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AbStRACt
We evaluated the ecological success of the manual removal of Carpobrotus species, a putative hybrid complex of a South 
African perennial mat-forming plant, by comparing treated, noninvaded, and invaded plots across coastal Andalucía in 
southern Spain. As a measure of the management effectiveness, we quantified the density of Carpobrotus seedlings and 
resprouts in treated plots one year after treatment. Response of the plant community to removal was assessed by com-
paring native species richness, cover, diversity, and species composition among treatments. Removal greatly reduced to 
a great extent Carpobrotus density. However, successful control will require repeated hand-pulling treatments. Treated 
plots had a significant increase in species richness, especially annual plants, compared to invaded plots, but both had 
the same native plant cover and diversity. We found similar species composition between removal and noninvaded plots, 
indicating that revegetation is not necessary. Long-term monitoring is necessary to determine whether these observed 
patterns of community response are transient or stable through succession.
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Given the potential negative 
impact of non-native plants 

on native species, ecosystems, and 
human health and economies (Mack 
et al. 2000, McKinney and Lockwood 
1999, McNeely 2001, Pimentel et al. 
2005), control of invasive species has 
become an important challenge for 
land managers, as well as a common 
component of restoration efforts 
(Zavaleta et al. 2001, Smith et al. 
2006). Since removing invasive species 
requires tremendous time and effort, 
the potential costs and benefits of 
managing invaders should be assessed. 
Such evaluations need to include mea-
sures of plant community response, 
not just such factors as funding and 
degree of community commitment.

The invasive South African succu-
lent genus carpobrotus (Aizoaceae) is 
an example of a non-native plant that 

often dominates plant communities 
in many Mediterranean regions of the 
world (D’Antonio and Mahall 1991, 
D’Antonio 1993, D’Antonio et al. 
1993, Vilà et al. 2006). carpobrotus 
species are crawling, mat-forming, suc-
culent chamephytes (plants with buds 
near ground level, Raunkier 1977) 
easily recognized by their succulent, 
finger-shaped, and triangular-section 
leaves (D’Antonio 1990, D’Antonio 
1993). Introgressive hybridization 
is very common (Vilà et al. 1998), 
occurring throughout coastal Califor-
nia between the non-native hottentot 
fig (carpobrotus edulis) and the puta-
tive native sea fig (c. chilensis), lead-
ing to a high abundance of invasive 
hybrid morphotypes that compete 
aggressively with native plant coastal 
species (D’Antonio 1990, Albert et 
al. 1997, Vilà and D’Antonio 1998). 
In Spain, carpobrotus species, known 
locally as uña de gato, may be hybrids 
between hottentot fig and Sally-my-
handsome (c. acinaciformis).

carpobrotus forms large mats on 
coastal rocks, cliffs, and sand dunes 
owing to its profuse clonal growth and 
long-distance dispersal by vertebrates 
(D’Antonio 1990, D’Antonio 1993, 
Traveset et al. 2008). The fleshy fruits 
bear a large number, often over a thou-
sand, of small seeds (Bartomeus and 
Vilà 2009) that are eaten and widely 
dispersed by several mammals such 
as rabbits (D’Antonio 1990) and rats 
(Bourgeois et al. 2005). carpobrotus 
has a long-lived seed bank that can 
remain viable in the soil for at least two 
years (D’Antonio 1990). carpobrotus 
is able to grow from multiple axes, 
rooting where nodes contact the soil, 
and spreads radially at rates as high 
as one meter per year (Wisura and 
Glen 1993). It competes aggressively 
with native plant species, achieving 
high rates of space colonization, which 
suppresses the growth and establish-
ment of other plants (D’Antonio and 
Mahall 1991, Albert 1995, Suehs et al. 
2004, Vilà et al. 2006). Furthermore, 
it also interacts indirectly with native 
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vegetation by altering soil chemistry 
(Conser and Connor 2009).

It was first introduced as an orna-
mental plant into Europe around the 
17th century at the Leyden Botanical 
Garden, the Netherlands, and since 
then it has been cultivated in other 
European botanical gardens (Fournier 
1952). However, the progressive 
expansion and naturalization in the 
Mediterranean Basin started in the 
beginning of the 20th century (Sanz-
Elorza et al. 2004). Nowadays, it is 
considered invasive in Europe (Alba-
nia, France, southern UK, Portugal, 
Italy, Greece, Montenegro, and the 
Canaries and other Mediterranean 
islands), northern Africa, southern 
Australia, New Zealand, and USA 
(California and Florida) (Sanz-Elorza 
et al. 2004).

In Spain, it was introduced inten-
tionally for gardening, landscaping, 
and dune stabilization in the begin-
ning of the 20th century, owing to its 
fast clonal growth, low water require-
ments, and showy, large flowers (Sanz-
Elorza et al. 2004). Owing to the large 
extent of invaded areas in coastal com-
munities, it is one of the most costly 
invasive species in Spain (Andreu et 
al. 2009). We conducted a regional 
survey to test the short-term effec-
tiveness of carpobrotus removal and 
native vegetation response in coastal 
sand dunes across Andalucía (southern 
Spain). In particular, we addressed the 
following two questions: 1) Has car-
pobrotus been successfully controlled 
in our study sites one year after treat-
ment? 2) Are native species richness, 
cover, diversity, and composition 
after carpobrotus removal similar to 
reference communities?

Study Sites & 
Experimental Design

The study was conducted in six coastal 
localities in four provinces of Anda-
lucía where carpobrotus had been 
removed the year before as part of 
the Andalusian Plan for Control of 
Invasive Species (Ortega Alegre and 
Ceballos 2006) (Figure 1). Overall, 

300 ha had been treated by hand-
pulling carpobrotus. A total of 400 
T of plant material was transferred 
to compost areas. This plant is read-
ily cloned by rooting stem fragments 
that contain just one node; thus it was 
crucial to fully remove all individuals 
and also any buried stems (D’Antonio 
1990).

These localities provided a repre-
sentative sample of the entire Andalu-
sian coast and the typical habitat types 
where carpobrotus invades worldwide. 
The vegetation in the study sites is 
typical Mediterranean coastal shrub-
lands dominated by chamephytes. The 
main species are European beachgrass 
(ammophila arenaria, Poaceae), mastic 
tree (Pistacia lentiscus, Anacardiaceae), 
salvia cistus (cistus salviifolius, Cista-
ceae), silene nicaeensis (Caryophylla-
ceae), sweet alyssum (lobularia mari-
tima, Brassicaceae), silver sea stock 
(Malcolmia littorea, Brassicaceae), 
Echium gaditanum (Boraginaceae), and 
anacyclus radiatus (Asteraceae). The 
climate is Mediterranean, with warm 
dry summers and mild, wet winters.

In order to determine effectiveness 
and vegetation responses to removal 

treatments, we established the fol-
lowing three treatments: 1) control 
plots (n = 18) where carpobrotus was 
not present and there was no history 
of invasion and vegetation removal 
management; 2) invaded plots (n = 
13) with high carpobrotus cover (circa 
70%) and no history of removal; and 
3) treated plots (n = 46) where car-
pobrotus was removed. The distance 
between plots within a locality ranged 
from 10 m to 50 m. This approach 
allowed us to distinguish changes 
caused by removal, since observing 
treatment plots over time may not 
allow differentiation of treatment 
effects from changes due to natural 
fluxes (Swab et al. 2008). Table 1 pro-
vides details for all six localities about 
location, habitat, most common plant 
species, and number and size of plots 
for each treatment.

The location, number, and size of 
experimental plots were decided with 
the aid of land managers one year after 
carpobrotus removal. Owing to the 
idiosyncrasies of the removal treat-
ments, caused mainly by differences 
in the size and spatial position of 
carpobrotus patches and vegetation 

Figure 1. six experimental sites where Carpobrotus was removed and monitored in andalucía 
(southern spain): a) parador Mazagón (huelva); b) punta camarinal (cádiz); c) torrelapeña 
(cádiz); d) artola 1 and 2 (Málaga); and e) punta entinas (almería).
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structure, plot sizes were not identical 
between sites. Plot sizes ranged from 
2.5 × 2.5 m (6.25 m2) to 10 × 10 m 
(100 m2).

As a measure of the management 
effectiveness, density of carpobro-
tus seedlings or resprouts (hereafter 
recruits) was determined within each 
plot as the number of recruits per 
square meter. carpobrotus recruits were 
classified depending on their number 
of leaves in 4 different categories based 
on increasing branching patterns (<10 
leaves, 10–24 leaves, 25–49 leaves, 
and >50 leaves). Recruits with fewer 
than 10 leaves were probably seed-
lings, and those with more than 50 
leaves were probably remnants left in 
place unintentionally when removing 
the species.

Vegetation response to carpobrotus 
removal was measured by the point-
intercept method. Plant surveys were 
carried out at 20 cm intervals along 
the perimeter of the experimental plot 

by recording all plant species contact-
ing an imaginary vertical line at each 
interval point. In each plot, we identi-
fied all species at 300–1,000 points, 
depending on the size of the plot. This 
method provided a record of species 
composition and abundance in each 
plot, a measure of plant cover, and, 
indirectly, an estimation of species 
richness and diversity.

Most taxa were identified to the spe-
cies level, with grasses (Poaceae) being 
pooled, and then labeled as native or 
non-native and assigned to one of 
the five Raunkier (1977) plant life-
forms. This plant classification system 
is based on the position of perennating 
buds in relation to the soil surface: 
chamephytes, geophytes (survival via 
underground food-storage organs 
such as rhizomes, tubers, or bulbs), 
hemicryptophytes (perennating buds 
at ground level and aerial shoots die-
back), phanerophytes (perennating 
buds or shoot apices on aerial shoots) 

and therophytes (survival as seeds—
annual or ephemeral plants).

We calculated the relative cover of 
individual plant species as the pro-
portion of contacts of each species 
relative to the total number of plant 
contacts per transect, followed by the 
relative cover of non-native plants and 
each Raunkier life-form. Total native 
vegetation cover was calculated as the 
total number of contacts of all native 
species in relation to total number of 
contacts including bare ground, car-
pobrotus and other non-native species, 
if present. We measured the species 
richness of natives and non-natives. 
Native diversity was calculated using 
the Shannon–Wiener diversity index 
(H), which is sensitive to rare species. 
All of these response variables were 
compared between control, invaded, 
and treated plots.

In order to determine whether, 
within a site, treated plots exhib-
ited the same species composition 

table 1. site information for all six localities in an experiment to control Carpobrotus in coastal vegetation of 
andalucía, spain. Raunkier life-form of each species is indicated in parenthesis: p = phanerophyte, t = therophyte, 
c = chamephyte, G = Geophyte, h = hemicryptophyte. 

Number of plots (size, in m)

Locality
(province) habitat Native species Invaded

Noninvaded 
(control) treated

Punta Camarinal
(Cádiz)

Rock shores, sea-cliffs, 
and stable dunes

Anacyclus clavatus (T)
Armeria pungens (H)
Cyperus capitatus (G)
Euphorbia terracina (C)

5 (10 × 10) 0 5 (10 × 10)

Torrelapeña
(Cádiz)

Shifting and stable 
dunes

Ammophila arenaria (H)
Lotus creticus (C)
Malcolmia littorea (C)
Medicago littoralis (T)

5 (5 × 5) 0 5 (5 × 5)

Artola 1
(Málaga)

Shifting and stable 
dunes

Helichrysum stoechas (C)
Lotus creticus (C)
Ononis natrix (C)
Pistacia lentiscus (P)

0 5 (5 × 5) 5 (5 × 5)

Artola 2
(Málaga)

Shifting dunes Cynodon dactylon (H)
Lotus creticus (C)
Medicago littoralis (T)
Pancratium maritimum (G)

3 (5 × 5) 3 (5 × 5) 3 (5 × 5)

Mazagón
(Huelva)

Stable dunes Cistus salviifolius (P)
Medicago littoralis (T)
Paronychia argentea (C)
Rumex tingitanus (C)

0 5 (5 × 5) 10 (2.5 × 2.5)

Punta Entinas
(Almería)

Stable dunes Cyperus capitatus (G)
Helichrysum stoechas (C)
Phagnalon saxatile (C)
Reichardia tingitana (T)

0 5 (2 × 10) 5 (2 × 10)
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as control plots, we calculated the 
Sorensen Similarity Index (s). This 
index ranges between 1 (same spe-
cies composition) and 0 (most varied 
species composition).

Data Analysis

As data did not fit parametric test 
assumptions, differences in the den-
sity of the different leaf categories of 
carpobrotus recruits were analyzed 
with Kruskal-Wallis tests. We also 
performed a multiple comparison 
test after Kruskal-Wallis to assess dif-
ferences in leaf categories using the 
pgirmess package and the Kruskalmc 
function of R (vers. 2.6.2, R Foun-
dation for Statistical Computing, 
Vienna, Austria).

Plot sizes differed between sites. 
Since species richness is dependent 
on the number of specimens counted 
and, therefore, on sample size, we 
transformed observed species num-
bers to expected values for a given 
sampling size by rarefaction curves 
(Sanders 1968, Hurlbert 1971, Gotelli 
and Colwell 2001) using the rarefy 
function in the vegan package of R. 
Rarefaction curves standardized the 
sampling in each of the plots to the 
minimum sample size (n = 300), 
which permits us to use rarefied data 
to make species richness and diver-
sity comparisons (Gotelli and Colwell 
2001). All analyses were with rarefied 
data.

Some response variables could not 
be normalized with data transforma-
tion. Therefore, differences in native 
species cover, richness, diversity, and 
functional group cover between treat-
ments (invaded, control, and treated) 
were tested with a generalized linear 
mixed model (GLMM) with a Pois-
son distribution of errors and a logit 
link function (Crawley 2002). The 
logit link function ensures that all the 
fitted values are positive, while Poisson 
errors are recommended to deal with 
integer (count) variables, which are 
often right-skewed and have variances 
that are equal to their means (Crawley 
2002). Treatment was included as the 

fixed factor, and site was included as 
a random factor to account for spa-
tial autocorrelation. Models were run 
using the glmmPQL function of the 
MASS package in R. We also calcu-
lated the power of our analysis (β) to 
assess the probabilities of Type II error, 
given our small sample size. In order to 
test if carpobrotus removal increased 
colonization by other non-native spe-
cies, we compared non-native species 
cover among treated, control, and 
invaded plots using the Kruskal-Wallis 
test. Mean values ± standard errors are 
given throughout the text.

Results and Discussion

Effectiveness of carpobrotus 
Removal
Recruit density in treated plots across 
sites averaged 0.13 ± 0.09 recruits per 
square meter. No reestablishment of 
carpobrotus occurred in 52% of the 
treated plots. One of the sampled sites 
(Punta Camarinal) accounted for most 
of the observed carpobrotus recruits 
(63%). Recruits with fewer than ten 
leaves were significantly more abun-
dant than recruits with at least 10 
leaves (Figure 2).

Low densities of carpobrotus 
recruits one year after treatment 

indicated that short-term manage-
ment had considerably reduced car-
pobrotus presence, although it had not 
eradicated the species. Recruits with 
fewer than 10 leaves, probably seed-
lings, were the most abundant, which 
suggest the importance of the seed 
bank in the reestablishment capacity 
of carpobrotus.

Native Plant Species Cover, 
Richness, and Diversity
The GLMM model revealed signifi-
cantly higher values of rarefied species 
richness in treated plots (7.20 ± 0.40) 
than in invaded plots (6.64 ± 0.29; 
Figure 3a), indicating that carpobro-
tus may have an impact on species 
richness by replacing native species in 
the communities it invades (Brandon 
et al. 2004, Hejda and Pyšek 2006, 
Hulme and Bremner 2006). However, 
we found no significant differences in 
total native species cover (Figure 3b) 
and diversity (Figure 3c). These results 
are consistent with other case studies 
(Ogden and Rejmánek 2005, Vidra 
et al. 2007, Swab et al. 2008, Pavlovic 
at al. 2009) and probably are due to 
a low abundance of new recruits and 
the short-term scale of our study. Nei-
ther did we find significant differences 
between treated and control plots with 
respect to plant cover, richness, and 

Figure 2. Mean (± se) Carpobrotus recruit density one year after removal from six coastal sites 
in andalucía, spain, grouped by the number of leaves per recruit. Different letters indicate 
significantly different values (H = 8.74, df = 3, p = 0.032).
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diversity, indicating that regeneration 
after carpobrotus removal results in 
coastal dune communities similar to 
reference native communities. None-
theless, we have to be cautious when 
interpreting these results, mostly in 
the case of total native species cover 
between treated and invaded plots (p = 
0.07); the limited power of our statis-
tical analysis (β = 0.67) could prevent 
us from detecting possible significant 
differences among treatments.

Native Species Composition
Despite the lack of changes in total 
native species cover and diversity, there 
were some changes in species compo-
sition. The Sorensen Similarity Index 
between control and treated plots was, 
on average, 0.77 ± 0.034, which pro-
vides additional support for the idea 
that regeneration after carpobrotus 
removal results in coastal dune com-
munities similar to reference native 
communities.

In Figure 4, percent cover of the dif-
ferent Raunkier functional groups have 
been compared between treated and 
control plots (Figure 4a) and between 
treated and invaded plots (Figure 4b). 
Only two of the five functional groups 
responded significantly to carpobrotus 
removal. Cover of therophytes was 
significantly greater in treated plots 
than in control and invaded plots. This 
observed increase in annual plants 
suggests that the coastal dunes that 
were treated are in an early succes-
sional stage. Other studies have shown 
responses of annual plants following 
removal of invasive species (McCarthy 
1997, Carlson and Gorchov 2004, 
Crimmins and McPherson 2008), 
which increases light, soil tempera-
ture, and resource availability, favor-
ing the germination of species in the 
seed bank, such as annuals (D’Antonio 
and Meyerson 2002). However, cover 
of chamephytes (excluding carpobro-
tus) was lower in treated plots than in 
control plots, and no significant dif-
ferences were found between treated 
and invaded plots (Figure 4a, also 
see online appendix at uwpress.wisc 
.edu/journals/journals/er_suppl.html). 

Figure 3. Boxplots of native plant response to Carpobrotus removal in invaded, control, and 
treated plots in six coastal sites in andalucía, spain, measured by a) rarefied species richness; 
b) total native species cover; and c) shannon-Wiener species diversity. the box itself contains 
50% of the data (75th percentile indicated by the upper edge, the median by the center line, 
and the 25th percentile by the lower edge), with outliers as open circles and maximum/minimum 
value at the terminus of the vertical line.
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This can be explained by the fact that 
chamephytes grow more slowly than 
therophytes and need more time to 
reestablish. As no significant differ-
ences in other functional groups were 
found between treated and control 
plots, we expect that natural com-
munity dynamics will lead them to 
become more mature communities 
with a more homogeneous relative 
cover of different life forms.

Without taking into account grami-
noids, a total of 107 species were 
found in our plots. Of these, 63 were 
never found in invaded plots, 27 of 
which appeared only in treated plots 
and 11 only in control plots. Another 
43 species out of the 107 were not 
present in control plots, and only 11 
species were never found in treated 
plots, of which 7 were present only in 
control plots.

The relative cover of particular 
species differed between treatments 
(Figure 5). For example, water 
medick (Medicago littoralis), cype-
rus capitatus, buckhorn plantain 
(Plantago coronopus), and whitebut-
tons (anacyclus clavatus) were poorly 
represented in control plots and 
appeared very frequently in treated 
plots (Figure 5a).

On the contrary, creta trefoil (lotus 
creticus), curry plant (Helichrysum 
italicum), Helichrysum stoechas, and 
Rumex tingitanus have higher rela-
tive cover in the control than in the 
treated plots (Figure 5a). In fact, nei-
ther Helichrysum was ever found in 
invaded plots, probably because they 
are associated with stable and undis-
turbed sites. There were also differ-
ences between invaded and treated 
plots. For instance, Malcolmia littorea, 
Geraldton carnation weed (Euphorbia 
terracina), and Engels gras (armeria 
pungens) were more represented in 
invaded than treated plots, while 
cyperus capitatus was as abundant in 
invaded as in treated plots (Figure 5b).

Only four of the 107 species were 
non-native. These were American cen-
tury plant (agave americana), Cape 
weed (arctotheca calendula), salt helio-
trope (Heliotropium curassavicum), 

and Bermuda buttercup (oxalis pes-
caprae). No significant differences were 
found between the total cover of non-
native species in treated (4.78 ± 3.32), 
control (4.08 ± 2.25), and invaded 
(8 ± 6.33) plots (Kruskal-Wallis H = 
0.95, df = 2, p = 0.620). Many stud-
ies have documented an increase in 
undesirable invasive species follow-
ing disturbances (Burke and Grime 
1996, Pickart et al. 1998, Zavaleta et 
al. 2001, Mason and French 2007, 
Crimmins and McPherson 2008). 
Such secondary invasions following 

control efforts can be problematic for 
ecological restoration (Hartman and 
McCarthy 2004, Hulme and Bremner 
2006). The lack of such findings in our 
short-term study is, therefore, encour-
aging from a community management 
perspective.

Conclusions and 
Management Implications

When eradicating carpobrotus it is 
important to remove any remnants, 
as any remains left in place soon 

Figure 4. Raunkier life-form cover as a function of treated plots for a) control and b) invaded 
plots. proximity to the line of unity indicates lack of difference from the treated plots for the 
life-form group.
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therefore, our findings for these com-
munities should not yet be regarded 
as definitive, since the managed 
sites are still in an early successional 
stage. Although repeated sampling 
is necessary to determine whether 
any observed pattern of community 
response is transient or stable (Sax 
and Brown 2000), these findings can 
be applied to achieve cost-effective 
removal strategies that accomplish 
overall restoration goals.

Overall, our results revealed that 
removal of carpobrotus is not facilitat-
ing invasion by non-natives and that 
recovery of native species is high. This 
suggests that if seeds of native species 
are present, natural reestablishment is 
possible. Natural regeneration would 
be cheaper in these coastal dune com-
munities than seeding after carpobro-
tus removal. Thus although planting 
desired native species is a potential 
scheme to facilitate the native recov-
ery of a community, it is an expensive 
method and we do not consider it 
necessary in our case.
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