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Abstract: Competition, predation, and diseases are key factors shaping animal communities. In recent
decades, lagomorphs in Europe have been impacted by virus-borne diseases that have caused
substantial declines in their populations and, subsequently, in many of their predators. We examined
activity and habitat-use patterns of sympatric European rabbits (Oryctolagus cuniculus L.) and Iberian
hares (Lepus granatensis R.) in Doñana National Park, Spain, (DNP) during two periods of disease
outbreak. In the first period (1984–1985), fecal pellet counts and roadside counts indicated that
lagomorph species were segregated, with rabbits occurring in scrublands and hares in marshlands.
Both species also occupied rush and fern belt ecotones. Roadside counts at sunrise, midday, sunset,
and midnight revealed that rabbits and hares had the same activity patterns (crepuscular and
nocturnal) in the zone of sympatry. During the second period (2005–2016), roadside counts showed
that rabbits and hares were mainly nocturnal in scrublands and border marshlands. Hares occupied
scrublands; a habitat previously occupied only by rabbits. These results are interpreted in light of the
competition theory and predation pressure. The disease-caused decline of rabbits has likely favored
hares that moved into scrublands, a vegetation type previously occupied exclusively by rabbits.
The decline of rabbits in DNP has also caused the almost disappearance of this area of the Iberian
lynx (Lynx pardinus), a rabbit specialist, thus enabling generalist predators to increase. Generalist
predators have subsequently increased predation pressure on both rabbits and hares, causing them to
switch to nocturnal activity.

Keywords: activity patterns; Lepus granatensis; population decline; niche; Oryctolagus cuniculus;
roadside census; predator–prey relationships; spatio-temporal behavior

1. Introduction

Competition for resources is considered one of the main factors shaping the coexis-
tence of species in natural communities [1]. Among lagomorphs, competition is expected
to be greater among closely related species, either phylogenetically or ecologically [2,3].
Predation can also play a role in how species co-exist by increasing mortality or modifying
spatio-temporal activity patterns of lagomorphs [4–6]. Additionally, diseases may affect
community structure, especially if they impact a keystone species [7–9]. In Europe, popula-
tions of rabbits and hares have been affected by imported diseases that have substantially
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reduced their populations, and subsequently caused a reduction of predators dependent
on them [9,10].

After the emergence of myxomatosis in 1950s, rabbit (Oryctolagus cuniculus) pop-
ulations recovered, only to crash again in late 1980s from rabbit hemorrhagic disease
(RHD) [7,11]. In several countries, the first epizootic occurrence of myxomatosis was ac-
companied by an increase in European hare (Lepus europaeus) populations, followed by a
concomitant decline of European rabbits [12–18]. This pattern was interpreted as indirect
evidence of competition between both species [19–22]. Overall, three possible mechanisms
of competition between rabbits and hares have been documented: (a) diseases that harm
hares, but not rabbits (e.g., the stomach worm (Graphidium strigosum) [17]); (b) despite the
known aggressiveness of hares [23], behavioral observations that suggested rabbits are
the “winners” when directly fighting hares [21], or rabbits driving hares away from their
burrows (but see Broekhuizen [16]); and (c) competition for food [24].

European rabbits were impacted again in 2010 [25,26] with the arrival of a novel
genotype of the calicivirus RHDV (RHDV2 or RHDVb or Lagovirus europaeus), ref. [27]
that reached Spain in 2011 [9], and Doñana National Park (DNP) more specifically in 2013.
A long-term monitoring program at DNP detected a decline in rabbit numbers during
2013. In Coto del Rey (northern DNP), there was a decline of >80% of rabbits during
2012–2013 [28]. Similar declines were detected in all populations surveyed within DNP
(F. Carro, unp. obs.). On the other hand, the Iberian hare population in the DNP underwent
a moderate decline in the period 1996–2012 that was attributed to varying flooding cycles
of the marshlands, changes in vegetation cover, and predation pressure [29]. Since 2003,
hare numbers have decreased by 88% in DNP [29], and they were also affected by the first
outbreaks of the novel ha-MYXV in 2018 [30].

Interspecific competition can be indirectly assessed from both allopatric and contigu-
ous spatial distributions [31–33]. To minimize competition, potential competitors segregate
along predictable niche parameters of diet, habitat use, and activity periods [31]. Therefore,
the effects of myxomatosis and RHD among sympatric populations of hares and rabbits
were expected to not only go beyond changes in their respective abundance patterns,
but also to affect habitat use and activity periods of both lagomorphs. Long-term studies
may shed light on vertebrate population dynamics [34]. In particular, changes in abun-
dance, especially when those changes affect species differentially, may be seen as a “natural
experiment” [35].

In this paper, we use a natural experiment to examine niche relationships between
rabbits and hares in southwestern Spain. Our objective was to evaluate the effects of rabbit
population crashes (mid 1980s and 2011–2013) on hare populations, specifically if habitat
use and activity patterns varied in the context of the competitive exclusion hypothesis.
We speculated that the collapse of rabbit populations would not only reduce competitive
interactions between rabbits and hares, but also increase predator pressure on remaining
lagomorphs. Specifically, we expected hares to expand into habitats previously occupied
only by rabbits [3]. We also expected changes in activity, with rabbits becoming nocturnal
in response to increased predation pressure [4].

2. Materials and Methods
2.1. Study Area

Our study was conducted in Doñana Biological Reserve (DBR, Figure 1), a restricted
area of the Doñana National Park (DNP), situated on the right bank of the mouth of
Guadalquivir River (approximately 37◦ N, 6◦30′ W), spanning ≈ 1220 km2, including
the peripheral zone of protection. The marshland or “marisma” is usually flooded from
October–November to May–June, and spans ≈ 55% of the DNP area. Around 30% of DNP
is Mediterranean scrubland, and 15% of DNP is sand dunes with scattered pine forest
(Pinus pinea). A detailed description of the DNP area can be found in Valverde (1958) [36],
Aguilar-Amat et al. (1979) [37], and Green et al. (2018) [38]. The climate is Mediterranean
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with a slight Atlantic influence. Summers are warm and dry, and winters mild and wet.
The average annual rainfall is 500–600 mm, 87% of which falls from October to April.
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Figure 1. Location of the study area (Biological Reserve of Doñana) in Doñana National Park
((A,B), southwest Spain). The transect ((C), ~8 km long) used for roadside counts of lagomorphs.

Vegetation types present include pure scrublands, border scrublands, a fern belt,
a rush belt, border marshlands, and pure marshlands (Figure 1) [39,40]. Each one of the
four transitional bands in the ecotone (known locally as “La Vera”) ranges from nearly
15 m to more than 120 m wide.

2.2. First Period of the Study: 1983–1985

The first period of the study was characterized by a pre-epizootic decline of rabbits
and hares. Beginning in early November 1983 (just before the flooding of the marisma that
year), 10 plots of 1 m2 spaced 1 m apart were randomly placed in each of the six vegetation
bands. To assess spatial distributions of rabbits and hares, all lagomorph fecal pellets were
counted and removed from each plot (see [41] for a review). In addition, in August 1984
(mid-summer), 10 similar plots were established in a pure marsh area (Leo Biaggi area)
approximately 10 km east of the ecotone (Figure 1). Hare pellets are usually larger than
those of rabbits [42,43]. To differentiate between them, we collected samples of fresh pellets
in rabbit warrens (January 1984) and hare bedding sites (October 1983), and recorded three
measurements (thickness = minimum diameter, width, and length = maximum diameter)
using a caliper. To assess the frequency of both species within each sampling plot, we used
a filter approach based on the three measurements to differentiate pellets of rabbits from
those of hares.

Roadside counts of both lagomorphs [44,45] were conducted along a 5.2 km transect
in scrublands and a 2.8 km ecotone transect (hereafter called border marshland transect;
Figure 1) using a 4× 4 vehicle that traveled under 20 km/h. Counts were made at sunset, ap-
proximately four times a month from November 1983 to November 1984. The abundance of
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hares and rabbits was indexed by individuals tallied/10 km driven (kilometric abundance
index, KAI). To examine circadian activity, roadside counts of both species were performed
four times a day at sunrise, midday, sunset, and midnight for three consecutive days
during the winter of 1985, along the previously described transects. To express lagomorph
abundance on a comparative biomass basis, average autumn weights of both species in
the study area (both sexes pooled, rabbits, n = 20, mean ± standard error = 0.91 ± 0.04 kg;
hares, n = 18, m ± SE = 1.98 ± 0.06 kg) were obtained from the records of the Doñana
Biological Station scientific collections.

Statistical analyses followed the procedures of Zar [46]. We generally considered equal
sample sizes with two-tailed hypotheses, therefore the t-tests (both paired-sample t-test
and two-sample t-test) were used. However, when equal sample size or other requirements
could not be met, nonparametric equivalents were used.

2.3. Second Period of Study: 2005–2016

The second period of the study occurred from 2005–2007 and 2014–2016 when pop-
ulations of both lagomorphs had suffered dramatic declines. Hares and rabbits counts
(individuals/10 km, KAI) were obtained from the same transects used in 1983–1985. Sur-
veys were also conducted via a 4 × 4 vehicle, both at sunset (from 1.5 h before sunset to
sunset) and at night (1.5 h after sunset) with the aid of a handheld 100-watt spotlight after
dusk [47,48]. Surveys were conducted in spring, summer, and early autumn during 2005
and 2007, and in spring and autumn during 2014 and 2016 by at least two people [49–51].
Observers were seated on the roof of the vehicle ≈ 3 m above ground level [52]. Hares and
rabbits were identified using binoculars. We also measured the perpendicular distance of
animals from the transect line using a laser telemeter. The maximum width of the contact
strip was 200 m, and depended on the height of the vegetation at the time. The majority of
contacts occurred within 100 m of the observer. Pellet counts were performed only during
the first period of study, and were used to examine habitat segregation. Roadside counts
were used complementarily, both in the first and the second period, as an efficient method
to assess not only habitat segregation, but also estimate population trends [7,44,53].

3. Results
3.1. First Period: 1983–1985
3.1.1. Pellet Characteristics

Pellet-size distributions resembled normality, enabling us to calculate 95% confidence
intervals (Figure 2). Hare pellets were longer (t = 3.9, p < 0.01), wider (t =11.1, p < 0.01),
and thicker (t = 12.2, p < 0.01) than rabbit pellets, and our measurements were consistent
with those reported elsewhere [42,43]. However, overlap did occur in thickness (24%),
therefore we used 7 mm to distinguish rabbit (≤7 mm) from hare (>7 mm) pellets, but the
overlap of both species at 5–7.5 mm was evident (Figure 2). Hence, we distinguished
“probable rabbit pellets” from “probable hare pellets”.
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Figure 2. Frequency histograms of Iberian hare (above, H) and European rabbit (below, R) pellet
dimensions from samples collected in rabbit warrens (January 1984 and hare bedding sites (October
1983). The mean ± SE, 95%, confidence intervals, and sample sizes are indicated.

3.1.2. Habitat Use

Based on species-specific traits of fecal pellets (Figure 2), habitat use differed by
species (Figure 3). Hares mainly used marshlands, and rabbits scrublands. Both species
used transitional zones in the ecotone in the same proportion (i.e., there were no significant
differences). This habitat segregation was also confirmed when an independence analysis
was applied to the marshland and scrubland pellet abundances (2 × 2 contingency test
corrected for continuity; p < 0.001). Additional pellet counts made at the marshland habitat
(see Section 2.1 and Section 2.2) did not detect rabbit pellets, while 3.0 + 0.98 hare pellets/m2
were found.

Roadside counts indicated that rabbit abundance was four times higher in the scrub-
land than in the ecotone (Table 1: the means differ statistically; paired sample t-test; t = 3.3,
p = 0.02). Hares did not occupy scrublands during the first period of study, and both
species were observed in the ecotone (Table 1: paired-sample t-test; t = 3.3, p = 0.02). In this
zone, peaks in hare abundance appeared to be related to the start of the marsh flooding
(e.g., November 1983), and probably linked to the beginning of the breeding season (April
1984). By considering only the six months in which both species occur together each year
in the study area (Table 1), no statistical differences were found between the abundances
of rabbits and hares in the ecotone (paired-sample t-test; t = 0.41, 220 p = 0.69), but when
biomass was considered (Table 1), hare biomass was 2.6 times greater than rabbit biomass.
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Figure 3. Habitat use by European rabbits and Iberian hares in six vegetation zones at Doñana
National Park, SW Spain. Statistical t-values are indicated for each vegetation type and are provided
at the top of the bars. Note that transitional zones were used by both species, whereas hares were
more abundant in the marshland and rabbits in the scrubland.

Table 1. Relative abundances based on roadside counts (individuals/10 km) of European rabbits
and Iberian hares in two vegetation types in Doñana National Park, 1983 and 1984. Means ± SE and
sample size are indicated for each month.

Scrublands Border Marshlands

Month n Rabbits Rabbits Hares

November 1983 3 10.7 ± 8.7 8.3 ± 3.3 45.0 ± 35.5
December 1983 2 33.0 ± 19.1 0.0 2.5 ± 2.5

April 1984 3 32.7 ± 10.5 11.7 ± 9.3 18.3 ± 8.3
May 1984 4 66.5 ± 18.0 2.5 ± 2.5 5 ± 3.5
July 1984 4 67.0 ± 15.7 27.5 ± 7.8 1.2 ± 1.2

November 1984 3 18.7 ± 4.4 3.3 ± 3.3 1.7 ± 1.7

Grand mean 19 41.4 ± 7.4 10.0 ± 3.1 11.8 ± 6.1
Average biomass(kg/10 km) 37.7 9.1 23.4

3.1.3. Circadian Activity

In the border marshland where both species occurred during winter, rabbits and hares
were both most active at dusk and night (Figure 4). However, in the scrublands, rabbits
appeared to be most active from midday to sunset, at least in winter; few individuals were
seen active at night.
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Figure 4. Circadian activity of European rabbits (white bars) and Iberian hares (stripped bars) at the
border marshland and scrubland zones, estimated based on roadside counts in four time intervals
over three consecutive days in winter 1985. Means ± SE of individuals/10 km are provided, and
pairwise comparisons by species within a time period were not significant.

3.2. Second Period: 2005–2016

After the sharp decline of rabbits, changes in habitat use were detected. In scrublands,
the peak number of rabbits was observed at sunset in 1985 (Figure 4), but this changed to
night in 2005–2006 (Tables A1 and A2, Figure 5). However, small sample sizes limited these
comparisons. In border marshlands, where rabbits showed a mainly nocturnal pattern in
1985, they seemed to maintain this pattern (t = 1.77, p = 0.10).
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Figure 5. Abundances of European rabbits and Iberian hares in the border marshland during sunset
and night, as estimated by roadside counts in the three intervals of study (data from 1985 are the same
as in Figure 4; the rest of the data are from Tables A1 and A2). Note that, in spite of the two-order
of magnitude drop in population numbers since 2005, rabbits have maintained the same pattern of
activity (being mostly nocturnal in this habitat).
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For hares, observed changes included both habitat use and activity patterns. In the
first study period (1984–1985), no hares were observed in the scrublands, and their activity
peaked in the border marshlands at sunset (Figure 4). From 2005 to 2006, hares tended
toward a nocturnal activity (Figure 5), not only in marshlands (although differences there
were not significant, t = 0.14, p = 0.69), but also in the scrublands, where they had been
absent during the roadside counts in 1984–1985.

4. Discussion

In the initial study period, rabbits and hares were spatially segregated. This could
indicate that exploitative competition occurs between both species [54]. The distinct
associations of rabbits with scrublands and hares with marshlands may be one of the
factors enabling the species to coexist [55]. In a previous study, Rogers and Myers [56] also
did not detect rabbits in open marshes. Based on resting time (daytime) habitat selection,
Vidus-Rosin et al. [56] also reported segregation between European hares (Lepus europaeus),
and introduced eastern cottontails (Sylvilagus floridanus) as a possible strategy to reduce
interspecific competition. However, two criticisms can be made regarding the results
on differential habitat use based on fecal-pellet counts. First, our data correspond to
“probable” rabbit and hare pellets, since no definite distinction of pellet size was found.
Second, Rowland et al. [57] suggested that fecal pellet distributions may not be directly
associated with habitat use by herbivores due to the patchy distribution of foraging areas.

Using sand-track records in summer, Alvarez et al. [58] reported that the circadian
activity of rabbits in Doñana in the scrublands was mainly crepuscular and nocturnal.
Similarly, Villafuerte et al. [59], using roadside counts in scrublands, also showed that the
majority of rabbit activity occurred during twilight periods and night. High levels of rabbit
activity at sunset were constant throughout the year. When occupying the same vegetation
type (border marshlands), our observations indicated that rabbits and hares foraged at the
same time (sunset-night), thus increasing the probability for interference competition [60].
Within border marshlands, grasses and forbs account for ~70% of the diet of rabbits in
Doñana [61]. Since this foraging area is spatially (see Figure 1) and temporally limited
(especially when the nutritional value of grasses is taken into account [62]), interspecific
competition can result in a species–resource specialization [63], where rabbits became
scrubland specialists and hares became marshland specialists.

The observation that rabbits and hares use different but neighboring habitats (i.e.,
contiguous allopatry) when one species is dominant to the other would be an example
of “type 1 coexistence” (sensu [27]), and enables long-term coexistence. Several other
factors, including disease outbreaks or differential predation, could modify the competitive
superiority of rabbits [17,21]. An infected rabbit would be easier for predators to capture
than a healthy hare. Predators may then modify patterns of coexistence of rabbits and hares
by exerting greater predation pressure on rabbits [64]. Specifically, the coexistence of rabbits
and hares may have been mediated by specialist predators upon rabbits, such as the Iberian
lynx (Lynx pardinus T.) and the Iberian imperial eagle (Aquila adalberti B.) [65,66]. Further,
the abundance of hares in DNP may have been controlled by such factors as seasonal
habitat reduction (i.e., the flooding of the marshland [67]), direct interference by rabbits
(i.e., agonistic interactions [21]), and infestation by stomach parasites (17].

The situation and interpretation described above was unexpectedly tested with the
decline of the population numbers of both rabbits (due to the arrival of two successive
epizootics of RHDV) and hares (mainly due to the varying flooding cycles of the marshlands
and increased predation pressure [53]). This “natural experiment” gave us an opportunity
to observe responses at temporal and spatial scales, and evaluate previous interpretations.

Our data show that rabbits have become mainly nocturnal, a behavior previously
restricted to a more open border scrubland habitat. This was likely a response to increased
predation pressure among remaining rabbits [4,68,69]. Nocturnal activity is also currently
observed at a much larger spatial scale (i.e., DNP, Carro et al., unp. obs.), and contrasts to
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previous studies that showed rabbits as mostly crepuscular (sunset and dawn) with some
activity at night (mostly during February–March) [59].

Among hares, the population response observed was two-fold. First, on a spatial
basis, recent (2005–2016) roadside counts showed the presence of hares in scrublands.
Hares occupied scrublands year-round, rather than as a seasonal response to flooding of
the marshlands in autumn (Tables A1 and A2). Second, circadian activity by hares also
changed from crepuscular to nocturnal (Figure 4). Such patterns have been reported via
the use of radio-collared hares [70]. Contrary to reported by Katona et al. [24], we did not
observe an increase in the hare abundance in the study area.

The implications of the dramatic declines of rabbits and hares in the Doñana ecosystem
are likely complex. Perhaps most striking are implications to endangered species in the area.
The Iberian lynx (Lynx pardinus) is a rabbit specialist, with rabbits representing 85–95%
of their diet [66]. As a result of the reduced rabbit abundance, the lynx population in
DNP has nearly been extirpated. A similar fate is threatening the Iberian imperial eagle
(Aquila adalberti) [71]. This pattern of severe decline contrasts with generalist carnivores
in the area, including red foxes (Vulpes vulpes), badgers (Meles meles), and mongooses
(Herpestes ichneumon). These predators are able to switch among available food sources,
making them resilient to the decline of rabbits. Field observations suggest that the fox
abundance in DNP has increased in recent years (F. Carro, unp. obs.). This increase may
have been a response to the reduction in control of foxes by lynxes or mesopredators [72].

5. Conclusions

We conclude that, after the population decline of both species, their ecological overlap
has increased substantially. Their convergence in nocturnal behavior is most likely a
response to the increase in predation pressure [73,74]. Most recent numbers (2005–2016) of
roadside counted rabbits are two orders of magnitude lower than in 1985, and hare numbers
are only slightly higher (Appendix A, Tables A1 and A2). The remaining individuals of
both species have selected the night as the circadian period that presents the minimum risk
of predation. Bakker et al. [75] have shown that European rabbits are sensitive to perceived
predation risk [76]. Most of the terrestrial predators of rabbits and hares in DNP have
activity peaks at sunset and dawn [4,68,77].

The observed move by hares into vegetation types exclusively inhabited by rabbits
supports the implications of relaxing competitive exclusion. Research focusing on both
species at sympatry (e.g., the Doñana ecotone), allopatry (rabbits and hares feeding only in
their respective preferred habitats), and removal experiments [31] will be valuable. Our
study shows the importance of maintaining long-term monitoring of wildlife populations
using standard procedures. This endeavor is enormously facilitated in protected areas,
and needs the commitment and effort of their people.
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Appendix A

Tables A1 and A2. Relative abundances (individuals/10 km) of European rabbits and
Iberian hares at two vegetation zones (A1: Ecotone scrubland- marshland, A2: Scrubland)of
Doñana National Park, as obtained by roadside counts at sunset and night on the same
transect as in Table 1, in two recent intervals of continuous population monitoring. For each
month, the mean ± SE is given, n = sample size.

Table A1. Ecotone scrubland-marshland.

Year Month Rabbits Hares

Sunset Night Sunset Night

2005 April 0.00 0.70 0.35 0.35
June 0.70 0.70 0.00 1.76

September 0.00 0.00 0.00 0.00
Mean ± SE 0.23 0.47 ± 0.02 0.12 0.70 ± 0.54

2006 March 0.35 0.00 0.00 0.35
June 0.00 1.60 0.00 1.40

September 0.35 0.00 0.00 0.00
Mean ± SE 0.23 ± 0.12 0.35 0.00 0.58 ± 0.42

2007 March 0.35 1.06 0.00 6.33
June 0.35 0.00 0.32 3.52

September 0.00 1.06 0.00 2.81
Mean ± SE 0.23 ± 0.12 0.71 ± 0.35 0.12 4.22 ± 1.10

3-year mean ± SE 0.23 0.51 ± 0.11 0.08 ± 0.04 1.84 ± 1.19

2014 March 0.00 0.00 0.00 2.11
September 0.00 0.35 0.00 0.35

Mean ± SE 0.00 0.18 0.00 1.23 ± 0.88
2015 March 0.00 0.00 0.00 5.27

September 0.00 0.35 0.00 0.00
Mean ± SE 0.00 0.18 0.00 2.64

2016 March 0.00 0.00 0.00 3.87
September 0.00 0.00 0.00 2.11

Mean ± SE 0.00 0.00 0.00 2.99 ± 0.88

3-year mean ± SE 0.00 0.00 0.00 2.29 ± 0.54
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Table A2. Scrubland.

Year Month Rabbits Hares

Sunset Night Sunset Night

2005 April 0.00 0.57 0.00 0.00
June 0.19 0.19 0.00 0.00

September 0.00 0.00 0.00 0.00
Mean ± SE 0.06 0.25 ± 0.17 0.00 0.00

2006 March 0.00 0.00 0.00 0.00
June 0.38 0.00 0.00 0.38

September 0.38 0.00 0.00 0.00
Mean ± SE 0.25 ± 0.13 0.00 0.00 0.13

2007 March 0.00 0.19 0.00 0.19
June 0.19 0.00 0.00 0.57

September 0.00 0.38 0.00 0.76
Mean ± SE 0.06 0.19 ± 0.11 0.00 0.51 ± 0.17

3-year mean ± SE 0.13 ± 0.06 0.15 ± 0.08 0.00 0.21 ± 0.15

2014 March 0.00 0.00 0.00 0.00
September 0.00 0.77 0.00 0.77

Mean ± SE 0.00 0.39 0.00 0.39
2015 March 0.00 0.19 0.00 0.19

September 0.19 0.19 0.00 0.00
Mean ± SE 0.10 0.19 0.00 0.10

2016 March 0.00 0.00 0.00 0.19
September 0.00 0.19 0.00 0.19

Mean ± SE 0.00 0.10 0.00 0.19

3-year mean ± SE 0.03 0.22 ± 0.09 0.00 0.22 ± 0.09

References
1. Amarasekare, P. Competitive coexistence in spatially structured environments: A synthesis. Ecol. Lett. 2003, 6, 1109–1122.

[CrossRef]
2. Cheeseman, A.E.; Ryan, S.J.; Whipps, C.M.; Cohen, J.B. Competition alter seasonal resource selection and promotes use of invasive

shrubs by an inperiled native cottontail. Ecol. Evol. 2018, 8, 11122–11133. [CrossRef]
3. Woodgate, Z.; Distiller, G.; O´Riain, M.J. Hare today gone tomorrow: The role of interspecific competition in shaping riverine

rabbit occurrence. Endanger. Species Res. 2021, 44, 351–361. [CrossRef]
4. Lombardi, L.; Fernández, N.; Moreno, S.; Villafuerte, R. Habitat-related differences in rabbit (Oryctolagus cuniculus) abundance,

distribution, and activity. J. Mammal. 2003, 84, 26–36. [CrossRef]
5. Terborg, J.; Estes, J.A. Trophic Cascades: Predators, Prey, and the Changing Dynamics of Nature; Island Press: Washington, DC,

USA, 2010.
6. Viviano, A.; Mori, E.; Fattorini, N.; Mazza, G.; Lazzeri, L.; Panichi, A.; Strianese, L.; Mohamed, W. Spatiotemporal overlap

between the European Brown Hare and its potential predators and competitors. Animals 2021, 11, 562. [CrossRef]
7. Moreno, S.; Beltrán, J.F.; Cotilla, I.; Kuffner, B.; Laffitte, R.; Jordán, G.; Ayala, J.; Quintero, M.C.; Jiménez, A.; Castro, F.; et al.

Long-term decline of the European wild rabbit (Oryctolagus cuniculus) in south-western. Wildl. Res. 2007, 34, 652–658. [CrossRef]
8. Delibes-Mateos, M.; Delibes, M.; Ferreras, P.; Villafuerte, R. Key role of the European rabbit in the conservation of the Western

Mediterranean basin hotspot. Conserv. Biol. 2008, 22, 1106–1117. [CrossRef] [PubMed]
9. Monterroso, P.; Garrote, G.; Serronha, A.; Santos, E.; Delibes-Mateos, M.; Abrantes, J.; Pérez de Ayala, R.; Silvestre, F.; Carvalho, J.;

Vasco, I.; et al. Disease-mediated bottom-up regulation: An emergent virus affects a keystone species, and alters the dynamics of
trophic webs. Sci. Rep. 2016, 6, 36072. [CrossRef]

10. Ferreras, P.; Travaini, A.; Zapata, S.C.; Delibes, M. Short responses of mammalian carnivores to a sudden collapse of rabbits in
Mediterranean Spain. Basic Appl. Ecol. 2011, 12, 116–124. [CrossRef]

11. Calvete, C.; Estrada, R.; Villafuerte, R.; Osácar, J.J.; Lucientes, J. Epidemiology of viral haemorrhagic disease and myxomatosis in
a free-living population of wild rabbits. Vet. Rec. 2002, 150, 776–782. [CrossRef] [PubMed]

12. Rothschild, M.A.; Marsh, H. Increase of hares (Lepus europaeus Pallas) at Ashton Wold with a note on the reduction in numbers of
the brown rat (Rattus norvegicus Berkenhout). Proc. Zool. Soc. Lond. 1956, 127, 441–445. [CrossRef]

13. Rothschild, M. A further note in the increase of hares (Lepus europaeus) in France. Proc. Zool. Soc. Lond. 1958, 131, 328–329.
14. Rothschild, M.A. Increase of hares at Ashton Wold. Proc. Zool. Soc. Lond. 1961, 137, 634–635.
15. Flux, J.E.C. Hare reproduction in New Zealand. N. Z. J. Agric. 1964, 109, 483–486.

http://doi.org/10.1046/j.1461-0248.2003.00530.x
http://doi.org/10.1002/ece3.4580
http://doi.org/10.3354/esr01106
http://doi.org/10.1644/1545-1542(2003)084&lt;0026:HRDIRO&gt;2.0.CO;2
http://doi.org/10.3390/ani11020562
http://doi.org/10.1071/WR06142
http://doi.org/10.1111/j.1523-1739.2008.00993.x
http://www.ncbi.nlm.nih.gov/pubmed/18680504
http://doi.org/10.1038/srep36072
http://doi.org/10.1016/j.baae.2011.01.005
http://doi.org/10.1136/vr.150.25.776
http://www.ncbi.nlm.nih.gov/pubmed/12135072
http://doi.org/10.1111/j.1096-3642.1956.tb00479.x


Land 2022, 11, 461 12 of 13

16. Broekhuizen, S. The position of the wild rabbit in the life system of the European hare. In Proceedings of the XII Congress of the
International Union of Game Biologists; Direcção-Geral dos Recursos Florestais Serviço de Inspecção da Caça e Pesca: Lisboa,
Portugal, 1975; pp. 75–79.

17. Broekhuizen, S.; Kemmers, R. The stomach worm, Graphidium strigosum (Dujardin) Railliet and Henry in the European hare,
Lepus europaeus Pallas. In Ecology and Management of European Hare Populations; Pielowski, Z., Pucek, Z., Eds.; Polish Hunt. Ass.:
Warsaw, Poland, 1976; pp. 157–171.

18. Gibb, J.A.; Flux, J.E.C. Why New Zealand should not use myxomatosis in rabbit control operations. Search 1983, 14, 41–43.
19. Fraguglione, D. Compétition interspécifique entre le lièvre commun (Lepus europaeus Pallas 1778) et le lapin de garenne (Oryctolagus

cuniculus Linné 1758). Diana 1960, 10, 211–212.
20. Fraguglione, D. Les enemis du lièvre commun (Lepus europaeus P.). Diana 1960, 3, 54–57.
21. Flux, J.E.C. Field observations of behaviour in the genus Lepus. In Proceedings of the World Lagomorph Conference, Guelph,

ON, Canada, 12–16 August 1979; pp. 377–394.
22. Keith, L.B. Population dynamics of hares. In Proceedings of the World Lagomorph Conference, Guelph, ON, Canada, 12–16

August 1979; pp. 395–440.
23. Flux, J.E.C. Prospects for hare farming in New Zealand. N. Z. Agric. Sci. 1981, 15, 24–29.
24. Katona, K.; Bíró, Z.; Hahn, I.; Kertész, M.; Altbäcker, V. Competition between European hare and European rabbit in a lowland

area, Hungary: A long-term ecological study in the period of rabbit extinction. Folia Zool. 2004, 53, 255–268.
25. Le Gall-Reculé, G.; Zwingelstein, F.; Fages, M.P.; Bertagnoli, S.; Gelfi, J.; Aubineau, J.; Roobrouk, A.; Botti, G.; Lavazza, A.;

Marchandeu, S. Characterisation of a non-pathogenic and non-protective infectious rabbit lagovirus related to RHDV. Virology
2011, 410, 395–402. [CrossRef]

26. Le Gall-Reculé, G.; Lavazza, A.; Marchandeu, S.; Bertagnoli, S.; Zwingelstein, F.; Cavadini, P.; Martinelli, N.; Lombardi, G.;
Guérin, J.L.; Lemaitre, E.; et al. Emergence of a new lagovirus related to Rabbit Haemorrhagic Disease Virus. Vet. Res. 2013, 44, 81.
[CrossRef] [PubMed]

27. Le Pendu, J.; Abrantes, J.; Bertagnoli, S.; Guitton, J.S.; Le Gall-Reculé, G.; Lopes, A.M.; Marchandeau, S.; Alma, F.; Almeida, A.M.;
Alves, P.C.; et al. Proposal for a new unified classification system and nomenclature of lagoviruses. J. Gen. Virol. 2017, 98,
1658–1666. [CrossRef]

28. 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. 2014, 20, 2166–2168. [CrossRef] [PubMed]

29. Carro, F.; Soriguer, R. Long-term patterns in Iberian hare population dynamics in a protected area (Doñana National Park) in
southwestern Iberian Peninsula: Effects of weather conditions and plant cover. Integr. Zool. 2016, 12, 49–60. [CrossRef] [PubMed]

30. García-Bocanegra, I.; Camacho-Sillero, L.; Risalde, M.A.; Dalton, K.P.; Caballero-Gómez, J.; Agüero, M.; Gómez-Guillamón, F.
First outbreak of myxomatosis in Iberian hares (Lepus granatensis). Transbound. Emerg. Dis. 2019, 66, 2204–2208. [CrossRef]

31. Grant, P.R. Experimental studies of competitive interaction in a two-species system. III. Microtus and Peromyscus species in
enclosures. J. Anim. Ecol. 1971, 40, 323–350. [CrossRef]

32. Grant, P.R. Competition between species of small mammals. In Populations of Small Mammals under Natural Conditions; Snyder,
D.P., Ed.; Pymatuning Lab. of Ecol., Univ. of Pittsburg: Linesville, PA, USA, 1978; Volume 5, pp. 38–51.

33. Dickman, C.R.; Woodside, D.P. A test of competition model with reference to three species of small mammals in south-eastern
Australia. Oecologia 1983, 60, 127–134. [CrossRef]

34. Pettorelli, N.; Coulson, T.; Durante, S.M.; Gaillard, J.M. Predation, individual variability and vertebrate population dynmics.
Oecologia 2011, 167, 305–314. [CrossRef]

35. Diamond, J. Overview: Laboratory experiments, field experiments, and natural experiments. In Community Ecology, Diamond J, TJ
Case; Harper & Row: New York, NY, USA, 1986; pp. 3–22.

36. Valverde, J.A. An Ecological Sketch of the Coto Doñana; British Birds: London, UK, 1958; Volume 51, pp. 1–23.
37. Aguilar-Amat, J.; Montes del Olmo, C.; Ramírez Díaz, L.; Torres Martínez, A. Mapa Ecológico del Parque Nacional de Doñana;

ICONA: Sevilla, Spain, 1979.
38. Green, A.; Bustamante, J.; Janss, G.F.E.; Fernández-Zamudio, R.; Díaz-Paniagua, C. Doñana Wetlands (Spain). In The WetlandBook;

Finlayson, C., Milton, G., Prentice, R., Davidson, N., Eds.; Springer: Dordrecht, The Netherlands, 2016; pp. 1126–1136.
39. Allier, C.; González, F.; Ramírez, L. Mapa ecológico de la Reserva Biológica de Doñana. In CSIC, División de Ciencias; Estación

Biológica de Doñana: Sevilla, Spain, 1974.
40. Rogers, P.M.; Myers, K. Animal distributions, landscape classification and wildlife management, Coto Doñana. J. Appl. Ecol. 1980,

17, 545–565. [CrossRef]
41. Neff, J.D. The pellet-group count technique for big game trend, census, and distribution: A review. J. Wildl. Manag. 1968, 32,

597–614. [CrossRef]
42. Lawrence, M.J.; Brown, R.W. Mammals of Britain, Their Tracks, Trails and Signs; Blandford Press: London, UK, 1974.
43. Bang, P.; Dahlström, P. Huellas y Señales de los Animales de Europa; Ediciones Omega, S.A.: Barcelona, Spain, 1975.
44. Overton, W.S. Estimating the numbers of animals in wildlife populations. In Wildlife Management Techniques, 3rd ed.;

Giles, R.H., Jr., Ed.; The Wildlife Society: Washington, DC, USA, 1971; pp. 403–456.
45. Salzmann-Wandeler, I.; Salzmann, H.C. Erste Erfahrungen Bei Feldhaszen Zählungen Mit Scheinwerfern; Naturhistorisches Museum

Bern: Bern, Switzerland, 1973; Volume 5, pp. 1–16.

http://doi.org/10.1016/j.virol.2010.12.001
http://doi.org/10.1186/1297-9716-44-81
http://www.ncbi.nlm.nih.gov/pubmed/24011218
http://doi.org/10.1099/jgv.0.000840
http://doi.org/10.3201/eid2012.140517
http://www.ncbi.nlm.nih.gov/pubmed/25417710
http://doi.org/10.1111/1749-4877.12212
http://www.ncbi.nlm.nih.gov/pubmed/27264936
http://doi.org/10.1111/tbed.13289
http://doi.org/10.2307/3249
http://doi.org/10.1007/BF00379332
http://doi.org/10.1007/s00442-011-2069-y
http://doi.org/10.2307/2402636
http://doi.org/10.2307/3798941


Land 2022, 11, 461 13 of 13

46. Zar, J.H. Biostatistical Analysis, 5th ed.; Prentice Hall, Inc.: Englewood Cliffs, NJ, USA, 2010.
47. Barnes, R.F.W.; Tapper, S.C.; Williams, J. Use of pastures by brown hares. J. Appl. Ecol. 1983, 20, 179–185. [CrossRef]
48. Homolka, M. Daily activity pattern of the European hare (Lepus europaeus). Folia Zool. 1986, 35, 33–42.
49. Barnes, R.F.W.; Tapper, S.C. A method for counting hares by spotlight. J. Zool. 1985, 206, 273–276. [CrossRef]
50. Frylestam, B. Estimating by spotlight the population density of the European hare. Acta Theriol. 1981, 26, 419–427. [CrossRef]
51. Frylestam, B. European hare. In CRC Handbook of Census Methods for Terrestrial Vertebrates; Davis, E.D., Ed.; CRC Press: Boca Raton,

FL, USA, 1982; pp. 142–144.
52. Wywialowski, A.; Stottart, L.C. Estimation of jack rabbit density methodology makes a difference. J. Wildl. Manag. 1988, 52, 57–59.

[CrossRef]
53. Rogers, P.M.; Myers, K. Ecology of the European wild rabbit, Oryctolagus cuniculus (L.) in Mediterranean habitats. I. Distribution

in the landscape of the Coto Doñana, S. Spain. J. Appl. Ecol. 1979, 16, 691–703. [CrossRef]
54. Sale, P.F. Overlap in resource use, and interspecific competition. Oecologia 1974, 17, 245–256. [CrossRef]
55. Rosenweig, M.L. A theory of habitat selection. Ecology 1981, 62, 327–335. [CrossRef]
56. Vidus-Rosin, A.; Lizier, L.; Meriggi, A.; Serrano-Pérez, L. Habitat selection and segregation by two sympatric lagomorphs:

The case of the European hare (Lepus europaeus) and Eastern cottontails (Sylvilagus floridanus) in northern Italy. Acta Theriol. 2012,
57, 295–304. [CrossRef]

57. Rowland, M.M.; White, G.C.; Karlen, E.M. Use of pellet group plots to measure trends in deer and elk populations. Wildl. Soc.
Bull. 1984, 12, 147–155.

58. Alvarez, F.; Braza, F.; de Azcárate, T.; Aguilera, E.; Martín, R. Circadian activity rhythms in a vertebrate community of Doñana.
In Actas XV Congr. Nac. de Fauna Cinegética y Silvestre; Trujillo: Cáceres, Spain, 1983; pp. 379–387.

59. Villafuerte, R.; Kufner, M.B.; Delibes, M.; Moreno, S. Environmental factors influencing the seasonal daily activity of the European
rabbit (Oryctolagus cuniculus) in a Mediterranean area. Mammalia 1993, 57, 341–347. [CrossRef]

60. Carothers, J.H.; Jaksic, F.M. Time as niche difference: The role of interference competition. Oikos 1984, 42, 403–406. [CrossRef]
61. Soriguer, R.C. El conejo: Papel ecológico y estrategia de vida en los ecosistemas mediterráneos. In XV Congreso Internacional de

Fauna Cinegética y Silvestre; Trujillo: Cáceres, Spain, 1981; pp. 517–542.
62. Soriguer, R.C. Consideraciones sobre el efecto de los conejos y los grandes herbívoros en los pastizales de la Vera de Doñana.

Doñana Acta Vert. 1983, 10, 155–168.
63. Pimm, S.L.; Pimm, J.W. Resource use, competition and resource availability in Hawaian honeycreepers. Ecology 1982, 63,

1468–1480. [CrossRef]
64. Paine, R.T. Food web complexity and species diversity. Am. Nat. 1966, 100, 65–75. [CrossRef]
65. Delibes, M. Ecología alimenticia del águila imperial ibérica (Aquila adalberti) en el Coto Doñana durante la crianza de los pollos.

Doñana. Acta Vert. 1978, 5, 35–60.
66. Delibes, M. Feeding ecology of the Spanish Lynx in the Coto Doñana. Acta Theriol. 1980, 25, 309–394. [CrossRef]
67. Carro, F.; Soriguer, R.C.; Beltrán, J.F.; Andreu, A.C. Heavy flooding effects on home range and habitat selection of free-ranging

Iberian hares (Lepus granatensis) in Doñana National Park (SW Spain). Acta Theriol. 2011, 53, 375–382. [CrossRef]
68. Villafuerte, R. Riesgo de Predación y Estrategias Defensivas Del Conejo, Oryctolagus cuniculus, en el Parque. Nacional de Doñana.

Ph.D. Thesis, Universidad de Córdoba, Córdoba, Spain, 1994.
69. Moreno, S.; Villafuerte, R.; Delibes, M. Cover is safe during the the day but dangerous at night: The use of vegetation by the

European wild rabbit. Can. J. Zool. 1996, 74, 1656–1660. [CrossRef]
70. Carro, F. Historia natural de la liebre ibérica (Lepus granatensis Rosenhauer 1856) en el Parque Nacional de Doñana. Ph.D. Thesis,

University of Santiago de Compostela, Santiago de Compostela, Spain, 2005.
71. Negro, J.J.; Ferrer, M. The near extinction of two large European predators: Super Specialists pay a price. Conserv. Biol. 2004, 18,

344–349.
72. Palomares, F.; Delibes, M.; Ferreras, P.; Gaona, P. Mesopredator release and prey abundance: A reply to Litvaitis and Villafuerte.

Cons. Biol. 1996, 10, 678–679. [CrossRef]
73. Tilman, D. Resource competition and community structure. In Monographs Population Biology, Volume 17; Princeton University

Press: New York, NY, USA, 1982.
74. Taylor, R.J. Predation; Chapman and Hall: London, UK, 1984.
75. Bakker, E.S.; Reiffers, R.C.; Olff, H.; Gleichman, J.M. Experimental Manipulation of Predation Risk and Food Quality: Effect on

Grazing Behaviour in a Central-Place Foraging Herbivore. Oecologia 2005, 146, 157–167. [CrossRef]
76. Monterroso, P.; Alves, P.C.; Ferreras, P. Catch me if you can: Diel activity patterns of mammalian prey and predators. Ethology

2013, 119, 1044–1056. [CrossRef]
77. Beltrán, J.F.; Delibes, M. Environmental determinants of circadian activity of free ranging Iberian lynxes. J. Mammal. 1994, 75,

382–393. [CrossRef]

http://doi.org/10.2307/2403384
http://doi.org/10.1111/j.1469-7998.1985.tb05653.x
http://doi.org/10.4098/AT.arch.81-35
http://doi.org/10.2307/3801058
http://doi.org/10.2307/2402846
http://doi.org/10.1007/BF00344924
http://doi.org/10.2307/1936707
http://doi.org/10.1007/s13364-012-0084-y
http://doi.org/10.1515/mamm.1993.57.3.341
http://doi.org/10.2307/3544413
http://doi.org/10.2307/1938873
http://doi.org/10.1086/282400
http://doi.org/10.4098/AT.arch.80-28
http://doi.org/10.1007/s13364-011-0037-x
http://doi.org/10.1139/z96-183
http://doi.org/10.1046/j.1523-1739.1996.10020678.x
http://doi.org/10.1007/s00442-005-0180-7
http://doi.org/10.1111/eth.12156
http://doi.org/10.2307/1382557

	Introduction 
	Materials and Methods 
	Study Area 
	First Period of the Study: 1983–1985 
	Second Period of Study: 2005–2016 

	Results 
	First Period: 1983–1985 
	Pellet Characteristics 
	Habitat Use 
	Circadian Activity 

	Second Period: 2005–2016 

	Discussion 
	Conclusions 
	Appendix A
	References

