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Abstract

Eradication of invasive alien species (IAS) is often proposed to restore invaded ecosystems, with
information on subsequent ecosystem recovery key to conservation policies. Although ants perform
major ecological functions in the ecosystem, their response to IAS eradication has received relatively little
monitoring. This study investigated ant response to Carpobrotus spp. (iceplant) and R. rattus (black rat)
eradications on the small Mediterranean island of Bagaud (Var, France). Ant assemblages were
monitored over a ten-year period, including two years before eradications, at six different sites, two
invaded by Carpobrotus spp., two under high R. rattus pressure, and two control sites. We found inter-
annual variations in ant assemblages but no before-after eradication trend at both control and rat
eradication sites. However, there was a clear increase in ant species richness and abundance after the
Carpobrotus eradication. A trend toward more homogeneous assemblages was observed, with an
enhanced core of common Mediterranean ant species. Xerophilous and thermophilous species such as
Pheidole pallidula, Messor bouvieri, and Plagiolepis pygmaea were more abundant, consistent with the
return of native vegetation communities and possibly warmer and dryer microclimatic conditions. The
trend was even stronger on the denser and thicker Carpobrotus eradication patch. Increased ant foraging
activity is a good sign of restoration success, influencing different functions of the ecosystem, such as
seed dispersal or nutrient cycling.

1. Introduction

Islands represent a major challenge for biodiversity conservation, hosting high levels of endemism that
exceed those of mainland regions - for example, eight times higher for vertebrates (Kier et al. 2009). Yet
much of this biodiversity is being lost, threatened by multiple factors including biological

invasions (Ferndndez-Palacios et al. 2021). Compared to mainland regions, islands suffer higher invasion
rates (Dawson et al. 2017), with invasive alien species (IAS) identified as one of the main causes of
species extinctions (Pysek et al. 2020). Invasions often cause changes in community structure and
modify abiotic characteristics of ecosystems (Strayer et al. 2006; Pysek et al. 2012). Insular ecosystems
are remarkably vulnerable due to their small size, small populations and vacant niches without
competitors or predators (Fernandez-Palacios et al. 2021; Russell et al. 2017).

Considered as a hotspot of biodiversity, the Mediterranean basin and its numerous islands (>10,000) are
highly threatened by invasions (Myers et al. 2000; Hulme et al. 2008) and could be the ecosystems most
impacted by IAS by 2100 (Sala et al. 2000). Many islands are now faced with numerous interacting
invasive species, such as plants and seed dispersers, which pose a severe threat to the native
biodiversity (Courchamp et al. 2011; Russell and Kaiser-Bunbury 2019).

Such invasive meltdown was described for two invasive taxa, the black rat (Rattus rattus) and iceplants
(Carpobrotus spp., Aizoceae), which promote each other (Bourgeois et al. 2005). The black rat (Rattus
rattus) is considered as one of the 15 most prevalent IAS on islands (Russell et al. 2017). It has colonized
most of the Mediterranean islands over the last 2,000 years (Ruffino et al. 2009), with direct effects on
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biodiversity, through predation. The black rat is widely known to prey on seabird eggs and chicks, and on
large-bodied invertebrates, such as beetles, spiders, gastropods (Caut et al. 2009; Nascimento et al.
2019). It also has indirect effects by dispersing invasive plant seeds, including Carpobrotus

species (Bourgeois et al. 2005; Shiels 2011).

Also known as iceplants or hottentot figs, Carpobrotus species were introduced to Europe in the
seventeenth century from South Africa, Australia or Chile for ornamental and soil stabilization
purposes (Campoy et al. 2018). Carpobrotus acinaciformis, Carpobrotus edulis and their hybrids
(Carpobrotus aff. acinaciformis) have now colonized a large portion of the western Mediterranean
coast (Suehs et al. 2004; Campoy et al. 2018). They establish in various coastal environments, from
sandy dunes to rocky cliffs, forming dense monospecific mats with an abundant litter (Campoy et al.
2018). The succulent species of Carpobrotus (Aizoceae) are a major threat to native biodiversity in
Mediterranean coastal ecosystems (Hulme et al. 2008; Carboneras et al. 2018). They shift soil chemical
parameters (Novoa et al. 2013a; Vieites-Blanco and Gonzalez-Prieto 2018), decrease plant

diversity (Badalamenti et al. 2016), and reduce invertebrate abundance and modify community
composition (Rodriguez et al. 2020).

In order to mitigate the adverse impacts of IAS on biodiversity, control or eradication operations are
carried out, prioritizing the most prevalent IAS, including the black rat and the iceplant (Carboneras et al.
2018). In the Mediterranean Basin, controls and eradications have generally led to a positive response in
terms of biodiversity (Jones et al. 2016). Carpobrotus eradications have been shown to positively impact
native plants (Lazzaro et al. 2020; Buisson et al. 2021). Rattus rattus eradications have benefited

reptiles (Krebs et al. 2015) and breeding bird populations (Howald et al. 2010; Bourgeois et al. 2013).
However, while several studies investigated invertebrate recovery after rat eradication (St Clair et al. 2011,
Ruscoe et al. 2013) and Carpobrotus removal (St Clair et al. 2011; Braschi et al. 2021b, a), these did not
include ants.

Ubiquitous and abundant, ants play a key role in ecosystem functioning, in soil structure, as predators, or
as promoters of plant dispersion (Del Toro et al. 2012; De Almeida et al. 2020). They are sensitive and
respond quickly to environmental change, which makes them good bioindicators (Majer 1983; Andersen
et al. 2002). Habitat structure, microclimate, resource availability and competitive interactions are indirect
factors responsible for ant community modifications (Andersen 2019). The decrease in ant diversity
correlated with habitat simplification and loss of resources like seeds points to the need to monitor ant
communities, a crucial component of the ecosystem, in restoration projects (Underwood and Fisher
2006). Very few studies focus on ant response to plant or mammal IAS eradication (Parr et al. 2010;
Osunkoya et al. 2011; Lenda et al. 2013), although ant monitoring is a relevant way of assessing
ecosystem change (Kaspari and Majer 2000).

The aim of this study was to explore ant responses to Carpobrotus spp. and R. rattus eradications on the
small Mediterranean island of Bagaud (Var, France). Ant assemblages were compared over a ten-year
monitoring period, including two years before eradications, at six different sites on the island: two sites
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invaded by Carpobrotus spp., two sites under high R. rattus pressure, and the last two as controls. We
hypothesized that : (i) Ant species richness would increase after the IAS eradication at the four invaded
sites and remain stable at the control sites; (ii) Ant abundance would increase at the eradication sites and
remain stable at the control sites; and (iii) The composition of ant assemblages would change after the
IAS eradication at the four invaded sites and remain stable at the control sites; (iv) The magnitude of
changes in ant assemblage structure and composition would be greater after the eradication of
Carpobrotus spp. than of R. rattus, as Carpobrotus spp. would induce more habitat modifications.

1. Materials and methods
1.1 Study area

Bagaud island is a small uninhabited Mediterranean island of 58 ha located in the Hyeéres archipelago
(Var, France), which is part of the Port-Cros National Park. It is a strict biological reserve with restricted
access since 2007. The continent is 7.5km away and the main nearest island, Port-Cros, is 1 km away.
The archipelago has a Mediterranean climate with annual mean temperatures ranging between 13.5 and
19.5°C and an average 621.5 mm of precipitations per year (1991-2020, lle du Levant weather station,
Infoclimat). Vegetation on Bagaud island is typical of Mediterranean regions, with dominant matorral and
halophilous plants on the rocky shores. In addition to its rich native plant communities, the invasive plant
species Carpobrotus edulis and Carpobrotus aff. acinaciformis were introduced in the nineteenth century
by military engineers. Intended to stabilize the soil around the island'’s forts, these species covered 2-ha of
the island at their worst. The only non-flying mammal of the island, the black rat (R. rattus), was also
introduced, probably during the Roman period (Ruffino et al. 2015). It preys on Carpobrotus spp. fruits as
well as potentially on various seeds, beetles, geckos, and seabird eggs and chicks (Ruffino et al. 2015).
Eradications of Carpobotus spp. and R. rattus were carried out on the island in late 2011 and 2012.

1.2 Study sites

We monitored the temporal dynamics of ant communities via three treatments: (1) Carpobrotus spp.
removal (hereafter CA), (2) Rattus rattus removal (hereafter RR) and (3) control sites with no eradication
action (hereafter CO) (Fig.1). Limited availability of sites led us to select two sites per treatment only. The
two Carpobrotus spp. removal sites were selected for size, large enough to set up transects of 10 pitfall
traps (see section 1.3). The two Rattus rattus removal sites were selected as having the highest rate of
Rattus rattus captures and being accessible for arthropod sampling.

Carpobrotus spp. was eradicated from study sites CA1 and CA2 between November 2011 and February
2012. Plants were uprooted and left to compost on the site to avoid further dissemination (Chenot et al.
2018). Control operations have been conducted every year since then to prevent the recolonization of the
area from the seed bank (Ruffino et al. 2015; Buisson et al. 2021).
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Rats were trapped from September 2011 to June 2012 at RR1 and RR2 sites. Rat eradication was carried
out first via trapping sessions and later supplemented by rodenticide (Ruffino et al. 2015). Twenty
permanent bait stations were set up along the coast under biosecurity measures (Ruffino et al. 2015).
Traces on baits were spotted again in 2013, and while biosecurity increased, rat traces became
significantly more numerous in 2017, fluctuating thereafter (Braschi 2021).

Our two control sites were selected as presenting the lowest rates of rat captures, i.e. below 37 individuals
/ hectare (Ruffino et al. 2015), and no Carpobrotus ever reported. CO1 and CO2 sites represent the island’s
two main vegetation types (low and high matorrals). A habitat description for each study site (CA1 and
CA2, RR1 and RR2, CO1 and CO2) is available in Table 1.

1.3 Sampling design

Ants were collected using pitfall traps, a method commonly used to sample ground-dwelling arthropods
and which has proved efficient in assessing ant species richness and spatial patterns (Steiner et al. 2005;
Salata et al. 2020). The two first years of sampling, 2010 and 2011, were pre-eradication, while the
following four surveys were carried out post-eradication, i.e. in 2013, 2015, 2017, and 2019. Each year, 10
pitfall traps (5 cm diameter and 10 cm depth), half-filled with ethylene-glycol, were installed 5 meters
apart on a 45-meter transect on each site. They were collected every three weeks, four times from late
April to late June / early July, and again collected between mid-September and mid-October, a total of
four sampling periods. Ants were counted and identified to species level or to species-group level,
following Lebas et al. (2016).

1.4 Data analysis

Statistical analyses were performed using R version 4.2.2 (2022-10-31). The temporal dynamics of ant
communities was studied for each site independently. Sites were not statistically compared with each
other due to the limited number of true site replicates (see section 1.2) (as in Braschi et al. 2021b, a). First,
changes in species richness and total abundance of ants over time were assessed. Each trap’s species
richness was calculated. Raw ant counts were not used because these depend on species-specific social
behavior (Steiner et al. 2005) and do not reflect the natural unit of ant diversity, the individual nest (Gotelli
et al. 2011). Thus, the abundance of each species was transformed on a 7-score scale (Hoffmann et al.
2000): 1 =1 ant; 2 = 2-5 ants; 3 = 6-10 ants; 4 = 11-20 ants; 5 = 21-50 ants; 6 = 51-100; and 7 > 100 ants.
Total abundance was obtained by summing the species scores for each trap. Each site was studied
independently, using a generalized linear mixed model from the gimmTMB R package (Brooks et al.,
2017), with a negative binomial distribution (logit link) with either species richness or total abundance as
response variables. The year was set as a fixed factor and the period of sampling and the trap number
were set as random factors. Multiple comparisons between years were performed using the Sidak
method.
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The assemblage compositions of all sites were compared over the six years of survey using the non-
metric multidimensional scaling (NMDS) approach with the vegan package (Oksanen et al. 2022). For
this analysis, abundance classes were averaged over the four sampling periods of each year for each
trap. Assemblages were represented using a Bray-Curtis dissimilarity matrix. Overall significant difference
between assemblages was assessed using PERMANOVA, followed by pairwise adonis tests (Martinez
Arbizu 2020). Further individual species abundance analyses were conducted for the sites showing
significant dissimilarity. SIMPER analysis (Clarke 1993) was used to identify species contributing up to
75% of the assemblage dissimilarity between the pre-eradication grouped years and the post-eradication
grouped years. Their individual abundance response to the year factor was assessed using gimmTMB
with the same features as the total abundance models.

2. Results

A total of 35,414 specimens, 24 species, and 13 genera were identified during the study (Appendix A). The
majority of the individuals belonged to the Myrmicinae family (25,944 individuals), followed by
Formicinae (9,491 individuals), and a few Ponerinae were also counted (28 individuals). CO2 had the
most species, 18, and CA2 had the least, 11 species. Pheidole pallidula was the most abundant and
frequently found species. Statistical results of the fitted models are available in Appendix B.

2.1 Species richness and total abundance

RR2 had the overall highest mean species richness, with an average of 4.90 + 1.98 species caught per
trap, against 2.38 + 1.25 for RR1, the overall lowest value. Species richness per trap remained unchanged
during the pre-eradication surveys in 2010 and 2011 at all the studied sites. The two Carpobrotus removal
sites showed a significant increase in species richness per trap after the eradication (Fig 1). In 2013, CA2
species richness was not significantly different from either the pre-eradication years or from all the post-
eradication years. Only in years 2015 to 2019 was species richness significantly higher than in 2010. At
CAT1, the species richness of 2013 was significantly higher than that of 2010. Years 2015 and 2017
showed significantly higher values compared to the pre-eradication years, and values in 2019 were
significantly higher than all the other years, reaching an average of 5.06 species per trap. RR2 mean
species richness per trap changed slightly over time, with significantly higher values in 2019 than in 2013
and 2017 (Fig 2). The other sites did not show any significant differences between years.

RR2 also had the overall highest mean abundance, an average abundance of 10.55 + 5.18, against the
overall lowest average of 4.87 + 2.91 per trap at CO2 (Fig 3). Total ant abundance per trap increased
significantly after the eradication at CA1 (Fig 3). Abundance levels in 2010 and 2011 were significantly
lower than in any other year of sampling. They were up to 5 times lower than in 2019, when total
abundance reached 11.75 t 4.13. The mean total abundance of 2019 traps was also significantly higher
than in 2013 and 2015. CA2 also showed a slight increase in total ant abundance over the years, 2010
mean total abundance being significantly lower than in the other years. It then significantly increased in
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2011 and 2013 and again in 2015 and 2019. At RR1, RR2 and CO1, abundances fluctuated, with no
particular trend (Fig 3), although they were significantly higher in 2019 compared to 2010 at both RR1
and RR2. Ant abundances did not change over the years at CO2.

2.2 Assemblage composition

The assemblages of CA1, CA2, RR2 and CO2 showed a significant percentage of variance according to
year grouping. With an R2 of 32%, CA1 assemblages differed the most across years, followed by CA2 with
19% and RR2 and CO2 with respectively 14% and 15%. At the two Carpobrotus eradication sites, 2010
and 2011 assemblages were the most heterogeneous (Fig 4). The CA1 assemblages of 2010 and 2011
were similar to each other but both different from all the subsequent years (2013-2019). The assemblage
composition of 2019, the most homogeneous, was significantly different from all the previous years.
Assemblages shifted over the years, from heterogeneous pre-eradication assemblages driven by
Hypoponera eduardito more homogeneous ones with a strong species core composed of Pheidole
pallidula, Plagiolepis pygmaea, Crematogaster scutellaris, and Crematogaster sordidula. This trend was
weaker at CA2, where polygons overlapped much more. The 2010 assemblage composition differed from
all the subsequent years and the 2011 composition was only significantly different from 2019. The
pairwise analysis also showed significant differences between 2013, 2015, and 2019. Like CA1, the CA2
assemblages became more homogeneous over the years, except for 2017, where the polygon was larger
than in 2015. At RR2, the assemblage composition of 2010 was significantly different from all the other
years except 2011. The assemblage of 2013 only differed from 2010 and 2017. With the largest polygon,
the 2015 assemblage composition was the most heterogeneous (Fig 4). At CO2, the assemblages of
2010 and 2011 were significantly different from 2017 and 2019. At RR2 and CO2, polygons overlapped
much more than at the Carpobrotus eradication sites (Fig 4).

2.3 Individual species abundance

At the CA1 site, three species contributed to 75% of the pre-/post-eradication assemblage dissimilarity: P
pallidula, Messor bouvieri,and P pygmaea. For these three species, individual mean abundance
increased after the eradication (Fig 5). This trend was stronger for P, pallidula and P pygmaea, both
showing abundance levels close to zero before Carpobrotus eradication, significantly lower than in the
subsequent years. Their abundance steadily increased, reaching 4.12 + 1.18 and 2.22 + 1.48, respectively,
in 2019. At CA2, the same three species contributed to most of the dissimilarity between pre- and post-
eradication years. While P pygmaea abundance did not change over the years, P, pallidula began to be
significantly more abundant from 2015 on and M. bouvierifrom 2017 on (Fig 5). At RR2, 75% of the
pre-/post-eradication dissimilarity was attributed to six species: P, pallidula, Lasius gr. grandis, M.
bouvieri, C. scutellaris, P pygmaea, and Camponotus sylvaticus. Unlike the Carpobrotus eradication sites,
no before-after trend was observed (Fig 5). The abundance level of P pallidula was significantly lower in
2013 compared to 2010 and 2011. Lasius gr. grandis was significantly more abundant in 2019 compared
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to 2013 and 2017. Messor bouvieri abundance was significantly lower in 2015 and 2017 compared to
2010. In contrast, P pygmaea was less abundant in 2010 compared to all subsequent years except 2013,
while C. sylvaticus abundance was higherin 2013 than in 2010, 2011, and 2017. Concerning CO2, among
the three main species contributing to pre-/post-eradication dissimilarity, only C. sordidula abundance
was significantly influenced by year (Fig 6). It was significantly less abundant in 2010 and 2011
compared to the subsequent years.

3. Discussion

The objective of the study was to assess changes in ant assemblage structure and composition after
simultaneous eradication of Carpobrotus and R. rattus on a small Mediterranean island. As we expected,
the temporal dynamics of ant assemblages showed a stronger trend toward pre-/post-eradication
dissimilarity at Carpobrotus eradication sites (CA1 and CA2) than at rat eradication sites (RR1 and RR2).

At the control sites (CO1 et CO2), assemblage structures and compositions either remained stable or
changed slightly, usually without showing any particular trend. At both sites, species richness remained
stable and assemblage composition showed a strong overlap over the years. Crematogaster sordidula
abundance was an exception, increasing for unknown reasons after 2011 at CO2.

Buisson et al. (2021) showed that the plant communities of Bagaud island remained relatively stable
outside the Carpobrotus removal sites. The absence of habitat modifications or perturbations is
consistent with relative stability in control assemblages. However, the slight changes in assemblage
structure and composition observed across the years reflect a change in ant foraging activity, affecting
trapping success (Steiner et al. 2005). These changes could be explained by climate variations (Pelini et
al. 2014; Resasco et al. 2014) and/or by demographically volatile species (Samways 1990). The
Mediterranean climate is known for the strong inter-annual variability of temperatures and
precipitations (Deitch et al. 2017), and these parameters can strongly influence ant foraging

activity (Whitford and Ettershank 1975; Levings 1983; Lasmar et al. 2021). Increased temperature can
positively influence foraging activity, increasing ant abundance and diversity, with responses varying
according to the thermal tolerance of the species (Stuble et al. 2013). In Mediterranean open vegetation,
temperature is the main driver of changes in ground ant communities (Retana and Cerda 2000). Apart
from climatic variability, resource availability can also be a strong driver of demographic changes and
foraging behavior in ants (Bernstein 1979; Davidson et al. 1985; Traniello 1989). Moreover, some species
show changes in their nest distributions from year to year and highly flexible behavior (Gordon 1991).

Our sampling is composed of common Mediterranean heat-tolerant species that could benefit from open
and dry habitats to increase their activity (Cros et al. 2016). According to the Porquerolles weather station,
2011 was the wettest and one of the coldest years of our study (Table 2). Xerophilous and thermophilous
species could have reduced their foraging activity because of non-favorable climatic conditions, reducing
their probability of being trapped, and explaining the slightly lower overall ant abundance that year.
Nevertheless, the low abundance of Crematogaster sordidula in both 2010 and 2011 compared to the rest
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of the sampling is surprising, as the climate differed between these two years, 2011 being warmer and
much dryer. Yet Crematogaster sordidula mean abundance did not exceed an average of one worker
caught per trap. As its most common habitats are open and well exposed (Retana et al. 2015), workers
could occasionally visit the high matorral site to forage from the nearby open areas which represent a
favorable nesting habitat. A new nest closer to the sampling site could explain the higher worker
abundance after 2011.

Similarly, no before-after pattern was observed at the rat eradication sites. Overall, 2019 had higher levels
of abundance and species richness, and assemblages were more homogeneous. Individual responses
were mixed, depending on species identity and sites. Although eradications initially decreased rat
densities on Bagaud island, the population density rose again in 2015 and 2017. The lack of response
from ants to rat eradication in the first years is consistent with previous findings that ants are not
commonly a prey of Rattus rattus (Courchamp et al. 2011; Riofrio-Lazo and Pdez-Rosas 2015). Moreover,
ant abundance and species richness were already at similar or higher levels than those of the control
sites. Other studies on rat eradication or exclusion failed to show any response in ant abundance (Sinclair
et al. 2005; Vergara et al. 2021). One of them even showed a decrease in ant abundance, attributed to
either the rodenticide or to ant behavioral change in response to higher resource availability (Rate 2009).

Variation in ant abundances and ant species richness at the rat eradication sites could, once again, be
correlated with climatic variability. A warmer and dryer climate was recorded in 2019, especially
compared to 2010 and 2013. Concerning individual species abundances, Lasius gr. grandis and
Plagiolepis pygmaea, which are both thermophilous Mediterranean species, showed abundance
variations consistent with higher activity under a warmer climate (Majeed et al. 2021; Santos et al. 2022).
However, no particular trend was observed in Pheidole pallidula and Camponotus sylvaticus abundance
variations. Abundance variability in such dominant and highly competitive species (Retana et al.

2015) has already been observed, with worker numbers multiplying as resource availability

increases (Samways 1990). Similarly, the granivorous ant Messor bouvieriis highly dependent on seed
availability (Willott et al. 2000), which can be influenced by vegetation dynamics and climate variation
through complex interactions (Carmona et al. 2015).

The fact that inter-annual variations without a before-after trend were observed at the control and rat-
invaded sites indicates that the changes observed in ant assemblages at Carpobrotus spp.-invaded sites
can be attributed to the Carpobrotus eradication. Indeed, while the pool of species found at the CA sites
did not change after eradication, we observed a shift toward more homogeneous assemblages.
Carpobrotus eradication promoted an abundant species core composed of common xerophilous
Mediterranean ant species. This trend was stronger at the Carpobrotus eradication site located on the
cliff top and surrounded by low matorral (CA1), where we observed an overall steady increase in ant
abundances.

These changes in the ant assemblages can be explained by modification of the ecosystem after
eradication. As a succulent and with its ability to create dense litter and mats, Carpobrotusinduces
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changes at the soil surface: it reduces evapotranspiration, incident solar radiation, and thus

temperature (Molinari et al., 2007; Novoa et al., 2013). Native vegetation quickly recovered after
eradication, inducing changes in habitats, from poor and homogeneous dense mats of Carpobrotus to
higher plant species richness, a decrease in litter cover, and fluctuation of bare ground cover with seasons
and years (Buisson et al. 2021). At a small scale, the return of native vegetation added habitat structure
and resource diversity, and allowed a return to the warmer and dryer microclimate that benefits most
Mediterranean ants.

Ants are sensitive to habitat disturbance through the indirect effects of change in habitat structure,
microclimate, resource availability, and competitive interactions (Andersen 2019). Ant species richness
and abundance are closely correlated to vegetation variables, such as vegetation cover and

strata (Retana and Cerdd 2000; Lassau and Hochuli 2004). Diversified plant communities promote more
heterogeneity in the vegetation structure, with varying plant heights and microhabitats (Buisson et al.
2021), which has already been shown to promote ant species diversity in various

ecosystems (Vasconcelos et al. 2008; Hill et al. 2008; Martello et al. 2018).

The dynamics of the resource use of many ant species is strongly influenced by microclimatic
conditions (Cerda et al. 1998), in particular by fine-scale temperature changes (Stuble et al. 2013) and by
microhabitat formation (Luque and Reyes Lépez 2007). The diversification of vegetation also influences
nest site availability (Herbers 1989) and temporal spread of certain food resources, such as nectar or
seeds, contrasting with the few weeks of Carpobrotus flowering during spring (Campoy et al. 2018). The
increased post-eradication abundance of ant species with a specialized diet, such as Plagiolepis
pygmaea that feed on liquid food and Messor bouvieri that feed on seeds (Arnan et al. 2014), confirm the
benefits of habitat diversification. However, removing the abundant litter produced by Carpobrotus might
be detrimental to other specialized species, such as the hypogaeic species Hypoponera

eduardi characteristic of the pre-eradication assemblages of this site (CA1).

While our results clearly showed the benefits of Carpobrotus eradication on ant occupancy at CA1 located
on the cliff top and surrounded by low matorral, there was less evidence of benefits at CA2. This coastal
site had patchy vegetation with some native species before eradication and higher rock cover, which
remained at the same level throughout the study (Buisson et al. 2021). The eradication of Carpobrotus
spp. probably did not trigger enough changes to the ecosystem to induce modifications in ant
assemblage composition and structure.

4. Conclusion

Carpobrotus spp. eradication, and thus habitat change, was a stronger driver of change in the ant
assemblages than climate. Our results suggest that the restoration of diversified ant assemblages, with
higher foraging activity, was more effective at CA1, where Carpobrotus was denser and thicker. Increased
ant activity goes hand-in-hand with strong habitat transformation and the return of native and diversified
plant communities. Higher levels of multifunctionality are reached in species-rich ecosystems (Lefcheck

Page 10/31



et al. 2015) and many functions also depend on abundance (Soliveres et al. 2016). As ecosystem
engineers, ants are known to participate in seed dispersal, and to improve soil structure and nutrient
cycling (Folgarait 1998). Thus, increasing ant activity and richness at eradication sites may contribute to
an increase in functions performed, including the enhancement of soil quality (Nkem et al. 2000) and
seed-dropping frequency (Arnan et al. 2010). Ants play an active role in ecosystem recovery, and their
quick response to the eradication here points to their efficacy as bioindicators when assessing restoration
success.

Our data come from eradications carried out on a single small Mediterranean island, and this study
should therefore be replicated on other islands to confirm our results. The harmful effects of Carpobrotus
are leading to an increasing number of eradication campaigns, particularly in the Mediterranean. Ant
monitoring would appear to be a relevant means of monitoring such restoration and conservation
strategies.
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Tables

Table 1 : Site acronym with type and detailed description, main plant species identified by Buisson et al.
(2021), and density of black rats (Rattus rattus) recorded by Ruffino et al. (2015)
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Site
name

CA1

CA2

RR1

RR2

Cco1

Cco2

Type of site

Carpobrotus
eradication

Carpobrotus
eradication

Rat
eradication

Rat
eradication

Control

Control

site Details

Inland 0.5 ha patch of
Carpobrotus aff. acinaciformis
Ioc]i?ted on top of a 40 m high
cli

Coastal area with Carpobrotus
edulis intermingled with small
halophilous vegetation and
rock patches

Nitrophilous grassland highly
frequented by seagulls

Open low matorral vegetation

Low matorral vegetation

High matorral vegetation
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Vegetation

Low matorral
vegetation surrounding
the Carpobrotus patch.
Recolonizing
vegetation dominated
by Lotus creticus
subsp. cytisoides,
Sonchus asper subsp.
glaucescens, Bromus
diandrus subsp.
diandrus

Coastal halophilous
vegetation and low
matorral inland. Main
species are Lotus
creticus subsp.
cytisoides, Sonchus
asper subsp.
glaucescens, Frankenia

sp.

Common species are
Hordeum murinum
subsp. leporinum,
Sonchus asper subsp.
glaucescens and Lotus
creticus subsp.
cytisoides

Small patches of
grassland intermingled
with shrubs Lotus
creticus subsp.
cytisoides, Pistacia
lentiscus, and
Frankenia sp.

Shrubby vegetation
with Pistacia lentiscus,
Smilax aspera and
Myrtus communis

Matorral vegetation
with trees such as
Phillyrea sp., Pistacia
lentiscus and Erica
arborea.

Rat densit?(
individuals/ha)
Ruffino et al.,
015)

between 46 and
60

below 37

between 60 and
75

between 46 and
60

below 37

below 37



Table 2 : Summary of the main weather data from the Porquerolles weather station (9 kilometers from

Bagaud island) during the four sampling periods (April to July and September to October)

Mean maximum temperature

(°C)

Mean minimum temperature

(°C)

Annual cumulated precipitation
(mm)

2010

22.65

13.64

208.4

2011 2013
25.52 22.60
1431 13.94
34.5 165.2

2015

24.70

14.61

180.7

2017

23.70

14.16

65.7

2019

25.22

14.7

104.3

Mean over
the six
years

24.07

14.23

141.5

Figures

Page 25/31




Figure 1

Map of Bagaud island, with area invaded by Carpobrotus spp. in dark grey and position of the six
monitoring sites. Green lines indicate sites invaded by Carpobrotus spp. (CA1 and CA2), orange lines sites
with high rat density Rattus rattus (RR1 and RR2), and blue lines controls (CO1 and C02)
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Figure 2

Mean ant species richness per trap over the six-year sampling at the six different sites (mean value + se).
The red dotted line indicates period of I1AS eradication (between late 2011 and mid-2012). Black rat
eradication took place at RR1 and RR2, Carpobrotusspp. eradication at CA1 and CA2. Letters above the
bars indicate significant differences between years (p<0.05) assessed via a generalized linear mixed
model and a negative binomial distribution
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Figure 3

Mean ant total abundances per trap over the six-year sampling at the six different sites (mean value +
standard error). The red dotted line indicates period of eradication (between late 2011 and mid-2012), of
black rats at RR1 and RR2 and of Carpobrotus spp. at CA1 and CA2. Tests were performed using GLMM.
Letters above the bars indicate significant differences between years (p<0.05).
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Figure 4

Non-metric multi-dimensional scaling (NMDS) ordination of ant assemblages based on Bray—Curtis
dissimilarities with pitfall trap scaled abundances. Differences between the years' assemblages were
assessed via the adonis2 (vegan) package, giving the R and its significance (P<0.05%, P<0.01**,
P<0.001***). Assemblages differed significantly according to year at the two Carpobrotusspp. eradication
sites (CA1 and CA2), at one of the rat eradication sites (RR2 but not RR1), and at one of the control sites
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(CO2 but not CO1). Letters next to the year entries indicate significant differences between years found

with permanova.
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Figure 5

Mean level of abundance of individual species per trap over the six-year sampling (mean value *

standard error) at the two Carpobrotuseradication sites (CAT and CA2) and at the second rat eradication
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site (RR2). Only sites that presented significant assemblage dissimilarities were considered. Selected
species were those contributing up to 75% to before-after eradication dissimilarity, according to SIMPER
analysis. The red line indicates the eradication period (between late 2011 and mid-2012). Letters above
the bars indicate significant differences between years (p<0.05) assessed with a generalized linear mixed
model and a negative binomial distribution.
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Figure 6

Mean level of abundance of individual species per trap over the six-year sampling (mean value *
standard error) at the high-matorral control site (CO2). Only sites that presented significant assemblage
dissimilarities were considered. Selected species were those contributing up to 75% to the before-after
eradication dissimilarity, according to SIMPER analysis. The red line indicates the eradication period
(between late 2011 and mid-2012). Letters above the bars indicate significant differences between years
(p<0.05) assessed with a generalized linear mixed model and a negative binomial distribution.
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