not allow us to distin-
guish direct predation from carrion consumption (Wilcox 
and van Vuren 2009; Oja et al. 2017). Therefore, the aim of 
this study is to assess the factors driving the consumption of 
small game species by wild boar in agroecosystems. Specifi-
cally, the objectives were as follows: (i) to characterise the 
chordate communities in the diet of wild boar, (ii) to deter-
mine the influence of the season and hunting pressure on the 
spatiotemporal changes in the composition of the chordate 
communities in the diet and (iii) to evaluate the potential 
effect of hunting on the frequency of occurrence of wild 
rabbit and red-legged partridge in the diet as the main small 
game species in the study area.

Materials and methods

Study area and period

The present study was carried out on four hunting estates 
(two where rabbits are hunted and two where they are not) 
in South-Central Spain during the early autumn of 2020 and 
early spring of 2021 (Fig. 1). This region has a Mediterra-
nean climate with a continental influence, which means that 
it has a very warm and dry summer (from June to Septem-
ber, but with the considerable annual variations typical of 
the Mediterranean climate). The habitat is characterised by 
different land uses and management scenarios, with small 
patches of evergreen oak forests dominated by Quercus sp. 
and scrublands (Cystus sp., Pistacia sp., Rosmarinus sp., 
Erica sp. and Phyllirea sp.) alternating with rainfed crops 
(especially cereal, sunflowers, or legumes), woody crops 
(olive groves, vineyards, or almonds) and with scattered 
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pastures that form dehesas (Joffre et al. 1999) (Supplemen-
tary Information).

European wild rabbit, red-legged partridge and wild boar 
are present at all the study sites. These estates are tradition-
ally dedicated to the hunting of small game species with 
management characterised by the supply of water and food 
(especially in summer) mainly for rabbits and red-legged 
partridges and selective control of predators, mainly red fox 
(Vulpes vulpes) and magpie (Pica pica). The hunting season 
extends from October to January. However, estates A and B 
are within the Iberian lynx project, and so the rabbit is not 
hunted in these areas (https:// www. casti llala mancha. es/ sites/ 
defau lt/ files/ docum entos/ 20120 511/ lince iberi co. pdf), while 
the rabbit is hunted on estates C and D.

Estimating wild rabbit and red‑legged partridge 
population densities

Rabbit and red-legged partridge population densities were 
estimated on each hunting estate. Each survey occurred on 
three consecutive days, in clear weather conditions, and 
avoiding days when hunting was permitted (Barrio et al. 
2010). The estimates were performed in two seasons (early 
autumn (between 15/09/2020 and 05/10/2020) and early 
spring (09/03/2021 and 18/04/2021)) on each hunting estate 
by a driver and an observer inside a vehicle, travelling at 
10 − 15 km/h, at sunrise (between 7.00 and 10.00 a.m.). Rab-
bits are active during twilight and at night, with two activity 
peaks that coincide with sunrise and sunset (Díez et al. 2005). 
In the same way, red-legged partridges are also active during 
the first three hours after dawn (Borralho et al. 1996). Each 

transect was an average of 16.76 km ± 1.95 (SE) in length. The 
distance from the observer to the animals was measured using 
a telemeter (range 15 − 1100 m; precision ± 1 m ± 0.1%), and 
compass bearings were taken to determine the angle between 
the animals and the transect line.

Rabbit and red-legged partridge densities were estimated 
using the distance sampling method (Buckland 2004) with 
Distance 7.3 software (Thomas et al. 2010). Two models 
per species were run (one for spring and one for autumn), 
and the analyses were stratified by hunting estate to esti-
mate density. Briefly, half-normal, uniform and hazard rate 
models for the detection function were fitted against the data 
using cosine, Hermite polynomial and simple polynomial 
adjustment terms, which were fitted sequentially. The selec-
tion of the best model and adjustment term was based on 
Akaike’s information criterion (AIC) (Akaike 1974).

Estimation of relative wild boar abundance 
and the collection of faeces for diet analyses

Wild boar relative population abundance was estimated 
based on the frequency of faecal dropping (FBII) on a 
walked transect index (Acevedo et al. 2007). Three tran-
sects of 4 km per hunting estate were performed on the same 
dates as the rabbit and red-legged partridge estimations. 
Each transect count consisted of 40 segments of 100 m in 
length and 1 m in width; each segment was divided into 10 
sectors of 10 m in length. Sign frequency, as a relative abun-
dance index, was defined as the average number of 10-m 
sectors containing droppings per 100-m transect and was 
calculated per estate and season. We also obtained an FBII 

Fig. 1  Location of the four 
hunting estates studied. The 
dashed line represents the 
transects used to estimate 
population densities for rabbit 
and red-legged partridge, while 
the red line represents the 
walking transect to estimate 
the abundance of wild boar and 
carnivores

https://www.castillalamancha.es/sites/default/files/documentos/20120511/linceiberico.pdf
https://www.castillalamancha.es/sites/default/files/documentos/20120511/linceiberico.pdf
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by counting carnivore scats in the abovementioned three 
4-km-long transects.

The search and collection of fresh wild boar excrements 
were carried out along transects (Ebert et al. 2012). An 
active search was also performed in bedding sites to collect 
fresh faecal droppings (one per bed to ensure the independ-
ence of data) in each estate per season (i.e. 20 faeces per 
hunting estate, approximately). Faeces were put into plastic 
bags and stored at − 80 °C before analysis to prevent further 
degradation of DNA (Oja et al. 2017).

Molecular analyses

DNA was extracted from each faecal sample using the 
E.Z.N.A tissue DNA kit (Omega Bio-Tek, GA, USA), 
following the manufacturer’s protocol but employing an 
additional initial digestion step with a lysis wash buffer as 
described by Maudet et al. (2004). DNA extractions were 
performed in a room exclusively dedicated to this purpose 
to reduce the risk of DNA contamination. Negative con-
trols were also added in each manipulation to monitor DNA 
contamination. The diet was analysed using the previously 
published primers MICOlintF (5′-GGW ACW GGW TGA 
ACW GTW TAY CCY CC-3′) (Leray et al. 2013) and Poly-
ShortCoiR (5′-CCNCCTCCNGCW GGR TCR AAR AA-3′) 
(Carr et al. 2011). These primers amplified a ~ 200 − 300 bp 
fragment of the mitochondrial-encoded cytochrome oxidase 
subunit I (COI) of metazoan taxa (Robeson et al. 2018). 
Primers were modified to contain Illumina adaptors at the 
5′ end of the sequence (forward primers: 5′‐TCG TCG GCA 
GCG TCA GAT GTG TAT AAG AGA CAG ‐3′, reverse prim-
ers: 5′‐GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG 
ACAG ‐3′). Due to the lack of specificity of the Sus scrofa 
CO1 near the amplification site, a dual priming oligomer 
5′-ACC CAC CTT TAG CTG GAA ACT TAG CCC ATG CAG 
GAG CTT CAG TTG ATC TAA CAA IIIICTC CCT ACA CCT 
T-C3-3′ (Robeson et al. 2018) was employed to block host 
sequence amplification. A 10:1 ratio of blocking primers to 
amplification primers was used as suggested by Robeson 
et al. (2018). PCR reactions were carried out in volumes of 
10 μl, comprising 5 μl of QIAGEN Multiplex PCR Master 
Mix, 0.3 μl of 10 mM MICOlintF and PolyShortCoiR prim-
ers, 0.3 μl of 100 nM blocking primer, 3.1 μl of ultra‐pure 
water and 1 μl of DNA extract. The thermocycling program 
used initial denaturing at 95 °C for 15 min, followed by 35 
cycles of denaturing at 95 °C for 30 s, annealing at 55 °C for 
30 s and extension at 72 °C for 30 s, with a final extension at 
72 °C for 5 min. Three replicates of each PCR reaction were 
performed. Amplification success was confirmed by visually 
inspecting 2 μl of each PCR product on a 2% gel-stained 
agarose. A second-round PCR was performed to attach the 
unique dual P5 and P7 indexes selected to each sample/rep-
licate, using the PCR product diluted ten times to reduce the 

amount of initial template and guarantee the complete incor-
poration of indexes in the library. Indexing reactions were 
carried‐out in volumes of 10 μl, comprising 5 μl 2 × KAPA 
HiFi HotStart ReadyMix (Kapa Biosystems, Cape Town, 
South Africa), 1 μl of mixed indexing primer (5 μM stock; 
Gansauge and Meyer 2013), 2 μl ultrapure water and 2 μl 
of diluted first‐round PCR product. The indexing thermo-
cycling program used initial denaturing at 95 °C for 3 min, 
followed by 10 cycles of 95 °C for 30 s, 55 °C for 30 s and 
72 °C for 30 s, with an extension of 72 °C for 5 min. Index-
ing PCR success was evaluated through electrophoresis, and 
the final sample libraries were purified using 1.2 × AMPure 
® XP beads. Each sample library was quantified with Epoch 
(Biotec, USA) and diluted to 15 nM. These sample libraries 
were then pooled and quantified using qPCR (KAPA Library 
Quantification Kit for Illumina platforms) and normalised to 
4 nM. The final library was sequenced in an Illumina MiSeq 
System using approximately three-quarters a lane of MiSeq 
V2 500‐cycle reagent kit (Illumina, California, USA) with 
an expected average of 30,000 paired‐end reads per replicate 
(90,000 per sample).

Bioinformatics

The bioinformatic processing of sequencing reads was 
conducted using OBITools (Boyer et al. 2016). Initially, 
paired‐end reads were aligned using the command ‘illu-
minapairedend’ and discarded if the overlapping quality 
was < 40 (Taberlet et al. 2018). Unaligned sequences were 
also removed using the “obigrep” function. The sequences 
were dereplicated into unique sequences across samples 
using “obiuniq”, and primer sequences were removed using 
“ngsfilter”. Sequences with 250–300 bp were kept and 
sequences with reading counts lower than 10 were removed. 
Finally, we used “obiclean” with a 50% threshold for the 
abundance ratio to clean sequences from PCR or sequenc-
ing errors. The resulting exact sequence variants (ESVs) 
obtained were compared with the reference nucleotide 
database (NCBI) using the BLASTN algorithm (McGinnis 
and Madden 2004). A full taxonomy for each blast result 
was further obtained using the “taxonomizr” package in R 
(https:// cran.r- proje ct. org/ web/ packa ges/ taxon omizr/ index. 
html). Thereafter, a python script was used to condense the 
taxonomic identifications assigned to each ESV. Cluster-
ing considers the assignment to a species level to have a 
percentage identity of at least 98%, while lower identity 
thresholds were fixed for assignments to Order or lower 
taxonomic levels (< 92% of identity), Family (≥ 92%) and 
Genus (≥ 95%) levels. The number of reads of resulting tax-
onomic identifications was added per sample, and taxa that 
exhibited less than 10 reads per sample were excluded from 
further analyses. Statistical analyses were performed using 
only sequencing reads assigned to the Species level within 

https://cran.r-project.org/web/packages/taxonomizr/index.html
https://cran.r-project.org/web/packages/taxonomizr/index.html
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Chordata phyla, given the focus of this study on small game 
species as prey items for wild boar.

Statistical analyses

To characterise the dietary composition, the frequency of 
occurrence (FO, i.e. the number of faeces containing DNA 
of each chordate species divided by the total number of fae-
ces examined) was calculated per species/group of species. 
To test dissimilarity in diet composition (presence/absence 
of each chordate species) between seasons (two levels: 
autumn and spring) and hunting estates (two levels: rabbit 
hunting allowed/forbidden), we used the permutational mul-
tivariate analysis of variance (PERMANOVA). The type III 
(partial) sum of squares was used, and all of the tests were 
performed with 999 permutations of residuals in a reduced 
model (Anderson and Ter Braak 2003). The factors were 
considered to be statistically significant if P < 0.05. The 
advantage of the permutation approach is that the result-
ing test is “distribution-free” and is unconstrained by many 
of the typical assumptions of parametric statistics (Walters 
and Coen 2006). The percentage similarity procedure (SIM-
PER) evaluates similarity and dissimilarity between pairs of 
groups (spring vs. autumn and hunting vs. no hunting rab-
bits on the estate) and analyses the influence of each taxon 
(Species, in the present study) regarding similarity/dissimi-
larity. Here, SIMPER was employed to identify species that 
mostly contribute to the dissimilarity between seasons and 
between hunting management. Those species whose FO was 
less than 5% were omitted in the statistical analyses because 
rare species may negatively influence multivariate analy-
ses and add little to dissimilarity measurement (Rowe and 
Holland 2013). These multivariate analyses were performed 
using Primer, version 6 (Clarke and Gorley 2006), including 
the PERMANOVA + add-on package (Anderson et al. 2008).

Finally, to determine the factors driving the consumption 
of small game species by wild boar, two generalised linear 
mixed models (GzLMM) were performed using the fre-
quency of occurrence of rabbit (FOR) (model 1) and the fre-
quency of occurrence of red-legged partridge (FOP) (model 
2) as response variables. Both models were fitted with a 
binomial distribution and a logit link function. The vari-
ables, abundance of wild boar, abundance of carnivores, rab-
bit density, and red-legged partridge density, were included 
as explanatory variables in both models, while season (two 
levels) and hunting management (two levels) were included 
as factors. The interaction between season and hunting man-
agement was also considered. The hunting estate (four lev-
els) was considered a random effect factor. The selection of 
the most plausible models was carried out by using Akaike’s 
information criterion (AIC) (Burnham and Anderson 2002) 
and following a backward stepwise procedure (Zuur et al. 

2009). We compared the AIC for small sample sizes (AICc 
value). We, therefore, selected all the models in which Δi < 2 
about the best model. These analyses were carried out using 
the InfoStat software program (Di Rienzo et al. 2011).

Results

Wild boar and carnivore relative abundance 
and wild rabbit and red‑legged partridge densities

In the study areas, rabbit density (mean ± SD) was 0.66 ±  
0.96 rabbits/ha and 0.30 ± 0.41 rabbits/ha in autumn and 
spring, respectively. Coefficients of the variation of the 
estimates (mean ± SD) were 34% ± 17% and 22.5% ± 4% in 
autumn and spring, respectively. Similarly, red-legged par-
tridge density (mean ± SD) was 0.67 ± 0.46 partridges/ha and 
0.34 ± 0.42 partridges/ha in autumn and spring, respectively. 
Coefficients of the variation of the estimates (mean ± SD) 
were 28% ± 15% and 23.8% ± 15% in autumn and spring, 
respectively. Carnivore frequency index (mean ± SD) was 
0.22 ± 0.07 and 0.16 ± 0.08, while the wild boar frequency 
index (mean ± SD) was 0.33 ± 0.07 and 0.23 ± 0.14 in 
autumn and spring, respectively (Table 1).

Chordate diversity in the diet of wild boar

Seventy-one out of the 80 faeces analysed were identified 
as wild boar, with an average number of reads of 38,823 
(ranging between 12,150 and 69,986). One sample was not 
successfully amplified, and the remaining eight samples 
were misidentified in the field and belong to mouflon (Ovis 
orientalis) (n = 3), fallow deer (Dama dama) (n = 2), red 
fox (Vulpes vulpes) (n = 2) and dog (Canis lupus familiaris) 
(n = 1). The DNA from 17 chordate species was detected, 
including one amphibian, two reptiles, five birds and nine 
mammal species (Table 2). The FO of mammals is clearly 
predominant as it is present in 77.6% of the droppings, fol-
lowed by birds in 22.4%, reptiles in 4.2% and amphibians 
in 1.4% (Fig. 2).

At the species level within mammals, the presence of 
rabbit and Algerian mouse (Mus spretus) is shown in 38% 
and 14% of the wild boar droppings, respectively, while 
the birds, red-legged partridge and common wood pigeon 
(Columba palumbus), are present in 11.3% and 8.5% of 
the droppings, respectively (Table 2). In the case of small 
game species, 39 droppings had the presence of at least one 
game species (FO = 55%). The relative frequency of these 
17 chordate species represents only a small fraction of the 
total number of reads observed (mean ± SE = 6.37 ± 1.79) 
and ranges from 0 to 89.50%. This percentage was higher 
in autumn (7.10% ± 2.41) than in spring (5.03% ± 2.51).
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Seasonal variation in the composition of the diet

The results of PERMANOVA showed significant differ-
ences in the composition of species present in the wild 
boar diet depending on the season and hunting manage-
ment (Table 3).

The SIMPER results showed a dissimilarity in the diet 
of wild boar of 91.55% between autumn and spring; rab-
bit and red deer (Cervus elaphus) were the main cause 
of these differences (Table 4). Also, the results showed a 
variance in the diet of 90.1% between those estates with 
rabbit hunting and those without, in which once again rab-
bit was the main cause of these differences (Table 4).

Variables involved in the frequency of occurrence 
of wild rabbit (FOR) and red‑legged partridge (FOP)

Regarding the variables that can determine the FOR in 
the diet, the results showed a significant and positive rela-
tionship between the abundance of wild boar and rabbit 
density (Table 5). In addition, and independently of the 
density of rabbits, there was an effect of the season, where 
FOR was greater in autumn. The frequency of occurrence 
was also higher on estates where rabbit hunting is allowed, 
although this effect is modulated by the interaction with 
the season and is higher in autumn on estates with rab-
bit hunting (Fig. 3). Regarding the red-legged partridge, 
the results showed a significant and positive relationship 
between the density of partridge and the FOP. The amount 
of deviance explained in the rabbit model was D = 15.69%, 
while in the partridge model, it was D = 9.73%.

Discussion

Overall, our results indicate that wild boar is an opportun-
istic species whose diet is largely determined by the rela-
tive availability of different food types (Schley and Roper 
2003). In the context of agroecosystems, wild boar feed on 
a rich community of animal species (including game and 
livestock species). Wild boar consume carrion (Inagaki et al. 
2020; Tobajas et al. 2021a), although the overall relative 
proportion of scavenged vs. preyed-upon vertebrate foods 
is frequently unknown (Taylor and Hellgren 1997) because 
it is often impossible to know whether an animal was killed 
deliberately or ingested as carrion (Wilcox and Van Vuren 
2009). Therefore, facultative scavengers such as wild boar 
are expected to have no direct effect on taxa they consume 
as carrion, although they will have a direct negative impact 
on prey taxa that they consume via predation (Wilson and 
Wolkovich 2011). Our results suggest differences in diet 

Table 1  Population density (rabbit and partridge) and relative abundance (carnivores and wild boar) in the four small game estates (A:D), per 
season

a CV coefficient variation

Hunting 
estate

Season Rabbit density
(ind/ha)

CVa of rabbit Partridge 
density
(ind/ha)

CVa of partridge Wild boar relative 
abundance

Carnivore relative 
abundance

A Spring 0.91 24.4 0.96 12.1 0.37 0.23
A Autumn 2.10 24.3 1.19 18.5 0.34 0.30
B Spring 0.17 21.2 0.27 18.5 0.20 0.19
B Autumn 0.30 26.8 0.91 16.4 0.43 0.14
C Spring 0.08 18.2 0.09 19.5 0.29 0.16
C Autumn 0.12 21.3 0.20 29.9 0.29 0.25
D Spring 0.04 27.5 0.04 76.3 0.05 0.04
D Autumn 0.13 59.4 0.38 49.9 0.26 0.19

Table 2  Frequency of occurrence (FO; %) of each one of the 17 chor-
date species detected in wild boar faeces

a FO frequency of occurrence

Taxonomic group Species FOa

Amphibians Pleurodeles waltl 1.41
Reptiles Blanus cinereus 4.23

Timon lepidus 1.41
Birds Alectoris rufa 11.27

Columba palumbus 8.45
Turdus philomelos 5.63
Pica pica 4.23
Turdus merula 1.41

Mammals Oryctolagus cuniculus 38.03
Mus spretus 14.08
Ovis aries 9.86
Cervus elaphus 7.04
Ovis orientalis 7.04
Vulpes vulpes 7.04
Canis lupus familiaris 4.23
Crocidura russula 4.23
Capra hircus 1.41
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between seasons and estates with and without rabbit hunting; 
wild rabbit is the main driver of those differences (Table 4). 
The models showed that, independently of the wild rab-
bit population density, FOR was higher in autumn and on 
estates where the rabbit is hunted, but this was not evidenced 
for red-legged partridges. Overall, our results suggest an 
opportunistic consumption of small game species in Medi-
terranean environments and indicate scavenging behaviour 
as the main source of wild rabbit consumption, due to the 
higher FOR observed during the hunting season on hunting 
estates, although we cannot rule out the role that predation 
has about FOR. Rabbits and probably partridges are not the 
preferred resources for wild boar but they may provide an 

additional font of animal protein when individuals are easily 
available and when boar populations are high.

Chordate species in the diet and seasonal variation 
in the composition of the diet

According to our results, the FO of chordate species in the diet 
was 77.6%, within the percentage range described for Spain 
(84.5% by Giménez Anaya et al. 2008; 83.8% by Herrero et al. 
2004; 50.7% by Herrero et al. 2005; 90.5% by Herrero et al. 
2006 or 90.7% by Irizar et al. 2004). However, the FO was 
slightly higher in autumn (80%) than in spring (73%). Autumn 
coincides with the hunting season for small game species (e.g. 
rabbit, Turdus sp., red-legged partridge, red fox, wood pigeon 
or magpie). In this sense, many of these are game species 
and, when analysed, the seasonal differences increase (56% 
and 42% for autumn and spring, respectively). In the case of 
rabbits, in addition to hunting, another natural cause of mor-
tality is the presence of diseases, like myxomatosis or rabbit 
haemorrhagic disease (RHD), which may also increase the 
availability of carcasses. Myxomatosis outbreaks occur during 
the summer and autumn months, coinciding with the greater 
presence of competent vectors, as well as the higher density 
of susceptible hosts (higher density of young rabbits) (Calvete 
et al. 2002), while RHD appears mainly during spring and 
winter (Villafuerte et al. 1995). The FOR observed in autumn 
(FOR = 48%) could be due to hunting and myxomatosis and in 
spring (FOR = 23%) could be related to outbreaks of RHD or 

Fig. 2  Frequency of occurrence 
(i.e. number of droppings with 
the presence of that taxonomic 
group regarding the total 
number of droppings, %) of the 
four phyla groups (Amphibia, 
Reptilia, Aves and Mamma-
lia) identified. N indicates the 
number of species detected per 
group

Table 3  Permutational multivariate analysis of variance (PERMANOVA) 
for the presence/absence of each chordate species based on season (spring 
vs. autumn) and hunting management (hunting vs. not hunting rabbit) 
(multivariate data)

* P ≤ 0.05; ∗∗P ≤ 0.01; ***P ≤ 0.001
a d.f. degrees of freedom, MS mean sum of square, pseudo F f value 
by permutation

Main test
Variable d.f.a MS Pseudo F

Season 1 14,074 7.7***
Hunting management 1 8510 4.6***
Residuals 69 1826
Total 71
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predation on burrows (Schley and Roper 2003). In the case of 
red-legged partridges, some hunting estates release farm-bred 
partridges in autumn to increase game yield (Alonso et al. 
2005; Díaz-Fernández et al. 2013), which usually experience 
a high mortality rate (Gortázar et al. 2000; Díaz-Fernández 
et al. 2012). This could explain the high FOP (21%) found 
in one of the study areas in autumn. In this context, where 
other scavengers are scarce or absent (e.g. top predators or 
vultures; Mateo-Tomás et al. 2015), wild boar can dominate 
carrion use through their significant body size and adaptations 
to find and use carrion efficiently (Tobajas et al. 2021a, b). 
This could indicate some ability of generalists to replace other 
key vertebrates in the delivery of ecosystem functions and 
services (e.g. compensated through an increase in the abun-
dance of individuals; Mateo-Tomas et al. 2017). Therefore, 
the wild boar is more likely to be providing an ecosystem 
service rather than acting as a true predator of small game 
species; however, more studies are needed to discern what 
percentage of the diet may be scavenged and how much is 
due to predation.

Other important species detected in faeces were domestic 
(goat and sheep) and wild ungulates (red deer and mouflon), 
with probability related to the consumption of carcasses 
(Arrondo et al. 2019). Wild boar consumes wild ungulates or 
cattle remains (Carrasco-Garcia et al. 2018); since some car-
casses are abandoned in the field, 6.3% of farmers in Spain 
declared that they leave livestock carcasses in the coun-
tryside (even when recognising this as an illegal practice; 
Gigante et al. 2021). In the case of small mammals (such as 
Crocidura russula or Mus spretus) as well as reptiles such 
as Blanus cinereus found in wild boar diet are often fossorial 
or semi-fossorial species, which could be opportunistically 
predated during rooting behaviour (McDonough et al. 2022).

Frequency of occurrence of rabbit and partridge

The models showed how the FO is directly related to the 
density of prey species, which confirms what was men-
tioned above about the opportunistic role of the wild boar. 
Previous studies based on a correlative approach support 

Table 4  SIMPER results of 
chordate species that contribute 
more than 90% of dissimilarity 
in the composition of the wild 
boar diet between seasons 
(autumn and spring) and 
between hunting management 
types (hunting vs. not hunting 
rabbit)

Species Contribution (%) Cumulative (%)

Average dissimilarity between season (91.55%)
Oryctolagus cuniculus 35.26 35.26
Cervus elaphus 21.76 57.02
Ovis orientalis 16.79 73.81
Vulpes vulpes 10.91 84.71
Alectoris rufa 6.42 91.13
Average dissimilarity between hunting and no hunting (90.1%)
Oryctolagus cuniculus 39.45 39.45
Ovis orientalis 17.9 57.44
Alectoris rufa 10.31 67.75
Cervus elaphus 10.25 78.00
Columba palumbus 8.58 86.58
Vulpes vulpes 7.38 93.96

Table 5  Best models to explain the frequency of occurrence of rabbit (FOR) and red-legged partridge (FOP)

* p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001
a F value and coefficients of the variables included in the best models to explain frequency of occurrence of rabbit (FOR) or partridge (FOP)

Variables Model 1: rabbit (FOR)
Coefficients ± SE F valuea

Season: spring  − 0.84 ± 0.14 27.46***
Wild boar abundance 7.84 ± 1.98 34.01***
Rabbit density 0.63 ± 0.25 24.07**
Hunting: no  − 0.55 ± 0.31 4.96*
Season * hunting 5.37*

Model 2: red-legged partridge (FOP)

Red-legged partridge density 2.26 ± 1.02 5.14*
Wild boar abundance  − 5.04 ± 3.79 1.76
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the negative effect of wild boar as a predator/competitor 
on rabbit distribution and abundance (Virgos et al. 2011; 
Carpio et al. 2014b; Barasona et al. 2021). Although hunters 
and managers consider wild boar as effective predators of 
young or diseased rabbits, our results do not make it possible 
to differentiate predation from carrion consumption, since 
the maximum consumption occurs in the season of highest 
density and hunting on the estates. However, an increase in 
consumption is observed between estates with and about 
those without rabbit hunting (Fig. 3), which may be due 
to the presence of carcasses derived from hunting activity 
(Tobajas et al. 2021b). The abundance of wild boar also 
showed a positive relationship with the FOR, which could 
be explained by the attraction of wild boar to areas of higher 
rabbit density, since rabbits have an aggregated distribution 
(Lombardi et al. 2003). On the other hand, in the case of 
red-legged partridge, only the abundance of this species was 
positively related to FOP. For this species, previous studies 
showed that high wild boar densities may negatively affect 
species abundance, mediated by a reduction in food avail-
ability and nest predation (Carpio et al. 2014a, 2015; Mori 
et al. 2021). The predation of nests or chicks, together with 
the possible predation or mortality rate of released partridges 
that could be consumed as carrion, could explain their FO in 
the diet. However, in the case of the red-legged partridge, we 
did not find a seasonal effect on the FOP (Table 5), so it is 
not possible to suggest that it is due to scavenging. For this 

species, wild boar consumes more on the hunting estates and 
during seasons in which the density is higher. The results 
could indicate that rabbit and red-legged partridge consump-
tion is opportunistic, consuming more where and when there 
are more animals.

This study is, to the best of our knowledge, the first 
approximation concerning the role of rabbit and red-legged 
partridge in the diet of wild boar in small game estates. The 
main limitation is the difficulty in distinguishing predation 
from carrion consumption. However, the use of complemen-
tary analyses (such as isotopes), together with the integra-
tion of eDNA and population data, might help differentiate 
predation from scavenging. Our findings highlight how these 
species constitute an important part of the wild boar diet in 
these agroecosystems (as well as other game species) when 
densities are high, indicating the opportunistic nature of wild 
boar. Studies on a broader temporal scale are also necessary 
to evaluate the effect of the wild boar on the population 
dynamics of these species in these agroecosystems.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10344- 023- 01647-5.
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