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Abstract This study examines the process of invasion of coastal dunes in north-eastern

Italy along a 60-year time series considering alien attributes (origin, residence time,

invasive status, and growth form strategy) and habitat properties (species richness,

diversity and evenness, proportion of aliens, and proportion of focal species). Vegetation

changes through time were investigated in four sandy coastal habitats, using a fine-scale

diachronic approach that compared vegetation data collected by use of the same procedure,

in four time periods, from the 1950s to 2011. Our analysis revealed an overall significant

decline of species richness over the last six decades. Further, both the average number of

species per plot and the mean focal species proportion were proved to be negatively

affected by the increasing proportion of alien species at plot level. The severity of the

impact, however, was found to be determined by a combination of species attributes,

habitat properties, and human disturbance suggesting that alien species should be referred

to as ‘‘passengers’’ and not as ‘‘drivers’’ of ecosystem change. Passenger alien species are

those which take advantage of disturbances or other changes to which they are adapted but

that lead to a decline in native biodiversity. Their spread is facilitated by widespread

anthropogenic environmental alterations, which create new, suitable habitats, and ensure

human-assisted dispersal, reducing the distinctiveness of plant communities and inducing a

process of biotic homogenization.

Keywords Alien species � Anthropogenic pressure � Biotic homogenization � Coastal

sand dune � Habitat properties � Time series
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Introduction

Coastal ecosystems are regarded as threatened by alien invasion worldwide (McLachlan

and Brown 2006; Santoro et al. 2012). Their high sensitivity to alien establishment seems

to be related to natural and anthropogenic factors such as habitat heterogeneity, intensive

propagule pressure from ancient times, and frequent and diverse disturbances (Acosta et al.

2007, 2008). In recent years, coastal dune ecosystems have been extensively transformed

as a result of urban expansion, agricultural and forestation spread, and industrial and

harbour development (Schlacher et al. 2007). Population increase and the growing demand

for recreation opportunities are the ultimate drivers of escalating pressure on sandy beaches

(Dugan and Hubbard 2010). In fact, urbanization and other human pressures are estimated

to be responsible for approximately 70 % of dune system loss in Europe during last century

(McLachlan and Brown 2006).

The problem is not negligible given that coastal dune systems make up 20 % of the area

occupied by the world’s coastal landscapes (van der Maarel 2003). Dunes offer unique

ecological services, for example filtration of seawater, nutrient recycling, flood control, and

storm protection (McLachlan and Brown 2006; Millennium Ecosystem Assessment 2005)

which are closely associated with well preserved ecosystems (Barbier et al. 2011).

Moreover, by occupying a transition zone between terrestrial and marine ecosystems, dune

environments constitute one of the most dynamic landscapes on earth (Van der Meulen and

Udo de Haes 1996) and host a particularly specialized flora and fauna with high coeno-

logical biodiversity (van der Maarel 2003). According to the latest European Commission

Report (European Commission 2008) most EU dune habitats are currently characterised by

inadequate or very bad conservation status; even in those that are still well preserved,

biodiversity is highly endangered (Prisco et al. 2012).

Efforts to explain the ecological effects of invader species have primarily focussed on

their functional attributes (and how they differ from those of the resident species) and their

abundance (Lloret et al. 2005; Stanisci et al. 2010; Vitousek 1990) or, on the habitat

properties responsible for inherent vulnerability to invasion, i.e. invasibility (Chytrý et al.

2008b; Davis et al. 2000; Rejmánek et al. 2005). Both approaches basically treat species

and ‘‘recipient communities’’ as static entities with fixed sets of traits (Whitney and Gabler

2008). However, increasing evidence shows that evolutionary or ecological processes can

change the behaviour of invader species or modulate their effects (Strayer et al. 2006). The

invasion process itself has been found to approximately follow a sequence of stages,

irrespective of the taxonomic identity of the invader (Theoharides and Dukes 2007).

Invasive species can also drive both natural selection and evolutionary response in the

recipient communities (Callaway et al. 2005). As a result, the effect of invasion changes

constantly, because of temporal changes to the invader, the invaded community, and the

abiotic environment (Mooney and Cleland 2001; Lee 2002; Lambrinos 2004; Barrett et al.

2008; Suarez and Tsutsui 2008). Evolutionary or ecological processes can thus have a

significant effect on the magnitude of the invasion process, making invasions and their

consequences very changeable over time. Effect size is also affected by spatial scale

dependency (Pyšek and Hulme 2005). Traditionally, the proportional representation of

alien species has been assessed in large areas such as countries, cities, or grid squares of

floristic maps, but much less has been done at smaller scale, e.g. vegetation plots. In

general, the shift to a finer scale strongly affects the representation of alien species, and

effects on native species significantly increase with decreasing unit size (Gaertner et al.

2009; Pyšek and Hulme 2005). In particular, plot size commonly used in phytosociological

studies has been proved to be suitable as they capture a reasonably high proportion of
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species present in the habitat, and the scale enables precise assessment of the effects of

environmental variables, not possible on larger scales (Pyšek et al. 2010).

On continental or regional scales, invasion processes have been reconstructed by use of

herbarium records (Comin et al. 2011; Fuentes et al. 2008; Mihulka and Pyšek 2001), but

few studies of long-term patterns of local spread (Damgaard et al. 2011) are available. To

analyse vegetation changes through time on a local scale, several direct, though very

demanding, methods are usually adopted, for example repeated surveys, permanent plots,

and field experiments. Yet, having received support from studies indicating close corre-

spondence of synchronic and diachronic data (Foster and Tilman 2000; Walker et al.

2010), the most frequent indirect approach for monitoring temporal dynamics involves the

use of chronosequences and associated space-for-time substitution (Pickett 1989; Walker

et al. 2010).

Within this framework, this paper reports analysis of the temporal dynamics of alien

plant invasion along a 60 year chronosequence to determine their effect on coastal plant

communities in terms of loss of biodiversity and changes in community structure. This

paper addresses, in detail, the questions:

– Have any changes in species richness and evenness occurred over the last 60 years?

– What are the temporal trends in alien species versus native focal species over the study

period?

– Do these changes differ among vegetation types?

Materials and methods

Study area

The study area corresponds to the Venetian portion of the North Adriatic coast (north-

eastern Italy), delimited by the estuaries of the Adige and Tagliamento rivers (Fig. 1).

Sites consist of narrow, recent dunes (Holocene), bordered by river mouths and tidal

inlets, mostly fixed by docks. Recent dunes are in contact with ancient dunes (Pleistocene),

alluvial or lacustrine deposits, or run bordering the Venice Lagoon.

Until the 1950s, the Venetian coast was almost entirely fronted by dunes up to 10 m in

height (Bezzi and Fontolan 2003; Pignatti 2009). Few of these still survive and the

coastline suffers from increasing erosion, reduction in sand supply, alteration of geo-

morphic processes and heavy human use (Nordstrom et al. 2009). From the 1950s onward,

large stretches of coastal dunes have been fragmented by housing and resort development

and by road construction. To defend shorefront buildings and to provide space for leisure

use, large beach sectors have been protected by groynes, jetties, and revetments. Most sites

are managed by private corporations, and land lying behind the beaches has been mostly

developed as campsites, resorts, towns, and villages. In the 2011 summer season (from

May to September) the number of visitors to beaches in the Veneto region numbered more

than 25 million; tourist arrivals and night-stays in Cavallino, a 15 km long stretch of beach

near Venice, increased from approximately 250,000 in the 1950s to almost eight million in

2011. As a matter of fact, summer beach tourism is one of the main resources of the region

(Bezzi and Fontolan 2003); the average density of facilities for accommodating people is

approximately 76.3/100 km2.

Despite this intense tourism, the Venetian coastline is a regional and national biodi-

versity hotspot hosting many habitats, most of which are endemic communities (Buffa
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et al. 2012; Sburlino et al. 2008, 2013), included as ‘‘Natural habitats of European

Community interest’’ in Annex I of the EU Habitat Directive (CE 43/92). Three of these,

‘‘Fixed coastal dunes with herbaceous vegetation (grey dunes)’’, ‘‘Coastal dunes with

Juniperus spp.’’ and ‘‘Wooded dunes with Pinus pinea and/or Pinus pinaster’’, are

included in the category ‘‘priority habitats’’ (Buffa and Lasen 2010).

Data collection

The investigation focalised on the four distinct plant communities listed in Table 1.

Fig. 1 Map of the study area
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Although spatially closed, the plant communities investigated have several distinctive

features in terms of composition, structure, and spatial occupancy pattern. Salsolo–Cak-

iletum is an annual, nitrophilous community of the upper zone of the beach, near the

shoreline. Being exposed to wave inundation, salt spray, and wind stress, the community is

often patchy and naturally fragmented. Because of the extremely stressful environment, the

total percentage of vegetation cover is low (Prisco et al. 2012) and the community is

normally dominated by a few ephemeral species, for example Cakile maritima and Salsola

kali. Sporobolo arenarii–Agropyretum juncei is a pioneer community found on the low

embryo-dunes dominated by perennial dune-forming plants, for example Elymus farctus

subsp. farctus, and such other perennial herbaceous species as Cyperus capitatus, Eryn-

gium maritimum, and Medicago marina. It develops on poor sandy substrata, with low

organic matter and of high salinity. Sand movement on a local scale causes vegetation

burial and sand blasting and the community is characterised by low total cover. Echin-

ophoro spinosae–Ammophiletum australis is a perennial herb community growing on a

more stabilized sandy substrate and inner coastal dunes, where salinity and salt spray are

usually lower than in the preceding community. It is dominated by Ammophila arenaria

subsp. australis, which builds the dune by capturing blown sand and binding it together

with its tough, fibrous rhizome system. Because of the less harsh environmental conditions,

vegetation cover can reach 50–70 % of the total surface and the community is semi-

permanent (Prisco et al. 2012). Finally, Tortulo ruralis–Scabiosetum is a perennial dry

microprairie dominated by dwarf shrubs (in particular, Fumana procumbens, Teucrium

chamaedrys, T. montanum, and T. polium), perennial herbaceous species, mosses, and

lichens that cover semi-fixed dunes (Sburlino et al. 2013). Being less exposed to severe

coastal conditions, the community has higher cover value, which can reach 100 %, and

greater species richness than the other communities.

Data analysis

The temporal dynamics of plant communities were analysed by use of a fine-scale dia-

chronic approach, by comparing vegetation data collected, at plot level, by use of the same

procedure. Up-to-date and past phytosociological data for the study area enabled the

identification of a chronosequence which started in the 1950s and ended in 2011. Each

chronosequence was composed of four time steps. All recent vegetation surveys (2011)

were recorded by using the Braun–Blanquet seven-degree scale of abundance and domi-

nance (Westhoff and van der Maarel 1978), adopting the same method as used by previous

authors. Surveys were recorded at the same localities as specified by previous authors,

although not exactly in the same plots, because of lack of detailed information.

The analysis is based on a dataset of 171 phytosociological surveys as follows

(Table 2):

Vegetation plot data were selected from a large database of 824 surveys comprising all

the phytosociological relevés conducted over time within the study area and relative to the

sand dune landscape. Survey areas (Table 3) are scattered along a coastline 100 km long

but are concentrated in those sites which historically include natural coastal dunes and have

been recently incorporated in the Natura 2000 European network as Sites of Community

Importance (SCI) and/or Special Protection Areas (SPAs) (Buffa and Lasen 2010).

Vegetation surveys had an even spatial distribution but were unevenly distributed in

time. The 1980s, in particular, were numerically under-represented. Because plot size has

been recognized as a possible bias affecting estimation of species richness within each

community, only vegetation samples of comparable size were selected, in accordance with
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the standardised procedure proposed by Haveman and Janssen (2008); this led to exclusion

of all surveys of extreme or anomalous size. We overlooked the procedure only for surveys

of Tortulo–Scabiosetum recorded in the 1980s for which, on average, areas were larger

than for those of other time steps. Because they were the only available data and our work

was conducted retrospectively on historical data collected at different times, we chose to

retain them to avoid loss of precision because of the lack of intermediate observations.

However, to eschew possible plot size effects, we chose not to use absolute species number

in the subsequent data analysis.

The information considered was:

1 Year of the record, converted to one of the four time steps (referred to as 1950s, 1980s,

2000s, and 2011 hereafter);

2 Cumulative species pool and level of invasion; the cumulative species pool was

calculated as the total number of species, both native and alien, recorded within each

vegetation type in each time step, whereas the level of invasion corresponds to the

percentage of alien species compared with the cumulative species pool (Chytrý et al.

2005);

3 Average number of species and mean proportion of alien and native focal species per

plot; alien species were classified in accordance with Celesti-Grapow et al. (2009,

2010a) and Prieto et al. (2011) for the genus Spartina; definitions of ‘‘casual’’,

‘‘naturalized’’, or ‘‘invasive’’ are in accordance with Rejmánek et al. (2005); native

focal species, that is the key species pivotal to habitat structure and function, were

chosen in accordance with the ‘‘Italian Interpretation Manual of the 92/43/EEC

Directive Habitats’’ (Biondi et al. 2009; Prisco et al. (2012);

4 Mean Shannon Diversity Index (H0) and mean Evenness Index (J) per plot; the

Evenness index J was calculated as H0/ln S, where H0 is the Shannon diversity index

and S the number of species; for calculation of H0 (Magurran 1988), the Braun–

Blanquet scale values were previously transformed to percentage cover as follows:

r = 0.1 %; ? = 1.0 %; 1 = 2.5 %; 2 = 15.0 %; 3 = 37.5 %; 4 = 62.5 %;

5 = 87.5 %.

We also considered such qualitative species attributes as origin, residence time, invasive

status, and growth form strategy, collected from available bibliographic sources and on-

line archives (Banfi and Galasso 2010; Celesti-Grapow et al. 2010b; Maniero 2000; Pig-

natti 1982; Ruchinger 1818; Vignolo-Lutati 1935).

Table 3 Individual survey sites

Site surface (ha) Latitude Longitude

Chioggia 40.30 44�47049.8000N 12�16011.5300E

Lido di Venezia 178.34 45�24036.0600N 12�22027.2000E

Lido di Jesolo 27.14 45�26044.2200N 12�2808.4900E

Caorle 117.27 45�39018.2300N 13�6011.8200E

Site surface refers to the total area covered by the plant communities studied. Latitude and longitude
(degrees, minutes, and seconds) are the geographic coordinates of the central point
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Statistical analysis

To determine the effect of the invasion process over time in terms of loss of biodiversity

and changes in community structure, we applied a General Linear Model or a Generalized

Linear Model (depending on data distribution). The proportion of alien species was

included in the models as a continuous predictor variable. Time steps and vegetation types

were used as grouping (categorical) variables (factors with four levels each). Habitat

properties, i.e. Shannon Diversity Index H0, Evenness Index J, average number of species

per plot, and proportion of focal species per plot were incorporated as response (dependent)

variables. Chi-squared tests were used to test the null hypothesis of an even invasion level

distribution and of alien and focal species species-specific frequencies along the time series

(the Yates correction was applied for one degree of freedom).

Results

The alien species pool

Ten alien species were found along the time series. These are listed in Table 4, which

summarizes their different features. Only those alien species sampled within the plots are

documented and, as such, the entire pool of alien species present in the Venetian coastal

sand system is not included.

Most of the species are from temperate areas of the New World, where they usually

occupy primary or secondary open disturbed habitats, for example grasslands, street sides,

riverbanks, and dunes. The precise native range of two species is uncertain; Oenothera

stucchii is assumed to have recently originated in Italy from American populations of O.

biennis (Soldano 1993; Dietrich et al. 1997). The origin of the genus Xanthium is also

unclear. Only Xanthium strumarium s.str. is usually claimed to be an Old World species,

other members of the genus being native to the New World (Strother 2006). According to

Piva and Scortegagna (1993), the subspecies italicum is probably a new entity which has

evolved in southern Europe.

The recorded alien species pool is entirely represented by neophytes, i.e. species which

immigrated after 1500. Most species are referred to as invasive at the national level; four

are classified as naturalized or established plants, that is, plants capable of independent

growth but that do not necessarily invade natural or semi-natural ecosystems. Only one

species (E. angustifolia) has been classified as casual, i.e. species that rely on repeated

introduction for their persistence.

Most of the species are represented by either annual or perennial herbaceous species,

particularly, therophytes (four species), rhizomatous geophytes (two), and biennial hemi-

cryptophytes (one). Only three species are woody perennials or partially woody shrubs

(e.g. Senecio inaequidens).

Table 5 shows the species’ temporal and spatial pattern of occupancy and their trend in

frequency along the time series.

Only four species (X. orientale ssp. italicum, O. stucchii, E. canadensis and C. longi-

spinus) were already present in the 1950s; all the others, for example S. inaequidens, A.

fruticosa, were first recorded in the 1980s or, for A. psilostachya and S. versicolor, even

more recently.

In all, the area has experienced an increase in the level of invasion, i.e. the percentage of

alien species compared with the cumulative species pool, from the 1950s to 2011. The
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change has been gradual, however, and significant differences have been detected only by

comparing the two extremes of the chronosequence (v2 1950s/2011 with 1 df = 4.76,

p \ 0.05).

Overall trends in species diversity and evenness

A significant effect of the invasion process on community composition was detected by our

models (Online Resource 1).

In fact, both the average number of species per plot and the proportion of native focal

species per plot turned out to be significantly affected by the proportion of alien species

and an overall negative trend over time was observed. Conversely, neither the mean

Shannon Diversity Index (H0) nor the mean Evenness Index (J) per plot provided evidence

of a relationship with the proportion of alien species. All habitat properties were closely

related to vegetation type, i.e. vegetation type significantly affected the response to the

invasion process, and changes as a result of the time steps (variable ‘‘year’’) were always

significant in the interaction with vegetation type.

Trends in each community are summarized in Fig. 2. Additional data are given in

Online Resource 2.

H0, J, species number, focal species, and representation of aliens in the vegetation types

Salsolo kali–Cakiletum maritimae

Excluding alien species, the recorded cumulative native species pool consisted of 13

vascular plant species, three of which were focal species representing approximately 23 %

of these. The ratio of alien species to the cumulative species pool, i.e. the level of invasion,

increased only slightly over time, with no significant differences along the time series (v2

never significant) (Online Resource 2).

Table 5 Temporal and spatial pattern of alien species occupancy within the target communities

Ist step IInd step IIIrd step IVth step
1950s 1980s 2000s 2011

SC SA EA TS SC SA EA TS SC SA EA TS SC SA EA TS
Cumulative species pool 75 108 89 58
Level of invasion 0.05 0.09 0.10 0.16

Ambrosia psilostachya 0-25 0-25 75-100 0-25 25-50 0-25 75-100

Amorpha fruticosa 0-25 0-25

Cenchrus longispinus 0-25 25-50 0-25 25-50 0-25 25-50 25-50 0-25

Cuscuta cesattiana 0-25 25-50 0-25 0-25

Elaeagnus angustifolia 25-50 0-25 0-25

Erigeron canadensis 0-25 0-25 25-50 0-25 0-25 0-25 0-25 0-25

Oenothera stucchii 0-25 50-75 0-25 25-50 25-50 75-100 25-50 25-50 75-100 50-75 25-50 0-25

Senecio inaequidens 0-25 0-25 0-25

Spartina versicolor 25-50

Xanthium orientale ssp. italicum 75-100 75-100 75-100 0-25 75-100 75-100 75-100 0-25 75-100 75-100 50-75 75-100 75-100 75-100 0-25

Cumulative species pool represents the sum of both native and alien species recorded at each time step; the
level of invasion refers to the proportion of alien species to the cumulative species pool. Different shades of
grey refer to four classes of increasing frequency in plots, from light grey (frequency \ 25 % of plots) to
dark grey (frequency [ 75 % of plots), as indicated by numbers. SC, Salsolo–Cakiletum; SA, Sporobolo–
Agropyretum; EA, Echinophoro–Ammophiletum; TS, Tortulo–Scabiosetum
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As summarised in Online Resource 2 and graphically represented in Fig. 2, both

Shannon index H0 and evenness J underwent some fluctuations over time but, on the whole,

their current values were comparable with those in the 1950s. A similar trend was apparent

for the average number of species per plot.

After a drop between the two first time steps, the mean proportion of focal species

remained constant. The integrity of the focal species pool was ensured by steady fre-

quencies of Cakile maritima and Chamaesyce peplis, whereas Salsola kali underwent a

significant change in frequency from 100 % in the 1950s to 60 % in 2011 (v2 1950s/2011

with 1 df = 9.51, p \ 0.01) (Table 6).

Three alien species were found along the time-series (Table 5). Two were annual

species, X. italicum and C. longispinus, whereas the third, A. psilostachya, was a rhizo-

matous geophyte. X. italicum was the only alien recorded since the 1950s whose frequency

over time remained relatively steady (v2 never significant). Cenchrus longispinus was first

recorded in the 2000s and A. psilostachya in 2011. In both cases, their frequency (11 and

10 % respectively) was low.

Overall, although changeable over time, the Cakile maritima community has remained

rather constant during the last 60 years; the only attribute changing markedly between the

two extremes of the chronosequence was the mean proportion of focal species.

Fig. 2 Means (±SE) of Shannon Diversity Index H0, Evenness Index J, average number of species per plot,
and mean focal species proportion in the different vegetation types over time. SC, Salsolo–Cakiletum; SA,
Sporobolo–Agropyretum; EA, Echinophoro–Ammophiletum; TS, Tortulo–Scabiosetum
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Sporobolo arenarii–Agropyretum juncei

The cumulative native species pool amounted to 21 species, four of which were focal

species (19 %). The level of invasion (proportion of aliens to the cumulative species pool)

increased from 0.11 in the 1950s to 0.31 in the 2000s and 2011 (v2 1950s/2011 with 1

df = 9.76, p \ 0.01) (Online Resource 2).

In the Elymus farctus community, both H0 and J increased over time (Online Resource 2

and Fig. 2). Conversely, the average number of species per plot and the mean focal species

ratio remained rather stable, as did the focal species-specific frequency, except for Cyperus

capitatus, which has not been recorded in this community since the 1950s (Table 6).

Different from the previous community, two other alien species were found: the annual

E. canadensis and the biennial O. stucchii (Table 5). Both X. italicum and O. stucchii have

been present since the 1950s. Whereas the frequency of the former has been relatively

stable (v2 never significant), O. stucchii has increased gradually and significantly (v2

1950s/2011 with 1 df = 37.52, p \ 0.001). Ambrosia psilostachya and C. longispinus only

emerged in large numbers in the 2000s, with the increase in frequency of Ambrosia being

outstanding (v2 2000s/2011 with 1 df = 19.32, p \ 0.001).

Echinophoro spinosae–Ammophiletum australis

The cumulative native species pool comprised 47 species, six of which (approx. 13 %)

were focal. The level of invasion has grown over time from 0.13 to 0.33 (v2 1950s/2011

with 1 df = 7.85, p \ 0.01) (Online Resource 2). As for the Elymus farctus community,

Table 6 Temporal pattern of occupancy of focal species within the target communities

Ist step IInd step IIIrd step IVth step
1950s 1980s 2000s 2011

SC SA EA TS SC SA EA TS SC SA EA TS SC SA EA TS

Cakile maritima 75-100 75-100 75-100 75-100

Chamaesyce peplis 0-25 0-25 0-25 0-25

Salsola kali 75-100 50-75 25-50 50-75

Elymus farctus ssp. farctus 75-100 75-100 75-100 75-100

Cyperus capitatus 0-25 25-50 0-25 0-25 0-25

Eryngium maritimum 25-50 25-50 25-50 50-75 25-50 25-50 25-50 0-25

Medicago marina 0-25 0-25 0-25 0-25 0-25 25-50 0-25 0-25

Ammophila arenaria 75-100 75-100 75-100 75-100

Echinophora spinosa 50-75 50-75 75-100 0-25

Euphorbia paralias 0-25 25-50 25-50 0-25

Phleum arenarium 25-50 25-50 75-100 50-75

Silene otites 75-100 75-100

Centaurea tommasinii 0-25 0-25

Lomelosia argentea 75-100 50-75 25-50 25-50

Petrorhagia saxifraga 25-50 0-25 25-50 25-50

Sanguisorba minor 25-50 50-75 25-50 25-50

Stachys recta 25-50 50-75 0-25

Fumana procumbens 75-100 50-75 25-50 25-50

Teucrium chamaedrys 75-100 0-25 0-25 0-25

Teucrium montanum 50-75

Teucrium polium 75-100 75-100 0-25

Different shades of grey refer to four classes of increasing frequency in plots, from light grey (fre-
quency \ 25 % of plots) to dark grey (frequency [ 75 % of plots), as indicated by numbers. SC, Salsolo–
Cakiletum; SA, Sporobolo–Agropyretum; EA, Echinophoro–Ammophiletum; TS, Tortulo–Scabiosetum
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the process developed gradually but significantly, and the community is nowadays expe-

riencing its highest levels of invasion to date.

Over the years, the community experienced a modification in its structure with a loss of

both diversity H0 and evenness J. In contrast with what occurred in Salsolo–Cakiletum and

Sporobolo–Agropyretum, the chronosequence revealed an undeniable drop in the average

number of species per plot. Apart from an increase between the two first time steps, the

mean proportion of focal species remained essentially constant (Online Resource 2 and

Fig. 2).

Among the focal species pool (Table 6), only Echinophora spinosa (v2 1950s/2011 with

1 df = 37.779, p \ 0.001) and Eryngium maritimum (v2 1950s/2011 with 1 df = 48.020,

p \ 0.001) significantly decreased in frequency. For all other species, particularly Am-

mophila arenaria, frequency values were consistent over time.

On the whole, the community hosted eight alien species (Table 5) most of which are

shared with the former communities. Three species were new: the annual C. cesattiana and

two woody species A. fruticosa and S. inaequidens. Therophytes still dominated, however.

The frequency of annual species (recorded since the 1950s) was stable (X. orientale) or

increasing (particularly significantly for C. longispinus; v2 1950s/2011 with 1 df = 12.255,

p \ 0.001). Behaviour of perennial species was discordant, with frequency stable (A.

psilostachya) or decreasing (O. stucchii); woody species appeared only occasionally and

sporadically.

Many habitat attributes had undergone apparent changes in the comparison between the

first and the last step of the chronosequence: level of invasion, the average number of

species per plot, H0, and J.

Tortulo ruralis–Scabiosetum gramuntiae

The cumulative native species pool totalled 93 species, which included 11 focal species

(12 %). Compared with the other communities, the level of invasion of the microprairie

was lowest (although with a significant increase; v2 1950s/2011 = 7.04, p \ 0.01) but

alien diversity was highest, amounting to 10 species (Table 5).

Both H0 and J decreased along the chronosequence. The average number of species per

plot changed over time, dropping from approximately 20 in the 1950s to approximately 13

in 2011 (Online Resource 2). The peak registered in the 1980s could have been because of

the larger plot surface used in that period; solid confirmation of the temporal trend is,

however, given by the outstanding difference between the first and the last time step.

Likewise, the number of focal species per plot decreased along the chronosequence. In

particular, the dwarf shrub component of the focal species pool decreased dramatically in

frequency over time (Table 6). Fumana procumbens and Teucrium chamaedrys dropped

from 92 to 30 and 20 %, respectively (v2 1950s/2011 = 30.50, and = 45,009 respectively,

both p \ 0.001), and Teucrium montanum and T. polium have not been recorded in any

vegetation plot since the 1980s.

In the alien species pool, the number of annual species diminished slightly in favour of

herbaceous (A. psilostachya O. stucchii and S. versicolor) or woody (A. fruticosa, E.

angustifolia and S. inaequidens) perennials.

The temporal pattern was quite dissimilar among species. After a peak in the 1980s,

some of them (E. canadensis and X. orientale or O. stucchii), slowly returned to fre-

quencies comparable with those of the 1950s (comparison significant for E. canadensis

only, v2 = 4.321, p \ 0.05). Such species as C. longispinus and C. cesattiana had fluc-

tuating patterns, quite typical of those of annual populations, alternately appearing and
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disappearing, but, when present, maintaining high frequency. Recorded for the first time

only in the 2000s at high frequency, occurrence of A. psilostachya further increased to

90 % of the surveyed plots in 2011 (v2 2000s/2011 = 18.050, p \ 0.001). A similar

pattern was observed for S. inaequidens, although at less critical frequencies (v2 2000s/

2011 = 0.563 ns).

Discussion

The alien species pool

Our analysis revealed a level of invasion similar to those observed in other regional and

habitat-specific studies (Campos et al. 2004; Chytrý et al. 2008b; Vilà et al. 2007). In other

words, when coastal, littoral, and riverine habitats are subject to high human and/or nat-

urally induced disturbance and high propagule pressure, they also harbour a large number

and proportion of alien species.

Striking similarities were also found for growth forms. Most of the alien species

recorded within the vegetation plots were therophytes and, secondarily, geophytes or

hemicryptophytes, which have been proved to be well suited to changing environments

such as those of coastal dunes (Acosta et al. 2008; Campos et al. 2004). Species with a

short life-history (e.g. C. longispinus, E. canadensis, X. orientale or O. stucchii, a biennial

hemicryptophyte) grow very quickly and create a significant seed bank that ensures sur-

vival of the population. Among perennials, geophytes such as A. psilostachya and S.

versicolor grow more slowly and propagate mostly by way of below-ground organs.

Although vegetative propagation does not guarantee long-distance spread, it ensures rapid

establishment and maintenance within suitable habitats, and successful exclusion of any

possible competition (Lloret et al. 2005). Numerical supremacy and the frequency of

herbaceous aliens, both within the plots and along the time series, testify to their successful

strategy which, on the other hand, is that of native species. Conversely, woody species are

small in number and, although referred to as ‘‘invasive species’’ (e.g. S. inaequidens or A.

fruticosa) at the national level (Celesti-Grapow et al. 2009, 2010a), they do not seem to

have a particular adaptive strategy which enables them to establish a stable population in

sand dune habitats. Thus, the study confirms that species-identity, in particular growth

forms, and the strategy they use substantially affect invasion outcome. Even so, species

traits that match opportunities provided by resident habitats are likely to be more signif-

icant during the primary phase (i.e. naturalization) than during invasion. Indeed, the time

series reveal different species’ performances, i.e. a different pattern of spatial occupancy

and a different rate of population increase, which seem at least partially independent of the

growth form. Further, growth forms can account for the spatial pattern of occupancy. In

fact, if such woody perennials or partially woody shrubs as S. inaequidens and E. an-

gustifolia seem to be very specific to some habitats, particularly those of more sheltered

areas (semi-fixed dunes), both annual and perennial herbaceous species, for example A.

psilostachya, O. stucchii, and such annuals as X. orientale and C. longispinus have greater

affinity for different habitats from the beach to the semi-fixed dunes, thus proving, once

again, to be best suited form to this environment. However, while in the herbaceous form,

some species (e.g. X. orientale) maintained stable frequencies over time whereas a rapid

increase in occupancy was observed for others (A. psilostachya and C. longispinus) irre-

spective of their growth form and life span. This different trend may be explained in

relation to the spatio-temporal dynamics of alien invasion. Plant invasions are usually
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described as a three-phase process, with a first period of slow initial spread (lag-phase) in

which species occupy only few, isolated localities, followed by a phase of rapid expansion

(exponential phase). A final third phase follows in which aliens have no or only little

further areal expansion (Pyšek and Hulme 2005). Thus, alien populations can persist in

relatively low numbers for decades before exploding, after various ecological and evolu-

tionary processes have come into play, and then enter a chronic phase (Arim et al. 2006;

Strayer et al. 2006) in which the probability of invasion increases with time after their

introduction (residence time). All of the recorded species were introduced, either acci-

dentally or voluntarily, after 1500 and can, accordingly, be classified as neophytes (Celesti-

Grapow et al. 2009, 2010b; Pyšek et al. 2004). Nevertheless, steady frequencies over time

of such species as X. orientale and E. canadensis, introduced many centuries ago and,

therefore, with a long history of coexistence with biologically-similar natives, could imply

they have reached the third phase, which entails no or irrelevant further spread. With

reference to this issue, it is worth mentioning that, given its long-standing presence in Italy,

the alien status of Xanthium orientale has been questioned by some authors (Baldoni et al.

2000; Poldini et al. 2001) who refer to the species as an archeophyte. In contrast, A.

psilostachya, C. longispinus, and O. stucchii have been introduced much more recently,

since 1900, and seem to have been entering the ‘‘increase-phase’’ as testified by their

outstanding spread and increase in occurrence. With regard to this, S. inaequidens, first

recorded along the Venetian coast in the 1960s, still might be in the lag-phase and it could

be that the pattern we observe today will change in the coming decades.

Other extrinsic factors might enable species to cross barriers and favour their transit

between stages. Changes in soil disturbance, nutrient enrichment, climate, dispersal, of

which there are many examples, may result in increasing population growth and dispersal

(Pyšek and Hulme 2005). The lack of particular adjustments for long-distance dispersal, in

conjunction with the capability of germinating in the light, led Frean et al. (1997) to

hypothesize that the spread and the pattern of occurrence of Oenothera species was highly

dependent on human activity rather than on natural dispersal agents. Similarly, the spines

on the burs of C. longispinus, which facilitate attachment to almost anything, including

machinery, tyres, shoes, and garments have, believably, sped up the spread of the species.

Thus, besides species’ identity, that is, their life history traits and residence time, the strong

intensification of human activity and the continuous human flow along the coast, with

trampling, gap creation, and sand movement, could be involved in alien plant spread while,

at the same time, ensuring the constant arrival of new propagules.

H0, J, species number, focal species and representation of aliens in the vegetation types

It is often hard to demonstrate a cause–effect relationship between the establishment and

spread of alien species and the extinction of native species. Even so, our analysis revealed,

that despite different patterns among communities, there has been an overall significant

decline of species richness, in particular of focal species richness, over the last six decades.

Many studies proved that habitats differ substantially in the numbers and/or proportions

of alien species (Chytrý et al. 2005; Pyšek et al. 2002; Rejmánek et al. 2005). Recently,

Pyšek et al. (2010) postulated that habitat properties are a much more important predictor

of the level of invasion than such other factors as climate or propagule pressure.

Also, among habitat properties, the diversity of native or resident species has been

assumed to be important in regulating the extent of invasion, according to the ‘‘Diversity

Resistance Hypothesis’’ or the ‘‘Biotic Resistance Hypothesis’’ (Elton 1958). Indeed, since

Elton, many studies (Kennedy et al. 2002; Levine et al. 2004; Mitchell et al. 2006; Tilman
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1999) agree that diverse communities are highly competitive and readily resist invasion,

and both the establishment (number of invaders) and success (proportion of invaders) of

invading plants are, thus, reduced.

In accordance with data reported for other European coastal dunes (Acosta et al. 2008;

Campos et al. 2004), our analysis confirmed that the mean proportion of aliens was

negatively related to plot species richness. In the 1950s, the proportion of invaders was

highest in the Cakile maritima community, resulting in the lowest value in the Tortulo–

Scabiosetum community, thereby actually following the sea–inland typical zonation with

increasing richness from the upper beach to the semi-fixed dunes. In habitats such as those

of the upper beach, embryo dunes and mobile dunes, in which species encounter extreme

environmental conditions, it is difficult for an incomer to establish and survive. However,

given low species richness and scarce vegetation cover, biotic resistance is limited. And,

when a suitable genotype arrives or generates (e.g. X. orientale or O. stucchii), it can

successfully establish and form stable populations.

However, communities conformed to the ‘‘Diversity Resistance Hypothesis’’ in the

1950s only. From the 1980s onwards the model changed, and in 2011 the highest level of

invasion was found in the Ammophila community and the highest alien species richness

was in the Tortulo–Scabiosetum community. Over time, the proportion of aliens increased

in each community, but with differing patterns. In fact, while the level of invasion

increased slightly, with no significant differences over time in the Cakile maritima com-

munity, the number of aliens differed markedly in all other communities, at least between

the two extremes of the time series.

As stated in several studies, the occurrence of many alien species has been found to be

indicative of land-use change (Maskell et al. 2006) and most habitats ranked as highly

invasible are usually associated with human disturbance or alteration of the typical dis-

turbance regime (Alpert et al. 2000; Chytrý et al. 2008a). Several proxy variables are

normally used to infer the impact of human disturbance, for example the proportional area

of urban and/or agricultural land in the surrounding areas, the density of buildings, or the

human population density (Carboni et al. 2010; Chytrý et al. 2008a). The lack of precise

information on the geographic location of past phytosociological relevés prevented us from

ascertaining the exact extent of past disturbance or its change over time. Nevertheless, the

coastal ecosystems of the study area have undoubtedly suffered from escalating human

pressure in the form of coast-bound tourism, which has become, in the twentieth Century,

one of the main economic resources of the region. Mass tourism has been proved to widely

affect vegetation, both directly and indirectly (Andersen 1995; Davenport and Davenport

2006; Rickard et al. 1994). Specifically, excessive visitor pressure and consequent tram-

pling has been proved to damage dune morphology and lead to the degradation of vege-

tation, even if the impact varies in severity according to species’ morphological

characteristics and local habitat properties. Overall, tolerance to trampling, i.e. the ability

of vegetation to withstand a cycle of disturbance and recover, seems primarily a function of

stature, erectness, and growth form (Cole 1995; Sun and Liddle 1993). The most tolerant

plants are annuals, caespitose graminoids, rosette hemicryptophytes, and geophytes,

whereas the least tolerant plants are the chamaephytes. According to Cole (1995), tolerance

is explained more by plant morphological traits than by site characteristics, even though

relatively flat sites are less affected than sloped sites (Weaver and Dale 1978).

Referring to this last issue, tolerance to trampling could help explain the different

temporal trend of the focal species in the four communities. Indeed, focal species of the

first three types of coastal zonation are either annuals (Cakile community) or caespitose
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graminoids and geophytes (Elymus and Ammophila communities), capable of both resisting

trampling and recovering, as demonstrated by their steady frequencies.

Conversely, there was evidence of an substantial decrease of the focal species pool of

semi-fixed dunes. Semi-fixed dunes occupy relatively flat sites on stable soils (Bini et al.

2002). In addition to herbaceous species, a dense carpet of mosses, lichens, and cha-

maephytic species forms a short prairie with high total cover (Tortulo–Scabiosetum). The

flat topography and the presence of many chamaephytic species enhance resistance to

mechanical disturbance such as trampling but, as characteristics that support the ability to

resist trampling damage differ from those that allow plants to recover quickly (Cole 1995),

once damaged, the woody stratum can regenerate only very slowly. Therefore, because of

trampling, tolerant herbaceous species can replace sensitive dwarf shrubs. In fact, the most

widespread aliens recorded in Tortulo–Scabiosetum are short annuals (i.e. C. longispinus),

rosette hemicryptophytes (O. stucchii), and geophytes with below-ground perennating

tissues (A. psilostachya), all growth forms resistant to trampling. With the alteration of

natural disturbance or the introduction of new disturbances, resident species have become,

thus, increasingly less adapted to the local environment whereas newcomers are better

fitted and more competitive under the new conditions. With reference to this, alien species

should then be regarded to as ‘‘passengers’’, not as ‘‘drivers’’ of ecosystem change, namely

species which take advantage of altered disturbance regimes or other changes to which

they are pre-adapted but that lead to declines in native biodiversity (Bauer 2012; Mac-

Dougall and Turkington 2005).

Our study confirmed that habitat properties are an important predictor of invasion

levels. They can modulate the severity of impact which is related to the structural and

functional complexity of the habitat of reference, suggesting that coastal communities

function differently, even though they are spatially close. In habitats such as those of the

upper beach or fore dunes, native species, and particularly those of the focal species pool,

have morphological characteristics that enable them to withstand such disturbances as

trampling, and then recover. Indeed, local habitat properties, for example the average

number of species per plot and, to some extent, the proportion of focal species, did not

substantially change along the time series. Conversely, semi-fixed dunes were profoundly

modified. In Tortulo–Scabiosetum, native species, particularly dwarf shrubs, seem to have

lost their competitive power because of high human pressure, leaving gaps for alien

species. Thus, in both cases, alien species seem not to directly compete with native focal

species but enter the communities by occupying unexploited gaps.

Accordingly, although different mechanisms may contribute to the invasion of different

species, widespread anthropogenic environmental alterations, which create new suitable

habitats, and human-assisted dispersal, are undoubtedly facilitating the spread of alien

species in the study area.

An alarming aspect apparent from this study is a notable process of biotic homogeni-

zation. As stated, whereas some alien species are restricted to a particular habitat, others

have spread both within and among communities, contributing to reducing the distinc-

tiveness of plant communities. Homogenization is assumed to lead to simplification that

reduces communities’ resistance and resilience to environmental disturbance and can

further increase the speed at which alien species spread (Garcı́a-Ramos and Rodrı́guez

2002; Olden et al. 2004). In this regard, the severe loss of focal species and the structural

simplification which occurred in Tortulo–Scabiosetum could hasten community degrada-

tion and lead to the crossing of irreversibility thresholds (Aronson et al. 1993).

Finally, a noteworthy perspective substantiated in this study is that changes may occur

very slowly and gradually, taking many years to unfold, which points out the crucial
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importance of temporal scale in detecting processes at a community level. As a conse-

quence of the life-history traits of the resident species (Von Holle et al. 2003), plant

communities in particular have been proved to have ‘‘biological inertia’’ (Gorham 1957),

i.e., the capacity to continue to occupy a site well after environmental conditions become

unfavourable. Resident plant community inertia can thus mask both deterioration in eco-

system conditions and unstable behaviour resulting from anthropogenic or environmental

stressors. Indeed, the magnitude of the effect changed markedly over time in our study; in

most cases, tangible changes in structural characteristics, for example species composition,

became evident only as a result of examining the time series in its entirety. Therefore,

although a direct approach is the ideal way to determine how invasion effects change

temporally, time series, enabling the perception of long-term ecological processes, can

truly provide an appealing alternative to long-term studies.

Invading species are not the only agent controlling the ecosystems they invade. Factors

such as disturbance, geomorphology, hydrology, and weather (e.g. precipitation or tem-

perature) are important because they interact strongly with both native and invading alien

species. Accordingly, only a long-term perspective of the system enables the ultimate

causes of species decline to be discerned and both short-term effects, immediately after

invasion, and long-term ones, when the chronic phase has set in (Strayer et al. 2006), to be

understood.
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Pyšek P, Chytrý M, Jarošı́k V (2010) Habitats and land use as determinants of plant invasions. In: Perrings
C, Mooney H, Williamson M (eds) Bioinvasions and globalization. Ecology, economics, management,
and policy. Oxford University Press, Oxford, pp 66–79
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