
Introduction

Alien species (sensu Pyšek et al. 2004) have caused con-

sistent environmental changes throughout the world, and rep-

resent an important threat to biodiversity conservation (Sala

et al. 2000, IUCN-CMP 2006). In particular, the spread of

alien plants has been claimed to produce a wide range of im-

pacts, including changes in community diversity and altera-

tions of ecosystem processes (Vitousek et al. 1997, Ehrenfeld

2003). For example, alien plants can influence the plant-soil

relationship in the invaded habitats (Levine et al. 2003, Kul-

matiski et al. 2008) modifying the soil biota diversity and

composition (Wolkovich et al. 2009).

Two succulent species of the genus Carpobrotus (C. ac-

inaciformis and C. edulis), both of which originate from

South Africa (Wisura and Glen 1993), are among the most

widespread alien plants in the Mediterranean coastal ecosys-

tems around the world and are currently considered a severe

threat to native plant communities in these habitats (Campos

et al. 2004, Weber 2005, Traveset et al. 2008). These alien

plants are known to negatively influence the diversity of na-

tive species (Vilà et al. 2006, Carboni et al. 2010), the fitness

of native neighbors (D’Antonio and Mahall 1991) and the

pollination network in the invaded communities (Bartomeus

et al. 2008). In addition, it has been shown that in some cases

Carpobrotus is capable of altering the characteristics of the

invaded soils. Conser and Connor (2009) found that Carpo-

brotus edulis can significantly affect some soil parameters in

a coastal habitat in California: invaded soils had higher or-

ganic matter content and lower pH values. Vilà et al. (2006),

using a paired plot design in different islands across the

Mediterranean Basin, found that in certain sites Carpobrotus

invasion was associated with changes in soil parameters. The

authors hypothesized that these results were due to local

characteristics of the study sites, including the invaded habi-

tat in question, the age of the mat and the taxonomic identity

of the invader.

In this study, we aim to increase understanding the inva-

sion process by investigating soil characteristics of the in-

vaded communities. This provides crucial information for

defining effective conservation actions to address invaded

communities. We investigate the modifications on top soil

parameters in Carpobrotus invaded sites across different

types of coastal dune habitats. In particular, we analyze soil

differences between non-invaded and Carpobrotus highly

invaded plots in three habitats of coastal dune ecosystems in

the Circeo National Park (Central Italy). We hypothesize a

non uniform modification of soil parameters and thus that the

presence of significant differences between invaded and non-

invaded soil parameters varies with the type of invaded habi-

tat.
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Abstract: We investigate the modifications of soil factors in Carpobrotus invaded sites by evaluating differences between

non-invaded and highly invaded plots in three habitats of coastal dune ecosystems in Central Italy. Nitrogen content, organic

matter content, pH and salinity were measured in three coastal habitats: shifting dunes along the shoreline with Ammophila

arenaria, Crucianellion maritimae fixed beach dunes and fixed coastal dunes with Juniperus spp. Soil variables of the invaded

plots were compared to non-invaded ones using two-way factorial ANOVAs and post-hoc Tukey HSD tests. We found signifi-

cant differences between invaded and non-invaded plots for nitrogen content, organic matter content and pH in both foredune

habitats. On the other hand, no differences were revealed on fixed dunes. Thus, we found distinct responses of soil factors to

Carpobrotus invasion depending on the habitat. Pioneer habitats with very poor soils are more sensitive to invasion probably

because the production of litter by Carpobrotus is considerably higher than for native species. Therefore, for the establishment

of efficient alien control programs of those habitats of conservation interest, it is imperative to take into account the relationship

between invasive species presence and the top soil characteristics. For instance, particular attention is required in the foredune

zone (pioneer habitats), where Carpobrotus invasion is more likely to affect the parameters of the soil.



Materials and methods

Study area and nomenclature

In the present study, the nomenclature of Habitat types

conforms with the “Habitats” Directive (EC 1992). The

Habitats Directive (Council Directive 92/43/EEC on the

Conservation of natural habitats and of wild fauna and flora),

adopted in 1992 as a response to the Berne Convention, is

one of the more effective conservation instruments in

Europe. The Directive specifies a list of habitats and species

of conservation interest in Europe to help implement the nec-

essary local conservation policies. The Directive also pro-

vides a key for the identification of habitats on the basis of

typical and diagnostic plant species (Council Directive

92/43/EEC Annexes I and II, EC 2007).

The study was carried out on the Tyrrhenian coast of

Central Italy (Latium region) where the latest vascular flora

survey (Izzi et al. 2007) revealed the widespread presence of

Carpobrotus aff. acinaciformis and where a selective distri-

bution of this alien species on the different coastal dune habi-

tats of European interest (sensu Habitats Directive - EC 1992,

2007) has been demonstrated (Carranza et al 2008). In fact

Carboni et al. (2010) and Carranza et al. (2010) have recently

observed that Carpobrotus aff. acinaciformis tends to be

mainly associated with the shifting dunes along the shoreline

with Ammophila arenaria (EC Habitat 2120) and with the

Crucianellion maritimae fixed beach dunes (EC Habitat

2210), and secondarily with the fixed coastal dunes with

Juniperus spp. (EC Habitat 2250).

A test area including about 22 kilometers of Tyrrhenian

sandy shores in the Circeo National Park (Central Italy) was

selected for the analyses (Figure 1). In the Circeo National

Park, Carpobrotus invasion is a relatively recent phenome-

non (around the late 70’s according to observations by the

park staff and local knowledge). In fact, it was initially intro-

duced for dune stabilization by the park managers when the

issues related to biological invasions where not yet fully un-

derstood.

The taxonomy of Carpobrotus on the Mediterranean

coasts is problematic and partially unresolved (Suehs et al.

2004), but in this area only magenta flowered Carpobrotus

(generally considered C. aff. acinaciformis, see Traveset et

al. 2008) were introduced and consequently are now present

and widespread. Therefore in the present study the issue of

taxonomic identity raised by Vilà et al. (2006) is negligible.

In accordance with a previous study (Carranza et al.

2008), the Circeo coastal dune system belongs to a single en-

vironmental unit called “Recent coastal dunes under thermo-

Mediterranean subhumid climate” with a characteristic

edaphic coastal dune zonation. The dunes of the study area

have an average width of 250 m and an average altitude of

ca. 15 m (Acosta et al. 2000) and are made by sandy regosols,

which are very porous and dry. These soils have a poorly dif-

ferentiated profile in which we can recognize a thin horizon

above the sandy sediment with variable humus content, de-

pending on the density of vegetation cover. The physical and

chemical composition is rather uniform, being always rich in

bioclastic calcium carbonate, with an alkaline reaction, and

low nutrient content (Dowgiallo and Bottini 1998). The men-

tioned sea-inland soil zonation is matched by a vegetation

gradient that goes from annual communities on the upper

beach (EC Habitat 1210), through the perennial geophytic

communities of the embryo (EC Habitat 2110) and mobile

dune (EC Habitat 2120) and the chamephytic communities

of the transition dune (EC Habitat 2210), to shrubby commu-

nities on the inland back dunes (EC Habitat 2250) (Stanisci

et al. 2004, Carranza et al. 2008) (Figure 1).

Nomenclature of native species conforms to the checklist

of the Italian vascular flora (Conti et al. 2005). Nomenclature

of alien plants follows the work of Celesti-Grapow et al.

(2009).
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Soil sampling

First, we selected a set of Carpobrotus invaded vegeta-

tion plots (4 m
�
) taken in the Circeo National Park in 2009

from a larger existing vegetation database (more than 700

random vegetation plots collected along the entire Latium

coast by the Plant Ecology Laboratory of “Roma Tre” Uni-

versity). In order to avoid the influence of the age of the mat

(Vilà et al. 2006), we only considered plots which had high

percent cover and abundant litter stratification of Carpobro-

tus aff. acinaciformis. This allowed us to identify 25 plots

performed in the coastal dunes of the Park where invasion

was not recent. Then, for each of the invaded plots, we meas-

ured the topsoil parameters according to a paired sample de-

sign: we collected data inside each Carpobrotus invaded plot

and in an adjacent non-invaded native habitat placed in the

same topographic position. Soil samples were collected in

the center of each plot (invaded and non-invaded) drawing

about 1000 g of soil (after removing litter) from the profile

between 5 and 15 cm depth. We determined the dune habitat

type (sensu Habitats Directive - EC 1992, 2007) of each

paired sample in the field following the most abundant diag-

nostic native species according to the Italian Habitats Direc-

tive Interpretation Manual (Biondi et al. 2009). The 25 paired

samples of soils were distributed as follows: 11 in the shifting

dunes with Ammophila arenaria (EC Habitat 2120), 8 in the

Crucianellion maritimae fixed beach dunes (EC Habitat

2210) and 6 in the fixed coastal dunes with Juniperus spp.

(EC Habitat 2250).

Soil analyses

The samples were air-dried and passed through a 2 mm

sieve before laboratory analyses. Then, a set of parameters

commonly used to analyze the effects of plant invasion on

soil processes (Ehrenfeld 2003) were measured: content in

total nitrogen, content in organic matter, pH and salinity. To-

tal nitrogen content (N) was determined using the Kjeldahl

method, which includes three main steps: digestion, distilla-

tion, and titration. The organic forms of N in the soil sample

are all converted to ammonium by digestion with H�SO� (in

presence of a catalyst), the ammonium is then liberated by

distillation of the digest with NaOH. Finally, the amount of

ammonium in the distilled liquid is determined by titration.

To estimate the organic matter content, the Walkley-Black

method was used, based on the principle of oxidation of the

organic substance by 10 ml of K�Cr�O� in 20 ml of H�SO�

at 96%, at the temperature reached due to the effect of the

sudden dilution of the sulfuric acid. Salinity and pH were in-

strumentally measured after dilution of the samples in dis-

tilled water. All the soil analyses were performed in a Labo-

ratory of Pedology (“La Sapienza” University, Rome).

Data analyses

In order to determine whether Carpobrotus invasion af-

fected the soil parameters of interest and how this effect var-

ied according to the habitat subject to invasion, statistical

models were fit using the software R (R-Development-Core-

Team 2009). Firstly, to account for non-normality each re-

sponse variable was appropriately transformed (square root

transformation for nitrogen content; log transformation for

organic matter content and salinity; pH did not require trans-

formation) and subsequently model residuals were checked

to confirm constancy of variance and normality of errors.

Pearson’s correlations (r) between each response variable

were also tested.

We then proceeded to fit mixed-effects models for each

response variable with “invasion status” and “habitat” as

fixed factors and “paired plot” as a random factor (models fit

with REML - Restricted Maximum Likelihood; R package

“nlme”, Pinheiro et al. 2009). The AIC value (Akaike 1974)

of these models was then compared to that of Generalized

Least Squares (GLS) models. This allowed us to determine

whether the response to invasion was influenced by the

paired plot being examined. Since the AIC values of GLS

models were always lower than those of the mixed models,

the simpler models (GLS) were chosen.

Therefore, a two-way factorial analysis of variance

(ANOVA) was fit for each response variable with “invasion

status” and “habitat” as explanatory variables. To shed light

on the interaction terms of interest and to avoid the inflation

of type I statistical errors due to multiple comparisons, a post

hoc Tukey HSD test (α=0.05) was then applied to each

model. By doing so we were able to investigate how the ef-

fect of invasion varied among the different habitats.

Results

The analyses highlighted a significant difference in soil

variables between invaded and non-invaded plots. Specifi-

cally, both nitrogen content (ANOVA F=13.95; P<0.001;

partial χ�=0.24) and organic matter content (ANOVA

F=28.47; P<0.001; χ�= 0.41) were significantly higher

where Carpobrotus had invaded, whereas pH was noticeably

lower (ANOVA F=5.69; P=0.019; χ�=0.12).

Moreover, results indicate that the effects of invasion

vary according to the habitat. Specifically, the results of

Tukey HSD test at α=0.05 show that in the shifting dunes

with Ammophila arenaria (EC Habitat 2120), invaded plots

were characterized by a significantly higher organic matter

content (P<0.001; Figure 2B) and lower soil pH (P=0.041;

Figure 2C) than non-invaded plots. On the Crucianellion

maritimae fixed beach dunes (EC Habitat 2210) both organic

matter content (P=0.002; Figure 2B) and nitrogen content

(P=0.005; Figure 2A) were significantly higher in invaded

plots. Conversely, in the coastal fixed dunes with Juniperus

spp. (EC Habitat 2250) no significant differences in nitrogen

content, organic matter content or pH values between in-

vaded and non-invaded soils were found (Figure 2).

Comparison of soil characteristics among habitats for

both invaded and non-invaded plots instead reveals how in-

vasion alters the normal spatial patterns of organic matter

content and pH along the sea-inland gradient (Figure 3).
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Mean values of organic matter content and pH in invaded

plots are not significantly different among habitat, whereas

where Carpobrotus is absent organic matter and pH in-

creases and decreases, respectively, along the zonation. This

suggests that invasion has lead to a homogenization of both

organic matter content and pH among habitats. On the other

hand, we do not observe the same pattern for nitrogen con-

tent, suggesting a more complex control of this soil variable.

Note that no significant differences in salinity content be-

tween invaded and non-invaded plots were found in any of

the three habitats (Figure 2D). Of the four soil parameters of

interest, salinity was also the least correlated to the others

(r=-0.106 pH; r=0.476 organic matter; r=0.528 nitrogen). In

contrast, nitrogen and organic matter were strongly corre-

lated (r=0.793) and both were inversely correlated with pH

(r=-0.536 nitrogen; r=-0.49 organic matter).

Discussion

The comparisons (Carpobrotus invaded versus non-in-

vaded) of soil parameters for distinct habitats in coastal

dunes gave heterogeneous results. For two of the analyzed

habitats we found significant differences in nitrogen content,

organic matter content and pH values. We should observe

that, due to the strong correlation between organic matter

content, nitrogen content and pH, probably only organic mat-

ter content is directly influenced by invasion, and the others

are indirect effects. Instead, no difference between invaded

and non-invaded samples was found for soil salinity (Fig. 2).

In contrast with results obtained for other invasive spe-

cies of the same family (Aizoaceae) for which salt accumu-

lation has been documented (Vivrette and Muller 1977), sa-

linity did not differ between Carpobrotus-invaded and

non-invaded habitats. In our case Carpobrotus aff. acinaci-

formis did not cause a significant difference in the soil salt

accumulation, unlike the very similar and related species Me-

sembryanthemum crystallinum (Vivrette and Muller 1977,

Adams et al. 1998). On the other hand, we found significant

differences in organic matter content and pH between in-

vaded and non-invaded plots for the shifting dunes (EC

Habitat 2120), and we found significant differences in nitro-

gen content and organic matter content for the Crucianellion

maritimae fixed beach dunes (EC Habitat 2210). On the

whole, our results highlight that the changes in soil factors in

Carpobrotus invaded plots are detectable only in the two pio-

neer habitats (EC Habitat 2120 and EC Habitat 2210).

These results are in agreement with previous studies

(Vilà et al. 2006, Conser and Connor 2009) performed in the

Mediterranean region on rocky and sandy substrates. Finding

a distinct behavior of soil factors in the different habitat

types, we show support for the hypothesis that soil modifica-

tions caused by Carpobrotus can vary depending on the habi-

tat type. The differences in soil response to Carpobrotus in-

vasion could vary with the strong environmental gradient

which characterizes the coastal dune zonation. Only the pio-

neer habitats of the foredune zone, with poor soils (Forey et

al. 2008), seem to be affected by Carpobrotus invasion. In

fact, the well-known abundant production of litter by Carpo-
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brotus (Wisura and Glen 1993) is very different from that of

the dominant native species in the same habitats (e.g. Ammo-

phila arenaria, Anthemis maritima, Crucianella maritima or

Pycnocomon rutifolium practically have no litter deposition).

Carpobrotus litter may therefore be responsible for the en-

richment in organic matter and nitrogen content (and in turn

for the acidification) in the soil of these herbaceous plant

communities.

It has been previously demonstrated that soil modifica-

tions in invaded areas can potentially threaten native plant

diversity. In particular, herbaceous communities of coastal

dunes are highly susceptible to soil modifications caused by

invasive plants with abundant litter production (Isermann et

al. 2007). The enrichment in organic matter and nitrogen

content could inhibit germination and eventually affect the

survival of the specialized native dune species, which spread

only in these particularly poor soils (van den Berg et al. 2005,

van der Heijden et al. 2008). These soil modifications could

alter the turnover of species. For example, ruderal nitrophi-

lous species could substitute the typical native dune species,

as recently highlighted in other ecosystems under alien plant

invasion (Maurel et al. 2010).

On the contrary, in the fixed coastal dunes with Junipe-

rus spp. (EC Habitat 2250), characterized by relatively high

plant cover and abundant litter, no significant soil differences

between invaded and non-invaded plots were detected. In

this habitat, the high levels of litter production by native spe-

cies, such as the needle-like leaves of Juniperus, leaves of

Pistacia lentiscus and Phillyrea angustifolia (McKinley and

Blair 2008, Brantley and Young 2010) probably influence

the contents of nitrogen and organic matter and the pH of the

soil in a similar way as the alien Carpobrotus litter.

The effects of the replacement of native habitats by mats of

alien species have recently been investigated. Dassonville et al.

(2008) in NW Europe showed that, depending on the initial con-

ditions of the invaded site, the same alien plant species may

cause different modifications in the soil, leading to a “soil ho-

mogenization” in the whole study area. Our results suggest

that something similar happens on Carpobrotus invaded

soils, at least for pH and organic matter content (Fig. 3).

Our results have interesting conservation implications.

At present, no management efforts regarding Carpobrotus

removal are being carried out in the study area. However, if

similar actions to those performed in California (Conser and

Connor 2009) were to be undertaken in the future, we suggest

that particular attention be paid to the foredune zone (Habitat

2120 and Habitat 2210) as the soils of these habitats seem to

be more strongly affected by the invasion. In the case of re-

moval of Carpobrotus from the foredune zone and sub-

sequent restoration with native plant species, the highlighted

modification of soil parameters should be taken into consid-

eration and could require a litter removal associated with the

plant removal.

Acknowledgements: We wish to thank Dr. G. Dowgiallo for

her help with soil analyses (Laboratory of Pedology of the

University “La Sapienza”). We also thank the editor and the

two anonymous reviewers whose comments and suggestions

helped us to improve the original version of the manuscript.

References

Acosta, A., C. Blasi and A. Stanisci. 2000. Spatial connectivity and
boundary patterns in coastal dune vegetation in the Circeo Na-
tional Park, Central Italy. J. Veg. Sci. 11: 149-154.

Adams, P., Nelson, D.E., Yamada, S., Chmara, W., Jensen, R.G.,
H.J. Bohnert and H.Griffiths. 1998. Growth and development of
Mesembryanthemum crystallinum (Aizoaceae). New. Phytol.
138: 171-190.

Akaike, H. 1974. A new look at the statistical model identification.
IEEE Transactions on Automatic Control 19 (6): 716-723.

Bartomeus, I., J. Bosch and M. Vilà. 2008. High invasive pollen
transfer, yet low deposition on native stigmas in a Carpobrotus-
invaded community. Ann. Bot. 102: 417-424.

Biondi, E., Blasi, C., Burrascano, S., Casavecchia, S., Copiz, R., Del
Vico, E., Galdenzi, D., Gigante, D., Lasen, C., Spampinato, G.,
R. Venanzoni and L. Zivkovic. 2009. Italian Interpretation Man-
ual of the 92/43/EEC Directive habitats. MATTM. Available
from http://vnr.unipg.it/habitat/

������ 	� ,� ��� �
�1�� ���� �� ���
 ��� *������� &��������

�������# ������� ������ �������# ��# ������� �� �����' ���������

�� �
� �� ������� &����# ����# ��!�' �� ���
 ������*���� ���

��*���� ����� 3����� �������� 
�������� ���� ���������

�� 	�1�� ��. ��� �� α2���!�

238 Santoro et al.



Brantley, S.T. and D.R. Young. 2010. Shrub expansion stimulates
soil C and N storage along a coastal soil chronosequence. Global
Change Biol. 16: 2052-2061.

Campos, J.A., Herrera, M., I. Biurrun and J. Loidi. 2004. The role of
alien plants in the natural coastal vegetation in central-northern
Spain. Biodivers. Conserv. 13: 2275-2293.

Carboni, M., R. Santoro and A. Acosta. 2010. Are some communities
of the coastal dune zonation more susceptible to alien plant in-
vasion? J. Plant Ecol. 3(2): 139-147.

Carranza, M.L., Carboni, M., S. Feola and A. Acosta. 2010. Land-
scape-scale patterns of alien plant species on coastal dunes: the
case of iceplant in central Italy. Appl. Veg. Sci. 13: 135-145.

Carranza, M.L., Acosta, A., Stanisci, A., G. Pirone and G. Ciaschetti.
2008. Ecosystem classification and EU habitat distribution as-
sessment in sandy coastal environments. Environ. Monit. As-
sess. 140: 99-107.

Celesti-Grapow, L., Alessandrini, A., Arrigoni, P.V., Banfi, E., Ber-
nardo, L., Bovio, M., Brundu G., Cagiotti, M.R., Camarda, I.,
Carli, E., Conti, F., Fascetti, S., Galasso, G., Gubellini, L., La
Valva, V., Lucchese, F., Marchiori, S., Mazzola, P., Peccenini,
S., Poldini, L., Pretto, F., Prosser, F., Siniscalco, C., Villani,
M.C., Viegi, L., T. Wilhalm and C. Blasi. 2009. Inventory of the
non-native flora of Italy. Plant Biosyst. 143: 386-430.

Conser, C. and E.F. Connor. 2009. Assessing the residual effects of
Carpobrotus edulis invasion, implications for restoration. Biol.
Invasions 11: 349-358.

Conti, F., Abbate, G., A. Alessandrini and C. Blasi. 2005. An Anno-
tated Checklist of the Italian Vascular Flora. Roma, Palombi
Editori.

D’Antonio, C.M. and B.E. Mahall. 1991. Root profiles and compe-
tition between the invasive exotic perennial Carpobrotus edulis
and two native shrubs species in California coastal scrub. Am. J.
Bot. 78: 885-894.

Dassonville, N., Vanderhoeven, S., Vanparys, V., Hayez, M., W.
Gruber and P. Meerts. 2008. Impacts of alien invasive plants on
soil nutrients are correlated with initial site conditions in NW
Europe. Oecologia 157: 131-140.

Dowgiallo, G. and D. Bottini. 1998. Pedological aspects of the Cir-
ceo National Park. In: A. Stanisci and S. Zerunian (eds.), Flora
e vegetazione del Parco Nazionale del Circeo. Ministero per le
Politiche Agricole, Sabaudia, Italia. pp. 33-46.

European Commission. 1992. Council Directive 92/43/EEC on the
conservation of natural habitats and of wild fauna and flora. Of-
ficial Journal L 206, 22/07/1992, 7–50 and its amending acts

European Commission. 2007. Interpretation manual of European
Union habitats, Eur 27. Available from http://ec.europa.eu/envi-
ronment/nature/legislation/habitatsdirective/docs/2007_07_im
.pdf

Ehrenfeld, J.G. 2003. Effects of exotic plant invasions on soil nutri-
ent cycling processes. Ecosystems 6: 503-523.

Forey, E., Chapelet, B., Vitasse, Y., Tilquin, M., B. Touzard and R.
Michalet. 2008. The relative importance of disturbance and en-
vironmental stress at local and regional scales in French coastal
sand dunes. J. Veg. Sci. 19: 493-502.

Isermann, M., M. Diekmann and S. Heemann. 2007. Effects of the
expansion by Hippophaë rhamnoides on plant species richness
in coastal dunes. Appl. Veg. Sci. 10: 33-42.

IUCN-CMP. 2006. (The World Conservation Union - Conservation
Measures Partnership) Unified classification of direct threats.
Version 1.0.

Izzi, C.F., Acosta, A., Carranza, M.L., Carboni, M., Ciaschetti, G.,
Conti, F., Del Vecchio, S., Di Martino, L., Frattaroli, A., G. Pi-
rone and A. Stanisci. 2007. Il censimento della flora vascolare
degli ambienti dunali costieri dell’Italia centrale. Fitosociologia
44(1): 129-137.

Kulmatiski, A., Beard, K.H., J.R. Stevens and S.M. Cobbold. 2008.
Plant–soil feedbacks: a meta-analytical review. Ecol. Lett. 11:
980-992.

Levine, J.M., Vilà, M., D’Antonio, C.M., Dukes, J.S., K. Grigulis
and S. Lavorel. 2003. Mechanisms underlying the impacts of
exotic plant invasions. P. Roy. Soc. Lond. B Bio. 270: 775-781.

McKinley, D.C. and J.M. Blair. 2008. Woody plant encroachment by
Juniperus virginiana in a mesic native grassland promotes rapid
carbon and nitrogen accrual. Ecosystems 11: 454-468.

Maurel, N., Salmon, S., Ponge, J., Machon, N., J. Moret and A. Mu-
ratet. 2010. Does the invasive species Reynoutria japonica have
an impact on soil and flora in urban wastelands? Biol. Invasions
12: 1709-1719.

Pinheiro, J., Bates, D., DebRoy, S., D. Sarkar and the R Core team.
2009. nlme: Linear and Nonlinear Mixed Effects Models. R
package version 3.1-93.

Pyšek, P., Richardson, D.M., Rejmánek, M., Webster, G.L., M. Wil-
liamson and J. Kirschner. 2004. Alien plants in checklists and
floras: toward better communication between taxonomists and
ecologists. Taxon 53: 131-143.

R Development Core Team. 2009. R: A language and environment
for statistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria.

Sala, O.E., Chapin, F.S., Armesto, J.J., Berlow, E., Bloomfield, J.,
Dirzo, R., Huber-Sanwald, E., Huenneke, L.F., Jackson, R.B.,
Kinzig, A., Leemans, R., Lodge, D.M., Mooney, H.A., Oester-
held, M.,  LeRoy Poff, N.,  Sykes, M.T.,  Walker,  B.H., M.
Walker and D.H. Wall. 2000. Global biodiversity scenarios for
the year 2100. Science 287: 1770-1774.

Stanisci, A., Acosta, A., S. Ercole and C. Blasi. 2004. Plant commu-
nities on coastal dunes in Lazio (Italy). Annali di Botanica 4:
115-128.

Suehs, C.M., L. Affre and F. Medail. 2004. Invasion dynamics of two
alien Carpobrotus (Aizoaceae) taxa on a Mediterranean island:
I. Genetic diversity and introgression. Heredity 92: 31-40.

Traveset, A., E. Moragues and F. Valladares. 2008. Spreading of the
invasive Carpobrotus aff. acinaciformis in Mediterranean eco-
systems: The advantage of performing in different light environ-
ments. Appl. Veg. Sci. 11: 45-54.

van den Berg, L.J.L., Tomassen, H.B.M., J.G.M. Roelofs and R.
Bobbink. 2005. Effects of nitrogen enrichment on coastal dune
grassland: a mesocosm study. Environ. Pollut. 138: 77-85.

van der Heijden, M.G.A., S. Verkade and S.J. de Bruin. 2008. My-
corrhizal fungi reduce the negative effects of nitrogen enrich-
ment on plant community structure in dune grassland. Glob.
Change Biol. 14: 2626-2635.

Vilà, M., Tessier, M., Suehs, C.M., Brundu, G., Carta, L., Galanidis,
A., Lambdon, P., Manca, M., Médail, F., Moragues, E., Trave-
set, A., A.Y. Toumbis and P.E. Hulme. 2006. Local and regional
assessments of the impacts of plant invaders on vegetation struc-
ture and soil properties of Mediterranean islands. J. Biogeogr.
33: 853-861.

Vitousek, P.M., D’Antonio, C.M., Loope, L.L., M. Rejmánek and R.
Westbrooks. 1997. Introduced species: a significant component
of human-caused global change. New Zeal. J. Ecol. 21: 1-16.

Effects of Carpobrotus invasion on coastal dune habitat soils 239



Vivrette, N.J. and C.H. Muller. 1977. Mechanism of invasion and
dominance of coastal grassland by Mesembryanthemum crystal-
linum. Ecol. Monogr. 47: 301-318.

Weber, E. 2005. Invasive Plant Species of the World. CABI Publish-
ing, Wallingford, UK.

Wisura, W. and H.F. Glen. 1993. The South African species of Car-
pobrotus (Mesembryanthema-Aizoaceae). Contributions to the
Bolus Herbarium 15: 76-107.

Wolkovich, E.M., T.B. Douglas and A.H. David. 2009. Complex
responses to invasive grass litter by ground arthropods in a
Mediterranean scrub ecosystem. Oecologia 161: 697-708.

����� ������ �� �
�

����� ������� ��� ��� �� �
��

������ ������  � �
��

240 Santoro et al.


