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Abstract

The European rabbit (Oryctolagus cuniculus) is an alien herbivore in central Chile. Although its diet is poorly studied, this

rabbit is known to consume native fruits and seeds, and thus it could act as a seed-dispersal agent. We evaluated the effect of

endozoochory by rabbits on the survival and germination of seeds of a native shrub (Lithrea caustica, Anacardiaceae), as well

as its consequences for seed dispersal. We extracted seeds by hand from parental shrubs, and compared the germination

dynamics of seeds passing once and twice throughout the rabbit’s gut (simulating its coprophagy) versus control treatments

(seeds not consumed). Additionally, in permanent 2� 2m sampling plots placed in the wild, we evaluated the abundance of

L. caustica seedlings and of its seeds in rabbit droppings. Results indicate that rabbits reduced seed survival to 82% on

average with the first gut passage, and to an additional 52% with a second passage. Nevertheless, germination variables such

as initiation time and germination, as well as final germination rate, increased significantly in comparison to non-ingested

seeds. Sampling plots showed that L. caustica seedlings were concentrated principally underneath woody patches, which are

then regarded as safe sites. Outside shrub cover, seedling abundance small, this indicates that open places are unsafe sites. We

recorded that feces (and seeds contained) were deposited in higher proportion beneath woody cover. Thus, the native shrub

L. caustica may be dispersed by alien rabbits through endozoochory, which provides legitimacy and efficiency in this dispersal

service. Alien rabbits may fill a similar role played by native mammals, which have been reduced in abundance by human

agency in central Chile. We suggest that the generalist syndrome, common among plants and dispersers, may be an arena of

positive effects in ecological interactions between alien and native species.

r 2008 Published by Elsevier Ltd.

Keywords: Alien species; Endozoochory; Germination; Herbivorous mammals; Lithrea caustica; Mediterranean ecosystem

1. Introduction

Alien species are said to affect the structure and function of native ecosystems, usually in undesirable ways
(Elton, 1958; Levine et al., 2003; Parker et al., 1999; Wilcove et al., 1998; Williamson, 1996). This negative
see front matter r 2008 Published by Elsevier Ltd.
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view of biological invaders owes to a focus on antagonistic interactions such as competition, predation and
parasitism, and to a neglect of potentially mutualistic plant–animal interactions with native species (Christian,
2001; Grosholz, 2005; Richardson et al., 2000; Simberloff and Von Holle, 1999), such as seed dispersal and
pollination. Particularly in seed-dispersal interactions, it is recognized that both fleshy fruits and frugivorous
vertebrates show ample generalism (Howe and Smallwood, 1982), thus leading native plants to interact with
numerous frugivorous animals, including alien species.

Many alien herbivorous mammals consume native fruits and seeds in their native range (Crawley, 1997;
Herrera, 1995; Homolka, 1988; Howe and Smallwood, 1982; Janzen, 1984), being considered endozoochorous
seed dispersers because they defecate germinable seeds at variable distances from parental plants (Corlett,
1998; Cosyns et al., 2005; Malo and Suarez, 1995; Malo et al., 2000; Maron and Vilà, 2001; Myers et al., 2004;
Olff and Ritchie, 1998; Pakeman et al., 1999, 2002; Poulsen et al., 2002). Several studies have focused on
livestock (cattle, sheep, goats, horses, donkeys, pigs) dispersal of herb seeds (Cosyns et al., 2005; Pakeman
et al., 2002; Vellend et al., 2003; Welch, 1985), and show that dispersal occurs because germinable seeds are
dropped in feces, despite their digestive treatment having reduced somehow the germinative response (Cosyns
et al., 2005; Pakeman et al., 1999, 2002). However, little attention has been directed to the quality component
of the seed-dispersal service in plant–herbivore systems (Olff and Ritchie, 1998; Wang and Smith, 2002).

Seeds ingested by herbivorous mammals must move through plant demographic barriers that finally
determine their establishment (Wang and Smith, 2002). Thus, quantifying where consumed seeds are
dropped and how endozoochory affects seed survival and germination constitute two integrated compo-
nents of the quality of dispersal service and its demographic consequences for plants (Bustamante and Canals,
1995; McKey, 1975). Dispersal legitimacy quantifies the proportion of ingested seeds that are defecated in
viable and/or germinable conditions (Herrera, 1989), while dispersal efficiency quantifies the proportion of
seeds defecated in safe sites (Reid, 1989). In one extreme, an alien herbivorous mammal could defecate
unviable seeds (illegitimate disperser, or seed predator) or in unsafe sites (inefficient disperser), thus increasing
seed mortality. On the other extreme, seeds could be defecated viable (legitimately) and in suitable sites for
their germination and establishment (efficiently). Characterizing these attributes of seed-dispersal services by
alien mammals enables to understand their demographic consequences for the plants consumed.

The European rabbit (Oryctolagus cuniculus) is an introduced herbivore in several regions around the world,
including the Americas, Great Britain, Africa, Australia, New Zealand, and countless small islands
(Armstrong, 1982; Flux, 1994; Flux and Fullagar, 1992). In the majority of these regions, European rabbits
are considered a pest due to their deleterious effects on native vegetation (Bullock et al., 2001; Cooper and
Brooke, 1982; Courchamp et al., 2003; Jaksic, 1998; Merton et al., 2001; Selkirk et al., 1983; Taylor, 1968;
Thompson and King, 1994). Most studies focusing on germination of seeds defecated by rabbits have been
conducted in their original range in Europe (Cosyns et al., 2005; Dellafiore et al., 2006; Malo and Suarez,
1995; Malo et al., 2000; Pakeman et al., 2002). Observations in central Chile by Hoffman et al. (1989) indicate
that European rabbits consume seeds and fleshy fruits of native woody plants, but until now it has not been
evaluated whether rabbits contribute to their dispersal.

During fieldwork in central Chile, we detected intact and germinating seeds of the native shrub Lithrea

caustica (Anacardiaceae) inside European rabbit feces. We used a combination of observational and
experimental procedures to evaluate the quality of seed-dispersal services rendered by rabbits to L. caustica.
Specifically, we quantified: (a) dispersal efficiency, determining whether rabbits defecate seeds in safe sites for
establishment, and (b) dispersal legitimacy, quantifying the rate at which seeds of L. caustica are dropped in
germinable condition. Additionally, we examined the consequences of single and double transit of seeds
through the gut, because O. cuniculus is coprophagous (it eats its own feces).

2. Methods

2.1. Study area

We conducted our study in Estación de Investigaciones Ecológicas Mediterráneas (EDIEM; 331230S,
701310W) located 20 km east of Santiago on the Andean foothills. This study site occupies 835 ha, with
elevations ranging from 1050 to 1915m. The climate is Mediterranean (di Castri and Hajek, 1976), with mean
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annual rainfall of 376.4mm, concentrated during the austral winter months (June–August). The mean
temperature is highest from December to March (corresponding to the austral summer) and lowest from June
to August (the austral winter). Details of the climate and habitat conditions at the study site are available at
www.bio.puc.cl/sca/.

The site is covered by sclerophyllous vegetation, which physiognomically may be described as an evergreen
shrubland (named matorral in Chile), one of the most characteristic vegetation formations in central Chile
(Gajardo, 1994; Rundel, 1981). The composition and physiognomy of the matorral are determined by human
influence (Rundel, 1981), which produces fragments or patches of woody flora with variable composition and
extension (Fuentes et al., 1984). These patches are surrounded by a herbaceous layer with mixed native and
alien herbs, which is distributed mainly between matorral fragments, in the open areas away from shrubs
(Fuentes et al., 1984, 1986). L. caustica is a dominant shrub in these fragments, with cover ranging 12–42%
depending on slope and orientation. Other shrubs such as Kageneckia oblonga (Rosaceae), Colliguaja odorifera

(Euphorbiaceae), Baccharis rosmarinifolia (Asteraceae), Quillaja saponaria (Rosaceae), Podanthus mitique

(Asteraceae), Acacia caven (Fabaceae), and Azara dentata (Flacourtaceae) are present in the fragments as well.

2.2. Plant and herbivore species

L. caustica (known as litre) is an endemic sclerophyllous evergreen shrub in Chile and is distributed between
32 and 391S (Rodrı́guez et al., 1983). This species is common in varied vegetation formations, such as semi-
arid coastal scrub, evergreen scrubland, and evergreen forest (Gajardo, 1994), being particularly abundant in
the matorral formation. The flowering and fruiting periods occur during September–December and
February–March, respectively (Rodrı́guez et al., 1983), although fruits may be present in parental plants
during all year. The fruit is a hard drupe containing only one seed with a lentil form (5–6mm long, 3–4mm
wide). The fruit is consumed and potentially dispersed by native birds and foxes (Hoffmann et al., 1989; Jaksic
et al., 1980; León-Lobos and Kalin-Arroyo, 1994; Rodrı́guez et al., 1983), but these consumers have become
scarce in the matorral exposed to recurrent human influence, especially so in the study site (Jaksic, 2001).

The European rabbit O. cuniculus was introduced to central Chile and is now distributed between 27 and
411S, ca. 2000 km along the country (Jaksic et al., 2002). In the matorral, studies on rabbit ecology have
focused on its importance as a browser and grazer (Fuentes et al., 1983, 1984; Holmgren, 2002; Jaksic and
Fuentes, 1980) and as prey of native predators (Jaksic and Fuentes, 1991; Jaksic and Ostfeld, 1983; Jaksic and
Soriguer, 1981). As a herbivore, the rabbit limits the recruitment of native woody plants and herbs to
underneath nursery shrubs (Fuentes et al., 1984, 1986; Jaksic and Fuentes, 1980), because its foraging activity
occurs mainly in open areas between shrubby patches (Fuentes et al., 1983; Jaksic et al., 1979). As noted by
Hoffman et al. (1989), rabbits also feed on fruits and seeds.

2.3. Spatial distribution of dispersed seeds

During the austral summer of 2006, we quantified the efficiency of rabbits as seed dispersers of L. caustica

by examining the spatial pattern of fecal seed deposition. Because of its harsh conditions of high temperature
and low humidity, the austral summer constitutes a critical and limiting period for the establishment of
seedlings. We recognized two habitat patch types: the exposed area corresponding to a herbaceous matrix
located between woody patches (distant 15–20m from woody fragments), and the sheltered area
corresponding to sites underneath woody patches (1–3m inside of fragments). These patches were defined
according to their microclimatic and ecological relevance for the establishment of native plants—including
L. caustica—according to previous studies at the study site (del Pozo et al., 1989; Fuentes et al., 1984, 1986;
Jimenez and Armesto, 1992).

In each patch, we set 50 permanent plots (2� 2m, totaling 100 plots). Initially, plots were marked for future
visits and then all old rabbit feces were removed. Monthly, we collected fresh rabbit feces from every plot and
recorded the number of seeds of L. caustica in each fecal pellet. Defecated seeds were placed in petri dishes
(five per dish), with moist blotting paper during 3 days, and later subjected to the tetrazolium test (Barton,
1961), thus determining their viability. We estimated the efficiency of rabbits as seed dispersers of L. caustica

by calculating the proportion of seeds dropped in viable condition to the two habitat patches recognized.

http://www.bio.puc.cl/sca/
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Additionally, we sampled the abundance of recently emerged seedlings of L. caustica in both habitat patches.
We used 100 other quadrates (2� 2m) equally distributed in exposed and sheltered areas, and recorded the
number of seedlings of L. caustica. Seedlings were recognized by their size (o20 cm tall) and special attention
was paid to excluding ramets.

2.4. Endozoochory effects on germination and survival

A sample of five males and three females of wild-caught European rabbits (mean body mass7S.D. for
males: 7607240 g, for females: 7667380 g) were captured at EDIEM. Rabbits were weighted and maintained
in captivity in cages of 0.8� 0.4� 0.4m. They were acclimated during 7 days with commercial rabbit food
pellet (0.1 kg of pellets/day/rabbit twice a day) and water ad libitum. Daily, all rabbits were weighted to control
for drastic changes in body mass.

2.4.1. Feeding experiments

We collected 42000 mature fruits of L. caustica from 50 different plants. Their pericarp was manually
removed, storing the seeds in paper bags and then maintained at 10 1C. Twelve randomized sub-samples of
seeds (50 seeds for each sub-sample, totaling 600 seeds) were set apart for experimental tests. Together with
food pellets, we offered 50 seeds of L. caustica to each rabbit. Rabbits consumed all seeds in variable periods
ranging 1–3 days. During this period, all rabbit feces were collected and the seeds removed manually. Then,
four rabbits were randomly chosen to re-consume their defecated seeds, simulating the double passage
through the digestive tract that occurs during coprophagy. For this purpose, seeds were offered together with
commercial pellet, as in the previous experiment. Thus, we obtained three pre-germinative treatments: intact
and defecated seeds, the latter with single or double passage throughout the rabbit digestive tract, which were
subsequently used in the germination experiments described in the following text.

2.4.2. Germination experiments

Intact and defecated seeds were subjected to germination trials in petri dishes (five per dish), in a greenhouse
(Pontificia Universidad Católica de Chile; temperature: 35–15 1C; photoperiod: 16/8). Each dish had blotting
paper periodically moistened. Daily, we recorded seed germination defined by radicle emergence. This
experiment lasted 2 months, and at its end the non-germinated seeds were submitted to the tetrazolium
viability test (Barton, 1961). In each pre-germinative treatment, we determined four indices of germination
dynamics: (a) initiation time of germination (ITG), which is the average time in days to recording the first
germination among dishes; (b) accumulative germination (AG), which is the cumulative frequency of
germination determined daily; (c) mean time of germination (MTG), which is the average time in days to
recording 50% of the seeds germinated among dishes; (d) final germination rate (FGR), which is the
percentage of germination at the end of the experiment.

2.5. Data and statistical analyses

We compared the frequency and density of rabbit feces, defecated seeds, and seedlings established,
according to exposed and sheltered patches as the grouping factor. Frequencies were analyzed by
means of G-test, whereas densities were analyzed using Mann–Whitney U-test (Sokal and Rohlf, 1994). In
order to compare seed survival after gut passage, we carried out a G-test upon a contingency table
(Sokal and Rohlf, 1994). Here, we used the final survival frequency (viable+germinated seeds) grouped
into three seed categories: intact, endozoochorical (one passage throughout gut), and coprophagical
(two passages).

The effect of gut passage on germination dynamics (ITG and MTG) was assessed by a Kruskal–Wallis
H-test (Sokal and Rohlf, 1994), with variables grouped according to the number of gut passages (0, 1 and 2) as
factors. We used a G-test to compare FGR and repeated-measures ANOVA (MGLM; Sokal and Rohlf, 1994)
in the accumulated germination. The relative germination accumulated (arcsine square-root transformed) was
used as dependent variable, using four replicates (four rabbits) by treatment: intact, endozoochorical, and
coprophagical seeds. Subsequently, we used the a posteriori multiple comparisons test (T-test) for recognizing
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differences among these treatments (Sokal and Rohlf, 1994). All these analyses were made using version 6.0.1
of Systat.

3. Results

3.1. Spatial distribution of defecated seeds and seedlings

A total of 28 seedlings of L. caustica were recorded among the 100 quadrates. Twenty-five of them (89.2%)
were found in sheltered patches and only three (10.8%) in exposed patches, with a mean7S.D. of 0.570.7 and
0.0670.2 individuals/2m2, respectively (Table 1). We detected statistical differences in seedling frequency
between both patches (G ¼ 19.7, Po0.05, d.f. ¼ 1), nearly nine times higher in sheltered than in exposed
patches.

The number of fresh rabbit feces collected was 2990, with 1580 (52.8%) from exposed patches and 1410
(47.2%) from sheltered patches, which is statistically different (G ¼ 9.6, Po0.05, d.f. ¼ 1). The frequency of
seeds defecated in both patches was different as well (G ¼ 11.5, Po 0.05, d.f. ¼ 1), with 66.6% of seeds
deposited in sheltered and 33.4% in exposed patches (Table 1). All (100%) seeds retrieved from rabbit feces
were viable.

3.2. Endozoochory effects on germination and seed survival

Seeds with a single gut passage had a final survival of 82%, ranging 76–90% (Table 2). Thus, digestive
processing destroyed 18% of them. For coprophagical seeds (two gut passages), final survival was 52%,
ranging 40–62%. An increase in destroyed seeds is clear here (48% on average). The percentage of final
survival of seeds in both treatments shows statistical differences according to the number of passages
throughout rabbit’s digestive tract (U ¼ 0, P ¼ 0.02), indicating that seed survival depended on the number of
gut passages. All defecated seeds that were physically intact at defecation got to germinate or came up positive
in the tetrazolium test (Table 2).

Accumulated germination according to different treatments is shown in Fig. 1. The curves show a marked
increase in germination of defecated seeds while intact seeds display a slower germination rate. Seeds
consumed by rabbits show earlier germination, 5–6 days on average, in contrast to 35 days among intact seeds
(Table 2). Statistical differences were found between consumed and intact seeds according to ITG (T ¼ 6.8,
P ¼ 0.001). FGR in intact seeds was 5% on average (range 2–10%; Table 2), while consumed seeds (single and
double passage) had a significantly higher FGR (75% and 67%, respectively, U ¼ 0, P ¼ 0.006; Table 2).
Finally, we did not find differences in MTG between treatments, ranging 33–36 days long (T ¼ 8.7, P ¼ 0.63;
Table 2).

Intact seeds showed a slower germination rate, reaching an average of 5.5% (range 2–10%) at the end of
trials (Table 2), while endozoochorous seeds (single and double passage) displayed a higher rate of
germination and of final germination (74.9% and 63.2%, respectively; Table 2). Repeated-measures ANOVA
showed significant differences between the dynamics of germination according to pre-germinative treatment
Table 1

Spatial distribution of L. caustica seedlings and of rabbit-defecated seeds in two habitat patches (sheltered and exposed) in Chilean

matorral

Habitat patches Seedlings Defecated seeds

n (%) Abundance n (%) Abundance

Sheltered 25 (89.2) 0.5070.6 68 (66.6) 1.3672.0

Exposed 3 (10.8) 0.0670.2 34 (33.4) 0.6870.8

Test G ¼ 19.7 (Po0.05) G ¼ 11.5 (Po0.05)

Abundance is expressed as mean7S.D.
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Table 2

Indices of germination for seeds of L. caustica in response to none, single, and double passage throughout rabbit digestive tract

Indices None Single Double

Seed survival (%) 100 82 (76–90) 52 (40–62)

Initiation time to germination (ITG; days) 37 (30–46) 7 (4–10) 8 (2–15)

Mean time to germination (MTG; days) 52 (45–56) 48 (49–50) 46 (37–52)

Final germination rate (FGR; %) 5 (2–10) 75 (58–91) 65 (58–75)

Range values are indicated in parentheses.
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Fig. 1. Accumulative germination (mean7S.E.) of L. caustica seeds. Black squares: seeds passed once throughout rabbit digestive tract;

white triangles: seeds passed twice; white squares: seeds not ingested by rabbits.
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(Table 3). Interestingly, the a posteriori test detected differences due to intact-seed treatment (Po0.001 in both
comparisons), without differences between endozoochory- and coprophagy-treatment (T ¼ 1.3, P ¼ 0.989).

4. Discussion

Overall, our results indicate that L. caustica is dispersed by rabbit endozoochory, the legitimacy and
efficiency of this dispersal service being maximized when the seeds experience a single gut passage and are
dropped inside woody fragments in the matorral. Passage of L. caustica seeds through the gut of O. cuniculus

reduces seed survival but increases germination rate and final germination as well. Considering that rabbits
perform coprophagy (eat their own feces), differences in these parameters could be expected according to the
number of gut passages. Indeed, a double passage (simulating coprophagy) decreased significantly seed
survival by 30%, and decreased germination rate and final germination by 10% on average. Complementarily,
rabbits defecated viable seeds into the two habitats patches defined here, exposed and sheltered. Still, seeds
defecated by rabbits were more frequent in sheltered than in exposed patches (66% versus 34%, respectively).

According to previous research, sheltered patches in the Chilean matorral are safe sites for the establishment
of woody plants, because they enable escape from herbivory by mammals (Armesto and Pickett, 1985; Fuentes
et al., 1984; Jaksic and Fuentes, 1980; Jimenez and Armesto, 1992) and from desiccation during the austral
summer (del Pozo et al., 1989). Thus, the 28 seedlings of L. caustica found in our 100 quadrates confirm that
areas underneath woody patches are safer, at least during early steps of establishment: 89% of the seedlings
were in sheltered patches, while only 11% were in exposed patches. It is important to remark that the
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Table 3

Univariate repeated-measures ANOVA showing the effects of pre-germinative treatments, time, and interaction between time and pre-

germinative treatments

Source d.f. F P

Between subjects

Pre-germinative treatments 2 25.1 o0.001

Error 9

Within subjects

Time 5 140.3 o0.001

Time�pre-germinative treatments 10 29.7 o0.001

Error 45 28.2

S.A. Castro et al. / Journal of Arid Environments 72 (2008) 1164–11731170
regeneration of woody plants of the Chilean matorral is strongly limited by herbivory and drought, resulting
in a scarce number of seedlings that can recruit annually (Fuentes et al., 1984, 1986; Jimenez and Armesto,
1992); thus, the 28 seedlings found in our quadrates represent a considerable proportion of the seedlings
recruited that year. Although about half the rabbits feces were found in either habitat patch, two-thirds of the
defecated seeds were found in the sheltered patch. Perhaps rabbit droppings decompose more quickly in the
exposed patch.

The rabbit-caused mortality of L. caustica seeds was due to chewing, judging from seed fragments found in
feces. In contrast, all physically intact seeds retrieved from rabbit feces were viable. On the other hand,
germination is likely associated to mechanical and chemical scarification (Cabello, 1979), when the hard coats
of the seed are partially removed during the digestive process, as has been documented in other members of
Anacardiacea (Cabello, 1979, 1990; Castro et al., 1994; Verdú and Garcı́a-Fayos, 2002). Other authors have
suggested that alien herbivores (including European rabbits) facilitate the spread of alien herbs in
Mediterranean-type communities all over the world (Arroyo et al., 2000; Kruger et al., 1989), implicitly
invoking the invasional meltdown hypothesis (Simberloff and Von Holle, 1999) of positive effects among non-
native species. However, our results show that native plants are susceptible to seed dispersal by alien species as
well. Further, we have also recorded seeds of native shrubs Cryptocarya alba (Lauraceae), Azara lanceolata

(Flacourtiaceae), and Peumus boldus (Monimiceae), as well as of native herbs and monocots, in feces of
European rabbits.

The endemic L. caustica is a dominant shrub in the Chilean matorral (Gajardo, 1994). Although several
species of native vertebrates (including birds, rodents, and foxes) have been described as frugivorous and as
potential seed dispersers of L. caustica in central Chile (Hoffman et al., 1989), little quantitative evidence is
available. León-Lobos and Kalin-Arroyo (1994) documented that L. caustica seeds obtained from fox feces
(Pseudalopex sp.) exhibit delayed germination in comparison with seeds obtained directly from trees, and that
foxes did not affect the final percentage of germination. Interestingly, not only foxes but several other
vertebrates that potentially disperse seeds of L. caustica have been reduced in abundance in our study site by
increasing human interference over the last 25 years (Jaksic, 2001). This is not the case of rabbits, which now
thrive in the study site and in the matorral in general, and thus may have an unsuspected role as dispersers of
L. caustica and other plants, and may be functionally replacing native seed dispersers.

The European rabbit is considered a biological pest in its exotic ranges (Flux, 1994; Thompson and King,
1994), including central Chile (Jaksic and Fuentes, 1991). But according to our results, its ecological role may
be more complex than previously thought. First, O. cuniculus affects plants by browsing or grazing them,
choosing some and ignoring other species, thus exerting a significant role in determining the coexistence and
structure of the plant communities where it lives (Castro and Jaksic, unpublished data; Chapuis et al., 2004;
Zavaleta et al., 2001). Second, seed dispersal by rabbits may be a more generalized phenomenon, especially for
plants with small seeds, which are the most likely candidates to survive digestion (Cosyns et al., 2005; Malo
et al., 2000; Myers et al., 2004). Seed dispersal by rabbit exozoochory may be important as well, but virtually
nothing is known about this phenomenon in its exotic ranges (Malo and Suarez, 1997). Thus, the ecological
role of the European rabbit—and of other alien species now considered biological pests—should be revisited
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in the light of more complete ecological evidence. Critical research involves a quantification of the seed-
dispersal services (if they exist) that alien species may perform for both native and exotic plants.

We conclude that European rabbits act as legitimate and efficient seed dispersers of the Chilean native shrub
L. caustica, performing a similar role to native vertebrates that have been reduced in abundance by human
agency in central Chile. Following Richardson et al. (2000), we suggest that the generalist syndrome, common
among plants and dispersers, may be an arena of positive ecological effects between native and alien species.
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