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Abstract
The introduction of exotic herbivores to islands is one of the most harmful challenges to 
the conservation of insular biodiversity, causing the extinction or geographical reduction 
of many plant species worldwide and motivating conservation actions from environmental 
managers. Here, we evaluated the recovery of plant communities, specifically the endan-
gered Medicago citrina, on a small islet close to Ibiza (Western Mediterranean Basin) after 
the complete eradication of introduced rabbits (fully eradicated in 2016). To evaluate the 
variation of plant richness and coverage, five permanent plots were installed in 2015 to 
record over five years. Additionally, an exhaustive census geolocating all M. citrina indi-
viduals was carried out in 2019. Total vegetation cover, plant richness and Shannon’s diver-
sity index significantly increased throughout the study period. We counted 2,322 M. citrina 
individuals over 15  cm tall and a large number of seedlings. Therefore, this population 
not only successfully recovered, but also established the largest population in the entire 
geographic distribution of this species. The demographic structure is dominated by young 
individuals and a few large individuals, and the distribution across the island is hetero-
geneous since the largest spots of individuals were located in ravines where air currents 
probably provided seeds from plants located in inaccessible cliffs. However, the appear-
ance of the invasive insect Icerya purchasi now threats the population of M. citrina as it 
feeds on the tissues of adult plants and compromises its development and survival. This 
study proves the eradication of herbivores is the most efficient way to conserve vulnerable 
species.
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Introduction

Biological invasions are the second leading cause of extinction worldwide (Gurevitch and 
Padilla 2004; Bellard et  al. 2016b) and disturb the function and stability of ecosystems 
(Capizzi 2020). Insular plants and vertebrates have been particularly affected by alien spe-
cies (Diamond 1989; Hänel and Chown 1998; Bellard et al. 2016b). Introduced herbivores 
such as rats, rabbits and goats interact with the native vegetation via direct impacts such 
as browsing and indirect impacts such as alteration of the soil composition or destruction 
of habitats (Coblentz 1978; Desender et al. 1998; Campbell and Donlan 2005). Moreover, 
introduced insects can also damage plant species by acting as plant disease vectors, phloem 
and leaf feeders, or florivores (Causton et al. 2006).

Goats are one of the most harmful introduced species and have severely damaged the 
flora of many islands, which has motivated eradication initiatives (Campbell and Donlan 
2005). As examples, a 30-year eradication program was performed on La Pinta Island, 
Galápagos, Ecuador (Campbell et al. 2004), and a 12-year eradication program was carried 
out on Dirk Hartog Island, Australia (Heriot et al. 2019) among others, including 107 suc-
cessful attempts in the Mediterranean islands (Capizzi 2020).

Rats are also very commonly introduced onto islands and islets and generally reach very 
high population densities (Cheylan 1999; Meyer and Butaud 2009). The impact of rats on 
flora is not negligible, for example the presence of rats altered the communities of plant 
species on islets in the Cabrera Archipelago National Park (Palmer and Pons 2001). Fur-
thermore, rabbits can have an extremely deleterious impact on small islands, both directly 
by predation and indirectly by soil erosion and ecosystem transformation (Taylor and Love-
grove 1997; Eijzenga 2011; Schweizer et al. 2016).

The damage caused by invertebrate species has also severely affected plant populations 
on many islands, such as the example of predation of vegetation by Limnophyes minimus 
larvae on Marion Island (Hänel and Chown 1998), the severe defoliation of Buxus species 
by the alien moth Cydalima perspectalis (Baur et al. 2019) or the predation of the xylem 
vessels of many plant species by Icerya purchasi (Watson and Malumphy 2004; Alvarez 
et al. 2012). In particular, I. purchasi has invaded many islets in the western Mediterranean 
Basin, and threatens the conservation of narrowly distributed species like Medicago cit-
rina on islands such as Columbretes and Cabrera (Laguna and Jiménez 1995; Laguna et al. 
2017).

Monitoring of the ecosystem is essential after completion of an eradication program. 
Vegetation can significantly recover after eradication, as observed on Santa Cruz Island, 
California (Beltran et  al. 2014), and Maui, Hawaii (Scowcroft and Hobdy 1987) or Es 
Vedrà, Balearic Islands (Capó et al. 2022). However, the chances of successful recovery 
of plant species may be lower when eradications are performed in areas where herbivores 
invaded the island many decades ago (Zavaleta et al. 2001; Eijzenga 2011). For example, 
other invasive alien plant species may benefit from eradications and colonize the ecosystem 
more rapidly than native species, as occurred for Casuarina equisetifolia on Nishi-jima 
Island, Ogasawara, after eradication of black rats (Rattus rattus) and feral goats (Capra hir-
cus) (Abe et al. 2011). In this context, monitoring vegetation after eradication is crucial to 
elucidate how species recolonize their habitat and to evaluate if new threats have appeared 
requiring more interventions (IUCN/SSC 2013).

Though herbivory by alien interferes with the whole ecosystem, range-restricted spe-
cies are considered to be the most vulnerable species, especially if they lack defenses 
against herbivory or have high palatability (Bowen and Van Vuren 1997; Cubas et al. 2019;  
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Capó et al. 2021). Therefore, range-restricted species may become extinct or constrain their 
distribution if alien herbivores are uncontrolled (Pisanu et al. 2012; Doherty et al. 2016; 
Fenu et al. 2016; Bellard et al. 2016a; Oliveira et al. 2021). Many species have been threat-
ened by alien herbivores on archipelagos such as the Hawaiian Islands (Eijzenga 2011; 
Barton and Hanley 2013; Barton 2016), Galápagos Archipelago (Campbell et  al. 2004; 
Carrion et al. 2011), Santa Cruz Island in California (Beltran et al. 2014), Canary Islands 
(Nogales et al. 2006; Garzón-Machado et al. 2010; Cubas et al. 2019) and Balearic Islands 
(Latorre et al. 2013; Capó et al. 2021).

The Balearic Islands are affected by alien herbivores, so mammal (goats, rats and rab-
bits) eradications have been performed on some islets of the Archipelago (Mayol et  al. 
2012; Capizzi 2020; Capó et  al. 2022). Particularly, rabbits from s’Espartar, an islet of 
20 ha close to Ibiza, were eradicated by the environmental authority in three steps using 
different methods: (i) first, most individuals were removed by hunting, (ii) then, combining 
hunting and poisonous traps and (iii) poisonous traps for remnant individuals (Colomar 
and Picorelli pers. com.). Major part of rabbits was eliminated from 2011 to 2013, and only 
few remnant individuals were removed in 2014 and 2015 (one individual in 2016). Since 
then, eradication was considered successful since any trace of rabbits was not recorded on 
the islet anymore. From the first attempt until the complete eradiation, ca. 300 rabbits were 
eliminated (Colomar and Picorelli, pers. com). This islet is home to the most abundant 
population of the threatened plant species Lamottea dianae and a remarkable population of 
the endangered species M. citrina, which was restricted to coastal cliffs areas where plants 
are inaccessible to rabbits (Mateu 2011).

Medicago citrina is exclusively located on twelve small and disjunct islets (see below). 
This species did not colonize larger islands or mainland, except for a few cases (Laguna 
et al. 2017), even when the islet is close to the mainland or other islands. The hypotheses 
proposed to explain this bizarre distribution are an extreme specialization to this particular 
microhabitat and seabirds are responsible for the colonization of these small islets or, more 
likely, there has been a contraction of the plants’ original range reduced to those islets 
where never have been herbivores. So, the main hypothesis, almost for Balearic popula-
tions, is that these islets acted as the last refuge for this species (Rita 2019). In fact, it is 
well known that this species is very vulnerable to mammal herbivores, especially goats, rats 
and rabbits (Palmer and Pons 2001; Latorre et al. 2013). Therefore, herbivores could have 
been the main reason of this so constricted distribution. Indeed, a recent study reported that 
M. citrina has lower tolerance to herbivory than the closely related and widespread species 
Medicago arborea (Capó et al. 2021). Like many other Mediterranean range-restricted spe-
cies, M. citrina is well adapted to drought conditions and exposure to high salinity (Juan 
and Crespo 1999; Lefi et  al. 2004), which has allowed it to effectively compete against 
other plants under the hard environmental conditions of the small islets (Juan and Crespo 
1999). However, coinciding with eradication of the rabbits, the presence of I. purchasi was 
reported for the first time on s’Espartar islet and found to affect M. citrina individuals, 
probably due to the presence of this pest in surrounding islets (pers. observ.). This record 
implied that the spread of I. purchasi may interfere with the recovery of the M. citrina 
population after the eradication of rabbits.

In this context, the objectives of the present work were (i) to assess how plant com-
munities responded to the eradication of rabbits from s’Espartar, (ii) to evaluate the 
whole population structure of M. citrina after the eradication of rabbits from the islet, 
and (iii) to assess the threat of I. purchasi to the recolonization of M. citrina on the 
islet. We hypothesized that (i) the coverage of the whole vegetation would increase in 
absence of rabbits, (ii) the population of M. citrina would increase and the recruitment 
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of juveniles would be high once the herbivores were absent, and (iii) the stabilization 
of the population of M. citrina would increase the probability of the I. purchasii arrival 
from near infested islets.

Materials and methods

Study system

S’Espartar is an islet (20  ha) located 1,300  m away from the western coast of Eivissa  
(38° 57′ N, 1° 11′ E) with a maximum length and width of 890  m and 360  m respec-
tively, and an altitude of 70  m asl (Fig.  1). The most extensive vegetation communities 
on s’Espartar are grasslands of Stipa tenacissima, which occupies the warmest and driest 
slops; shrublands of Olea europaea var. sylvestris, Pinus halepensis and Pistacia lentiscus, 
located in the higher areas; and coastal slopes and ravines of Atriplex halimus, among oth-
ers (Fig. 2). Some areas of the islet have a high density of range-restricted or threatened 
species such as Lamottea dianae, Diplotaxis ibicensis and Silene hifacensis (Mateu 2011).

Medicago citrina (Fabaceae) is a shrub that reaches up to 3 m tall and wide, with yellow 
flowers and spiral-shaped pods (Sales and Hedge 2000). The species does not exhibit asex-
ual reproduction. Flowers are self-compatible but depend on large floral visitors (mainly 
hymenopterans, hoverflies and blowflies) for tripping and pollination (Pérez-Bañón et al. 
2003). It produces a large number of seeds, although seed set in small-islet populations 
may be lowered by scarcity of appropriate pollinators (Juan 2002; Pérez-Bañón et  al. 
2003). The species forms a long-term soil seed bank that ensures the population regenera-
tion, and germination rate seems to increase when seeds pass through the digestive tract of 
animals (Laguna et al. 2017). Besides seabird dispersal, fruits can be easily dispersed by 
wind as they consist of flat and very light legumes with wide wings. The distribution of 

Fig. 1   Map of the location of the subarchipelago of Eivissa and Formentera in the Western Mediterranean 
Basin, showing the location of s’Espartar Islet
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this species is restricted to 12 small islets in the Balearic and Columbretes Archipelagos, 
and a small islet close to the Iberian Peninsula (Fig. 3). The overall population of the spe-
cies was estimated at 2,500 individuals (Laguna et al. 2017), thus M. citrina is in the IUCN 

Fig. 2   Vegetation map of the islet of s’Espartar in 2010, the yellow squares with numbers correspond to the 
permanent plots installed in 2015. Data from Mateu (2011), with modifications

Fig. 3   Geographic distribution of Medicago citrina populations. Each point can cover more than one 
island. Original populations are labeled in red; introduced populations are labeled in blue. The population 
on Grossa de Columbretes Island was reintroduced after it became extinct. The population on Dragonera 
Island was probably introduced. Isolated individuals appear sporadically in the larger islands of the Balearic 
Islands and also on the coast of the Iberian Peninsula (these individuals have not been indicated)
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Endangered category (Rita 2019) and is one of the 50 most threatened plant species of the 
Mediterranean Islands (Pasta et al. 2017).

Medicago citrina is severely affected by I. purchasi, which feeds on the tissues of the 
species and compromises its development and survival. The first records of I. purchasi on 
the Columbretes Islands were made in 1996 (Juan 2002) and at almost the same time on 
the Cabrera Islets, and the species expanded to all islets in the archipelago between 2004 
and 2006. The first records of I. purchasii in the populations of Eivissa were made on na 
Bosc Islet (ses Bledes) in 2018 and on s’Espartar in 2019 (pers. observ.). This pest has 
caused severe damage on the Columbretes Islets, reducing the M. citrina population by 
close to 85% (Laguna et al. 2017), and severe damage of the population on na Bosc Islet 
close to Ibiza has also been observed (pers. observ.).

Monitoring recovery of plant communities after the eradication of rabbits

Five 10 × 10 m permanent plots were installed in different areas of s’Espartar in 2015 to 
include the main plant communities of the islet. The habitats selected for the installation 
of each plot were: grasslands of Stipa tenacissima, ravines with Atriplex halimus, com-
munities of Lamottea dianae, and shrublands of Pistacia lentiscus and Olea europaea 
var. sylvestris. Each plot was visited annually from 2015 to 2019, and the monitoring was 
performed always in middle of May to account for the therophyte species and to accom-
plish data homogenization among years. We compiled an inventory of the vascular flora 
by direct observations or sampling difficult-to-identify species for identification in the lab-
oratory using determination manuals (Gil and Llorens 2017). The Braun-Blanquet index 
was used to evaluate the abundance-dominance of each species (Braun-Blanquet 1979). 
Additionally, 20-m transects were used to evaluate species coverage by reporting each indi-
vidual found every 10 cm (200 sampling points per plot and year). Transects were placed 
from one vertex of the plot to the opposite diagonal vertex. From this data, we calculated 
indexes related to diversity: species richness (S), as the number of total species, Shannon’s 
diversity index (H’) (Shannon 1948) and Pielou’s evenness (J), calculated as J = H’/ln(S) 
(Pielou 1975). Diversity indexes were calculated using the ‘diversity’ and ‘specnumber’ 
functions of ‘vegan’ package (Oksanen et al. 2008).

All statistical analyses were performed in R 3.6.1 (R Core Team 2021). Recovery of 
vegetation was assessed using a Generalised Additive Mixed Model (GAMM), consider-
ing plant coverage or diversity indexes as explained variables, years as a smooth variable 
and plots as random factor. Moreover, the number of individuals of M. citrina observed 
inside the plot were recorded to evaluate the species recovery; the temporal variation was 
assessed using a Generalised Linear Model (GLM) with a Poisson distribution for the num-
ber of M. citrina individuals. Subsequently, analysis of variance was performed using the 
‘Anova’ function of ‘car’ package (Fox and Weisberg 2019). To evaluate ad-hoc groups, 
the Tukey test was performed using the ‘lsmeans’ function of the ‘lsmeans’ package (Lenth 
2016).

Analysis of the population structure of Medicago citrina

During the final year of monitoring the permanent plots, we georeferenced and meas-
ured the total population of M. citrina, except for seedlings (< 15 cm high) and individu-
als located on inaccessible cliffs. Each individual was georeferenced using a differential 
GPS corrected by the Servei d’Informació Territorial de les Illes Balears (SITIBSA) 
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network. All GPS points were obtained using a Leica System RTK RX 1200 and Leica 
TPS800, which provide a maximum deviation of 0.05 m that allows individuals to be accu-
rately located (Leica Geosystems 2013). Data on the plant height (cm), canopy diameter 
(cm), trunk diameter (mm) at 5 cm above the terrain, and presence of reproductive struc-
tures were collected for each individual. We also calculated the size index using (plant 
height + canopy diameter)/2, as described by De Cáceres et al. (2013). Seedlings that meas-
ured less than 15 cm were not sampled, but considered as recruitment of the surrounding 
adults. Individuals of M. citrina infested by I. purchasi were also recorded to assess the 
impact of the pest on the population. Biometric parameters were calculated for the general 
population and for patches of high-density of individuals and also differentiating infested 
from non-affected individuals. Statistical analysis was conducted in R 4.1.1 (R Core Team 
2021) by implementing a linear model including biometric parameters described above as 
fixed factors and patches of high density or infestation as response variables. Analysis of 
the variance was performed by ‘Anova’ function from the ‘car’ package (Fox and Weisberg 
2019).

The distribution of the M. citrina population was represented with QGIS 3.10 (QGIS 
Development Team 2020). The results were compared with data from previous studies 
(Bibiloni et al. (2003); Mateu (2011)) on the same islet.

Results

Plant community coverage and richness increased after the eradication of rabbits

Analysis of the five permanent plots between 2015 and 2019 (rabbits were fully eradicated 
in 2016) revealed a significant increase in the total vegetation cover (Fig. 4). Moreover, the 
diversity indexes indicated significant increases in plant richness and Shannon’s diversity 
over the study period but non-significant changes for Pielou evenness index (Fig. 4).

Seedlings of M. citrina were only observed in one of the five plots at the beginning of 
the experiment (2015), in three plots in the following year (2016), and in four plots in 2017 
(Fig. 5). Globally, there was a significant increase both in the number of individual plants 
and coverage of M. citrina. These increases were especially more rapid for plots 2 and 3, 
those closest to cliffs with rupicolous populations of M. citrina. Some seedlings survived 
in the four plots and then died the following year, though a general increasing trend was 
still observed (Fig. 5). Plot 1, which was not colonized by M. citrina throughout the study 
period, was the furthest from the putative source area and located inside a dense grassland 
of Stipa tenacissima (Fig. 3).

The population of M. citrina recovered after to rabbits’ eradication

A total of 2,322 individuals taller than 15  cm were recorded, which represented a den-
sity of 116 individuals/ha. The geographic distribution of the population was heterogene-
ous, with some spots containing a high density of individuals (Fig. 6A). Grasslands with 
predominance of the perennial graminoid Stipa tenacissima had the lowest density of M. 
citrina individuals. On the contrary, areas close to cliffs, where population inaccessible to 
rabbits exist, showed the highest density of M. citrina. In particular, M. citrina was domi-
nant in two spots on the islet. One spot is located on the western slope of the central ravine 
and the other is on the western part of the islet; both of these spots are close to the cliffs 
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Fig. 4   Increase of the total plant coverage and variation in diversity indexes after the eradication of rabbits 
(2016) in the five permanent plots analyzed in this study

Fig. 5   Number of Medicago citrina individuals reported each year of the study period (2015–2019). The 
overall trend is indicated in the dotplot (left) using error bars to indicate standard error. Letters indicate 
significant differences determined using the Tukey test. The recovery process of each plot is detailed in the 
diagram (right); each color represents a permanent plot, and the size of the plant is classified as seedling, 
juvenile or adult. Plot 1 was not included as no individuals were reported in any year
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Fig. 6   A Distribution map of Medicago citrina after the eradication of rabbits in 2016 (data from 2020); 
B distribution of M. citrina individuals with a trunk diameter greater than 40 mm; C potential routes of M. 
citrina recolonization according to the slope and orientation of ravines in the islet (solid arrows) and other 
putative sources of seeds (dotted arrows). Individuals detected before the eradication are marked in red, 
both those found in cliff areas (polygons) and isolated individuals in areas accessible to rabbits across the 
islet (dots)
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on the north coast. Interestingly, the eastern part of the islet has not been colonized by M. 
citrina yet, with only few individuals found along the south-eastern zone.

The western part of the islet had the densest population of M. citrina, representing 
37.2% of the whole population. In this area there were the 65.5% of total individuals with a 
trunk diameter greater than 40 mm, and the 76.6% of those with trunk wider than 50 mm. 
The average trunk diameter of this subpopulation differed significantly to that of the overall 
population (df = 1, F = 19.33, p < 0.001); therefore, the largest—and potentially oldest—M. 
citrina individuals were mainly located at that area (Fig. 6A, B).

Overall, the M. citrina individuals were mainly young (28.1% had a stem diameter less 
than 1 cm, and up to 65.7% had a stem diameter less than 2 cm), with only a small number 
of older individuals (2.0% had a diameter greater than 5 cm and only six had a diameter 
larger than 8  cm). M. citrina plants were generally small, as only 4.8% were taller than 
100  cm (the tallest plant was 163  cm). Also, the trunk diameter significantly correlated 
with the height (r = 0.66) and the width of the plant (r = 0.82). Therefore, the trunk diam-
eter and size index exhibited similar demographic trends (Fig. 7). Overall, 56% of plants 
were sexually mature, although this data may be underestimated since part of the census 
was carried out in summer.

Infestation by Icerya purchasi affected M. citrina individuals during recolonization

Recolonization of the islet by M. citrina after the eradication of rabbits coincided with 
the first records of I. purchasi infestation on the islet. Of the overall M. citrina population, 
3.5% of plants (81 individuals) showed signs of the pest. The infested plants were mainly 
located in the western area of the islet and some individuals exhibited considerable dam-
age that could affect their survival (Fig. 8). Damaged individuals had higher trunk diam-
eters and higher size indexes than the average values. Therefore, I. purchasi preferentially 
attacks larger, adult individuals than smaller plants (df = 1, F = 19.33, p < 0.001). During 
our study, the pest did not lead to the death of any plants, though the damage may become 
more severe in the future.

Discussion

Plant communities increased in coverage and richness after eradication of rabbits

The entire plant community of the islet exhibited higher plant coverage, species 
richness and Shannon’s diversity index after the eradication of rabbits. Plant cov-
erage notably increased after the eradication, indicating that plants have the ability 
to respond rapidly. This event is not rare, as many plant communities in other areas 
increased after eradication of herbivores (Bullock et  al. 2002; Beltran et  al. 2014; 
Chapuis et al. 2004). The impact of herbivores is more severe under insular conditions, 
especially for range-restricted species without defences (Bowen and Van Vuren 1997; 
Cubas et al. 2019; Capó et al. 2021), and can also negatively affect other plant-animal 
interactions (Traveset and Richardson 2006). Moreover, species richness in the per-
manent plots had doubled four years after the total eradication of rabbits, indicating 
a clear expansion of less-abundant species across habitats, as observed in other areas 
(Kessler 2001). However, further monitoring programs are necessary to guarantee spe-
cies recovery and avoid the appearance of alien species (Abe et  al. 2011), which are 
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abundant along the Eivissa coastline. Our temporal monitoring of the permanent plots 
showed a remarkable increase in M. citrina from 2015 to 2019, indicating a good and 
fast response for this species after to the eradication of rabbits, as previously reported 
for other insular endemic species, such as on the Mauritius Archipelago (North et al. 
1994).

Eradication of rabbits was essential to preserve endangered species

The population of M. citrina on the islet of s’Espartar consisted almost 2,322 individuals 
in 2019 (4 years after the total eradication of rabbits), not counting the individuals on the 
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cliffs nor seedlings. Therefore, this is an example of a rapid colonization process from less 
10 plants detected in 2003 (Bibiloni et al. 2003) and 2010 (Mateu 2011) to the actual size 
of the population once herbivores are removed. Hence, the new population after the eradi-
cation of rabbits is of a similar size to the total estimated population (2,500 individuals) 
for the entire distribution area of this species in 2017 (Laguna et al. 2017), which means 
that eradication of rabbits in s’Espartar allowed to double the global population of the tar-
get species. The severe damage of rabbits on this plant species has been well documented 
as this animal was one of the main factors which drive to its extinction in illa Grossa of 
Columbretes Archipelago (Laguna et  al., 2017) where it was later reintroduced. Moreo-
ver, the demographic structure of the population of M. citrina reveals a predominance of 
young individuals with a few larger plants, which further supports the short-time period 
of recolonization enhanced by the high seed production of individuals and the long-term 
soil seed bank (Pérez-Bañón et  al. 2003), which predicts that the colonization would be 
still in progress. Indeed, numerous recently germinated seedlings were observed during 
the exhaustive census of the population, which reveals that M. citrina has a great capacity 
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to regenerate in the absence of herbivores. In addition, these observations are compatible 
with the hypothesis that M. citrina may have had a wider distribution in the past and that 
an ancient introduction of herbivores constrained its distribution to smallest islets where 
rats, goats or other animals never were introduced. Moreover, other species endemic to 
the Balearic Islands has been ecologically restricted to rupicolous habitats or islets with-
out mammal herbivores (Capó 2021). Indeed, some plants endemic to the Balearic Islands 
recolonized shrublands on sa Dragonera islet after eradication of rats such as Hippocrepis 
balearica, Cheirolophus intybaceus, Helichrysum fontanesii  or Lomelosia cretica  (pers. 
observ.), and could probably colonize other areas if herbivores were eradicated.

Medicago citrina has received intense attention from environmental authorities for con-
servation purposes due to its endangered status in many red lists such as the IUCN (Laguna 
et al. 2017; Rita 2019). Both in situ and ex situ actions have been performed to guarantee 
its conservation (Santamaría et al. 2007; Fenu et al. 2020). Also, translocations of M. cit-
rina to new islands were performed after eliminating herbivores, as recommended by the 
IUCN (IUCN/SSC 2013). Therefore, the conservation of this endangered species strongly 
depends on the absence of herbivores, similarly to other threatened species (Gómez-Apari-
cio et al. 2005). Furthermore, the population that was sheltered in the inaccessible cliffs of 
the islet enabled rapid recolonization and encouraged conservation of the genetic structure 
of the M. citrina population during the period rabbits were present on the islet. However, 
these small isolated populations could also represent a genetic bottleneck that may reduce 
the genetic variability of the new population, as has occurred in other species (Jiménez 
et al. 2017).

Recolonization may be mediated by abiotic factors

The heterogeneous distribution of the new M. citrina population on the islet may possibly 
be explained by two reasons. On one hand, inaccessible individuals on cliffs could have 
acted as a seed source for dispersion of the population to other areas. From there, the popu-
lation may have first colonized the areas closest to cliffs and then spread to other areas of 
the islet by wind action or slope mediation (Fig. 6C), so the colonisation is still in process. 
This might explain why some areas remain uninhabited at present but may be colonised 
in future. On the other hand, not all of the habitats on the islet are suitable for the target 
species. For example, the grasslands with a predominance of Stipa tenacissima located on 
the south slopes of the islet are generally not colonized by M. citrina. For this reason, the 
heterogeneous distribution of M. citrina may be determined by habitat suitability and could 
depend on the coexisting plant community.

The high-density spot on the western site of the islet contained a higher proportion of 
old individuals than other areas. This area is likely to have been the initial site of M. citrina 
during its colonization of the islet and from which the population subsequently spread. 
Rabbits were concentrated in the central part of the islet (pers. observ.), and therefore mar-
ginal areas could have been the first to be released from herbivore pressure during the erad-
ication process. As another possibility, the western side of the islet is closer to another islet 
where M. citrina occurs, and the possible arrival of M. citrina mediated by seabirds can-
not be neglected. Further studies are required to evaluate the interinsular connection and 
explore the effect of abiotic features on the spread and distribution of M. citrina.
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Infestation by Icerya purchasi affected M. citrina individuals during recolonization

Icerya purchasi was previously reported to be present on islets where M. citrina occurs. 
In 1996–1997 and 2013–2015, I. purchasi damaged and caused 40% and 85% reduc-
tions, respectively, in the populations of M. citrina on the Columbretes Islands (Laguna 
et al. 2017). This pest was also detected in 2018 on an islet near Ibiza (na Bosc), where 
it caused the death of many large M. citrina individuals (pers. obs.). In the present study, 
we recorded the presence of I. purchasi on s’Espartar in 2019. Though the infestation only 
affected 3.5% of the census population, the pest has a high capacity to spread and could 
affect the entire population in a few years, as reported in other studies (Laguna et al. 2017). 
At present, biological control using Rodalia cardinalis (Quezada and DeBach 1973) has 
been very effective for controlling I. purchasi on M. citrina on the Columbretes Islands 
(Laguna et  al. 2017) and for other species in the Galápagos Archipelago (Alvarez et  al. 
2012). However, the use of exotic species as biological control remains controversial, espe-
cially when such management is applied in protected natural areas. All in all, based on 
previous experience (Laguna et al. 2017), we consider using the beetle (R. cardinalis) rep-
resents a suitable solution to promote complete recovery of the M. citrina population on 
the islet.

Conclusions

Introduced mammal herbivores in islands and islets represent a serious threat to the conser-
vation of threatened flora and insular ecosystems in general. Herbivory can force defence-
less species to reduce their distribution or even become extinct. We report a clear case of 
how a threatened plant species can rapidly recover its population size in the short-term 
and recolonize a whole islet once alien rabbits have been eradicated. Medicago citrina has 
long been a target for conservation and the focus of in situ and ex situ conservation actions. 
Eradication of alien herbivores has been the most successful action to preserve its popula-
tion, as its overall population size on s’Espartar doubled in only a few years. Inaccessible 
populations that remained undamaged while rabbits were present on the islet acted as a 
seed reservoir and enhanced the recovery of the population after the eradication of rabbits, 
illustrating the importance of these residual populations to the recovery of the species as 
a whole. The damage caused by rabbits, combined with the current presence of I. pur-
chasi on the islet, are examples of how invasive alien species—not only mammals, but also 
arthropods—strongly threaten narrow and threatened plant species. Further monitoring and 
management actions must be performed in the future to guarantee the eradication of the 
scale pest and ensure the islet free remains free of alien herbivores.
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