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Abstract

AIms i) To disentangle the global patterns of native and alien plant diversity on coastal sand dune

ecosystems across habitats and floristic kingdoms, ii) to determine the main drivers of variation in
species richness in native and alien species in these endangered ecosystems, and iii) to test for an
interaction between spatial scale and native-alien richness patterns, as predicted by the invasion

paradox.

Location Global.

Methods We collated a dataset of 14,841 vegetation plots in coastal sand dune ecosystems from

around the world. Generalized Linear Models (GLMs) and Generalized Linear Mixed Models
(GLMMs) were used to assess the patterns and main ecological determinants underlying native and
alien species richness. Variation partitioning revealed the relative importance of environmental and

anthropogenic variables.

Results GLMs revealed strong differences among both habitats and floristic kingdoms in the

number of native and alien species. Specifically, native species richness increased along the sea-
inland gradient and was higher in the Cape and Paleotropical kingdoms. In contrast, alien species
richness was relatively similar across habitats and kingdoms, though some differences were detected.
There were strong differences between the drivers of native and alien richness; anthropogenic factors
such as Gross Domestic Product were positively associated with alien richness whereas native
richness was more strongly related to environmental factors. Furthermore, we found a weak support

for an invasion paradox effect.

Conclusions Our results revealed the complexity of causal processes underpinning coastal sand

dune plant biodiversity and highlight the importance of considering native and alien species
separately. Recognition of these differences while researching variation in biodiversity patterns and

processes at multiple spatial scales will lead to a better mechanistic understanding of the causes of

2
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invasion worldwide, and in coastal ecosystems in particular, allowing the development of more

focused control and management measures.

Keywords: Alien species, Biodiversity, Biogeography, Coastal dune habitats, Diversity patterns,

Invasion paradox, Macroecology, Species richness.
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Introduction

The coastlines of our planet extend to approximately 1.5 million km of which about 31 % are sandy
beaches (World Resources Institute, 2005; Luijendijk et al., 2018). Along these coastlines, sand dune
ecosystems are widespread and occur from the polar regions to the tropics, encompassing a wide
range of climates, biomes and habitats (van der Maarel, 1993; Maun, 2009). Vegetation plays a
primary role in sand dune formation and consolidation due to its ability to stabilize the substrate and
to enhance sand deposition (Maun, 2009). Regardless of differences in species composition, all sand
dune species and habitats worldwide share the same limiting factors, such as sand burial, sand
blasting, marine aerosol, water deficiency and lack of nutrients (Acosta et al., 2009: Monserrat et al.,
2012; Pardini et al., 2015; Mahdavi and Bergmeier, 2016), and exhibit a characteristic sea-inland
gradient (‘zonation’; Wilson and Sykes, 1999; Acosta et al., 2009; Miller et al., 2010; Tordoni et al.,

2018).

An estimated 41% of the human population lives within 100 km of the shoreline (World Resource
Institute, 2005), and the number of people living or vacationing in coastal areas is steadily increasing
(Brown et al., 2013). This has already caused loss, alteration, degradation and/or habitat
simplification of many sand dune environments, with severe consequences for biodiversity and
associated ecosystems services (Dolan and Walker, 2006; Janssen et al., 2016). Human
encroachment, including tourism and urbanization, along with increased shoreline erosion, have led
to the so called ‘coastal squeeze’ effect (Defeo et al., 2009), leaving coastal ecosystems ‘trapped’
between erosion on the coastline and human settlements inland. Another source of concern stems
from biological invasions, which are deemed a severe threat to biodiversity (second only to habitat
loss and fragmentation; DAISIE, 2009; Vilaet al., 2011; EEA, 2012). Coastal areas are often reported
to host many alien species (Von Holle and Motzkin, 2007; Chytry et al., 2008; Giulio et al., 2020)
and are considered as one of the most invaded ecosystems worldwide (Dawson et al., 2017).

Especially in sand dune habitats, alien species can exert strong ecological impacts (e.g. Carboni et
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al., 2010a; Novoa et al., 2013), which may lead to the extinction of native taxa of conservation

concern, including endemic and keystone species (Acosta et al., 2009; Pardini et al., 2015).

The impacts of biological invasions are strongly scale-dependent (e.g. Levine and D’Antonio,
1999; Vellend et al., 2017). One of the most frequently discussed impacts of alien species is the
reduction in species richness of the invaded community (Vila et al., 2015), but the relationship
between native and alien species diversity is still a matter of discussion in plant ecology (Fridley et
al., 2007), with different interpretations of the phenomenon often reflecting different spatial scales of
observation or study design (e.g. Muthukrishnan et al., 2018; Tomasetto et al., 2019). Generally,
more negative relationships have been described at finer scales (experimental or small-scale studies),
whereas the opposite trend is usually observed at larger observation scales (from large plot to
landscape or biome). In response to this scale-related inconsistency, scientists coined the term
‘invasion paradox’ to describe the scale dependency of native-alien richness patterns (Fridley et al.,

2007).

In coastal sand dunes, integration of scale of observation is particularly important for
understanding native plant community assemblage and richness (Carboni et al., 2013). At finer scales
(few m?), biotic interactions usually predominate (Forey et al., 2010; de Toledo Castanho et al.,
2015). At regional scales, several studies (e.g. Forey et al., 2008; Brunbjerg et al., 2012) have shown
that a suite of stressors (e.g. water and nutrient stress) and disturbance factors (e.g. sand burial)
interact in shaping plant communities and their species richness. At even larger spatial extents,

environmental and biogeographical factors become predominant (Jiménez-Alfaro et al., 2015).

Recently, great efforts have been made to disentangle broad-scale patterns of species richness (e.g.
Kreft and Jetz, 2007; Bruelheide et al., 2019) and several theories have been proposed to explain
mechanisms responsible for species richness worldwide. Most of them rely on how water-energy

dynamics drive species richness gradients (Francis and Currie, 2003; Currie et al., 2004; Kreft and

5
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Jetz, 2007), along with the sensitivity of plants to frost and drought (Wiens and Donoghue, 2004).
Other hypotheses consider environmental heterogeneity (Stein et al., 2014) or historical and
evolutionary processes (e.g. Médail and Diadema, 2009; Kerkhoff et al., 2014).

To our knowledge, no study has comprehensively investigated the patterns of native and alien
plant species diversity in sand dune ecosystems in the context of spatial scale, either across habitats
or across floristic kingdoms. Here, we use a large dataset of vegetation plots we have compiled from
five continents (see Supplementary material Fig. S1.1 in Appendix S1) to fill this gap and to present
a global analysis of vascular plant diversity of coastal sand dune ecosystems. At a global scale, we
hypothesized that native species richness would show a similar pattern to that of vascular plants (i.e.
a decrease of species richness from the equator towards the poles; Kreft and Jetz, 2007). In contrast,
we expected to find an uneven level of invasion, suggesting the presence of hotspots of invasion
across the globe (Pysek et al., 2017) whose occurrence may be more influenced by anthropogenic
factors (e.g. GDP) than natural ones. At a local scale, whereas several studies have reported a strong
gradient of species richness moving from the drift line to the landward part of the beach, especially
for native species (e.g. Acosta et al., 2009), the global pattern of alien species richness has not yet
been investigated. Nevertheless, some evidence coming from local and regional scale studies located
in the Mediterranean Basin (e.g. Carboni et al., 2010a) suggests that higher values of alien richness
are often observed at intermediate levels of the sea-inland gradient.

Thus, our aims were: i) to disentangle the global patterns of native and alien plant diversity on
coastal sand dune ecosystems across habitats and floristic kingdoms, ii) to determine the main drivers
of variation in species richness in native and alien species in these endangered ecosystems, and iii) to
test for an interaction between spatial scale and native-alien richness patterns, as predicted by the

invasion paradox.
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Methods

Study sites and species data

We compiled a database consisting of 14,841 vegetation plots sampled in coastal sand dune
communities distributed across Europe, North America, South America, Africa (Cape and
Paleotropical kingdoms) and Oceania (except Australia). Species richness per sampling unit was
obtained from plots and phytosociological relevés (hereafter plots) derived from literature and plant
databases both public and private such as the European Coastal Vegetation Database

(http://www.givd.info/ID/EU-00-017) or KRITI database (http://www.givd.info/ID/EU-GR-001).

For more details about the data sources see Table S1.1 in Appendix S1. In order to be considered in
the study, all plots had to comply with the following inclusion criteria: 1) a georeferenced location,
2) a defined sampling unit size, and 3) a defined habitat or coastal plant community (see below for

the adopted classification).

Species names were standardized with the Taxonomic Name Resolution Service (Boyle et al., 2013;
http://tnrs.iplantcollaborative.org/). Furthermore, doubtful species and records not identified to the
species level were omitted. The status of the species (native or alien), if not provided by the author
of the data, was assigned using online databases or national alien species checklists (see Table S1.2
in Appendix S1). For each plot, we obtained two response variables: a) native species richness and
b) alien species richness. Plots with size smaller than 0.25 m? or with missing data for any of the
variables described below were excluded leaving 11,988 plots for analysis. Even though the majority
of the plots ranged in size from 0.25 to 100 m? (see Fig. S1.2 in Appendix S1), plot size has been
directly added in the models as a covariate to control for its effect on species richness (Arrhenius,

1921).

Environmental variables
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Each plot was classified as representing one of three main macrohabitat types: (1) foredunes,
including drift line, upper beach, embryo dunes and mobile dunes dominated by pioneer annual and
dune-forming perennial plants tolerant to salt spray, strong winds, and sand burial; (2) fixed dunes,
encompassing communities dominated mainly by perennial plants (generally herbs and shrubs) and
occurring in the inner part of the coastline, or more developed communities such as coastal forests
and woodlands; and, (3) interdunes, comprised of interdunal swales, slacks and humid depressions.
This coarse classification based on dune dynamics was necessary to standardize habitat types, owing

to the great heterogeneity present across the globe (Doing, 1985).

We tested the following environmental variables related to the growth and distribution of vascular
plants as possible predictors of native and alien species richness: mean annual precipitation
(mml/year), precipitation seasonality (percentage variation in monthly precipitation totals over the
course of the year; larger values indicate greater variability), mean annual temperature (°C), and
temperature seasonality (percentage measure of temperature change over the course of the year).
Climatic data were obtained from the CHELSA database (Karger et al., 2017, accessed June 2017),
a high-resolution climatology resource (30 arc seconds, ~1 km) spanning the years 1973 to 2013.
Values were assigned to each plot with nearest neighbor algorithm using QGIS 3.10 with GRASS
7.8.3 (Quantum GIS Development Team, 2020). We also included insularity (mainland vs island) and
floristic kingdom according to the floristic divisions of Takhtajan (1986) to control for the generally
lower diversity of island communities and the effect of unquantified historical or evolutionary

processes.

Anthropogenic variables

Based on previous research (e.g. Bellard et al., 2016; Chapman et al., 2016), we considered a set of
anthropogenic variables as predictors of alien species diversity that are surrogates for propagule
pressure and/or potential introduction pathways. Among these, human population density has been

identified as one of the main determinants of alien species richness at the continental scale (Pysek et

8
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al., 2010). Thus, we employed adjusted human population density (people / km?) based on the
Gridded Population of the World at a resolution of 30 arc seconds (GPWv4; CIESIN, 2015), which
provides gridded human population density estimated for the year 2015 adjusted to match United
Nations (UN) estimated national-level population counts. As a proxy for trade volume, we used Gross

Domestic Product per capita (standardized to international dollars, int$), (http://data.worldbank.org)

based on Gross Domestic Product (GDP) constructed from purchasing-power-parity (PPP) per capita
GDP (year 2015). Among human-related variables, proximity of airports, sea ports and cities also
have been recognized as facilitators of biological invasions for several taxa (e.g. Seebens et al., 2013;
Bellard et al., 2016). For this reason, we included the following predictors: Distance to nearest city
with more than 50,000 inhabitants (Nelson, 2008); Distance to nearest airport (Pope and Sietinsone,
2017) and Distance to nearest port (GISCO Ports, 2013). Year of sampling was also included to
assess whether there is an effect of time of the surveys. All datasets were accessed on September

2017. Distances were calculated through proximity analyses using QGIS 3.10 with GRASS 7.8.3.

Species richness patterns across floristic kingdoms and habitats

We first tested for differences in species richness across floristic kingdoms and habitat types using
generalized linear modeling (GLM). Due to the presence of severe overdispersion in the data
(variance >> mean), we used a negative binomial error distribution (Zuur et al., 2007). The
explanatory power of each predictor was evaluated through likelihood ratio tests in the R package
‘car’ (Fox and Weisberg, 2011) and effects were estimated using the package ‘effect’ (Fox and
Weisberg, 2018). As a measure of model fit, we reported the amount of deviance explained by each
GLM (DZadjusted; Barbosa et al., 2014). To quantitatively test for the invasion paradox, we fitted a
negative binomial GLM to describe alien species richness as a function of native species richness,

sampling unit area and their first-order interaction. This analysis was also repeated for the Holarctic
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kingdom alone to test for consistency of the results, since most of the data (including larger plots)

belonged to this kingdom.

Ecological drivers

The ecological drivers of native and alien species richness were evaluated by means of Generalized
Linear Mixed Models (GLMMs), with random intercept to account for possible bias deriving from
having data from different sources nested within floristic kingdoms. In order to linearize the
relationship with species richness, some predictors were transformed as follows: population density
and GDP were logio (x+1) transformed, whereas plot size was logio transformed. Furthermore, all
continuous variables were standardized (zero mean, unit variance) in order to obtain comparable
coefficients.

GLMMs were estimated using the R package ‘glmmTMB’ (Brooks et al., 2017) and R? values
developed by Nakagawa and Schielzeth were also computed (Nakagawa and Schielzeth 2013). To
isolate the effect of each group variable, four models were fitted (two for native and two for alien
species), considering environmental and anthropogenic variables separately (see Table S1.3 in
Appendix S1 for descriptive statistics of fixed effects). The response families were the same as for
the GLMs (negative binomial). Furthermore, the possible occurrence of spatial autocorrelation of
residuals in each model was assessed by means of spline-correlograms using the R package ‘ncf’
(Bjernstad, 2020). Specifically, 95% pointwise bootstrap confidence intervals were calculated from
1000 bootstrap samples of Pearson residuals after accounting for the level of spatial autocorrelation
explained by the explanatory variables in each model. To further explore the role of ecological drivers
on species richness, a variation partitioning approach through partial linear regressions was used to
assign the total variation in native and alien species richness into purely environmental, purely
anthropogenic, shared and unexplained fractions (Borcard et al., 1992; Legendre, 2008) using the

‘vegan’ package (Oksanen et al., 2019). All analyses were performed using R 4.0.2 (R Core Team,

10



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

Diversity in coastal dune plant communities

2020); detailed model formulas and specifications are available in Supplementary material (Appendix

s2).

Results

Global patterns of native and alien richness in sand dunes

Overall, fitted values of native and alien species richness varied strongly among habitats and floristic
kingdoms (Fig. 1; Table S1.4, S1.5 in Appendix S1 of Supplementary material). There was a
significant interaction between habitat and floristic kingdom, both for native and alien species
(Likelihood Ratio Test y2 (6) = 326.6, P < 0.001, Dgjusted = 0.45; 42 (6) = 132.9, P < 0.001, DZgjusted
=0.19; respectively). These explanatory variables were strong predictors of global variation of species
richness for natives whereas they were relatively weak predictors for alien species (there was a
difference in deviance explained of 26% between the two models). For native species, fixed dunes
tended to have higher species richness compared to foredunes and interdunes in all the floristic
kingdoms (Fig. 1a) showing highest species richness in Cape and Paleotropical kingdoms. In contrast,
Holantarctic kingdom was the poorest one. Surprisingly, in some kingdoms, such as the Cape and
Holantarctic, alien species displayed a different pattern with respect to habitat compared to that of
native species (Fig. 1b) showing greater variation among habitats along the sea-inland gradient with
respect to native species. Specifically, foredunes showed higher levels of alien plants relative to fixed
dunes in the Cape and Holantarctic kingdoms, whereas the opposite was observed in the Holarctic
and Paleotropical kingdoms. On average, interdunes tended to have the lower levels of invasion (Fig.
1b). As hypothesized, higher values of alien species richness were clustered in specific regions, such

as New Zealand, North America or some European countries (Fig. 2).

An overall negative relationship between native and alien species richness was observed without
considering plot size (Fig. 3a). However, when grain size was specifically considered in the model,

the slope of the relationship shifted from negative to positive with increasing plot size, in agreement

11
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with the pattern suggested by the invasion paradox (Fig. 3b). The GLM with alien species richness
as response variable showed a significant interaction between native richness and plot size (5% (1) =
63.90, P < 0.001), even though a poor predictive power was detected (D?agjusted = 0.02). However, the
overall relationship between native and alien species richness became positive when considering only
the data coming from the Holarctic kingdom, no longer supporting the invasion paradox effect (Fig.

S1.3, 4% (1) = 4.22, P < 0.05, D?%justed = 0.01).
Global ecological determinants of native and alien richness

GLMMs revealed large differences between the responses of alien and native species richness to
environmental and socio-economic variables. Native species richness was strongly associated with
global environmental gradients and only marginally with anthropogenic variables. Alien species
richness, in contrast, was more strongly associated with anthropogenic variables (Fig. 4, Table S1.6
in Appendix S1). These outcomes were further corroborated by the variation partitioning approach
where native species were mainly driven by environmental variables, whereas for alien species
anthropogenic variables accounted for a greatest percentage of explained variation (Fig. 5).
Specifically, native species richness significantly differed among habitats and, furthermore, was
positively related to mean annual temperature (b = 0.06 £ 0.02 SE, Table S1.6 in Appendix S1), and
mean annual precipitation (0.03 + 0.01). A negative coefficient was observed for precipitation
seasonality (-0.07 + 0.02), meaning that higher seasonality was associated with lower species
richness. Insularity, in contrast, did not have a pronounced effect on local coastal dune diversity of
native plants. The only anthropogenic variables with a positive effect on native species richness was
population density (0.09 £ 0.01) whereas a negative relationship with the distance of the closest city

was detected (-0.026 £ 0.01).

For alien species, some strikingly different results were obtained. In contrast to the results for
native species, insularity had a strongly negative effect on alien species richness (-0.44 £ 0.20, Table

S1.6 in Appendix S1). Negative effects on alien richness were also observed for mean annual

12
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temperature (-0.22 £ 0.06), precipitation amount (-0.11 + 0.01) and precipitation seasonality (-0.18 +
0.06). Almost all of the anthropogenic predictors tested were highly informative (confidence intervals
did not overlap zero). Notably, a positive association was observed with GDP (0.70 = 0.10),
population density (0.04 £ 0.02) and year of sampling (0.010 + 0.002), as expected. Accordingly, a
negative estimate was observed considering the distance to the closest city (-0.21 + 0.02), whereas a

positive effect of the distance to the closest airport was found (0.11 + 0.02).

All four spline correlograms (Fig. S1.4 in Appendix S1 of Supplementary material) failed to reveal
any evidence of spatial autocorrelation in the residuals, thereby allowing us to exclude its influence

on model parameter estimates.

Discussion

Diversity patterns across habitats and floristic kingdoms

We explored the relationships between native and alien species, and the main environmental and
anthropogenic factors associated with their distribution. Overall, some contrasting patterns and
relationships between species diversity and its drivers emerged among habitats and floristic
kingdoms. Among floristic kingdoms, higher native species richness was detected in Cape and
Paleotropical kingdoms whereas the Holarctic and Holantarctic were significantly poorer (Fig. 1, 2).
This result is consistent with well-known global trends for vascular plants (i.e. higher richness in
Cape region; Kier et al., 2005; Kreft and Jetz, 2007), even though these results might be partially

influenced by the spatial configuration of our database.

Native species richness showed a general increase along the sea-inland gradient from the species-
poor foredunes to more diverse communities on fixed dunes. This trend was consistent across floristic
kingdoms and confirms numerous local and regional case studies from around the world (e.g. Acosta

et al., 2009; Miller et al., 2010; Monserrat et al., 2012; Ciccarelli et al., 2012; Jiménez-Alfaro et al.,
13
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2015). The increase in species richness along the dune gradient is attributable to the variable effect
of limiting factors acting in these environments: low levels of nutrients and moisture, salt spray, sand
burial and soil features (see Forey et al., 2008; Houle, 2008; Acosta et al., 2009; Ciccarelli and
Bacaro, 2016; Angiolini et al., 2017). Thus, the more extreme conditions in foredunes cause them to
be, on average, more species-poor compared to the other habitats, even though a strong
biogeographical signal is evident across floristic kingdoms. This signal may be partially explained by
the climate (even though this effect is stronger in stable dunes, Jiménez-Alfaro et al., 2015) and by
dispersal processes occurring along the coastline that might be favored by sea currents (Clausing et
al., 2000). Fixed-dune communities, in contrast, displayed higher species richness due to less
dynamic habitats and to the more mature, diverse and deeper soils; at increasing distance from the
coastline, vegetation is progressively less exposed to extreme conditions allowing for the
establishment of perennial plants and forest vegetation (Wiedemann and Pickart, 2004; Maun, 2009).
Thus, our analysis showed that, irrespective of the floristic kingdom considered, there is a strong

gradient of native species richness moving from the foredunes to the landward part of the beach.

Regarding alien species, we detected some hotspots of invasion, mainly located in North America
and New Zealand. Our results are consistent with those of other researchers (Pysek et al., 2017;
Dawson et al., 2017) who have found higher richness of naturalized aliens in New Zealand and United
Kingdom among islands, and in several North American regions (e.g. California) for mainland. The
effect of habitat on alien species richness was a bit less pronounced with respect to native species and
this pattern was not consistent across floristic kingdoms. Specifically, landward beach areas (i.e. fixed
dunes and interdunes) were more invaded than foredunes, which may be explained mostly by the
overall less stressful conditions in these environments. Invasiveness of alien species have been mostly
explained by their higher phenotypic plasticity coupled with their ability in the use of resources
(Davidson et al., 2011; Tordoni et al., 2019). Other factors to consider include the capability of alien

plants to spread their propagules across habitats (see Simberloff, 2009 for a review on the role of
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propagule pressure in biological invasions) associated with trampling in touristic beaches and
proximity to artificial surfaces (Carboni et al., 2010a; Malavasi et al., 2014). Interestingly, higher
values of alien species richness were observed in the foredunes of the Holantarctic and Cape
kingdoms. Previous studies (e.g. Hertling and Lubke, 1999; Hilton et al., 2006) have reported that
foredunes are heavily invaded by alien species, for example by the west Holarctic marram grass
(Ammophila arenaria) that was widely planted during the 1900s to construct or re-establish foredunes
and stabilize shifting dune systems in New Zealand and South Africa (Johnson, 1992; Lubke et al.,

1995).

Scale-dependency of diversity patterns

Several authors have described the scale-dependence of the relationship between native and alien
species richness (see Levine and D’ Antonio, 1999; Davies et al., 2005, among others). In our study,
we observed a general negative linear relation between native and alien species richness, i.e. more
species-rich sites were less invaded (Fig, 3). However, when accounting for plot size, we detected the
invasion paradox pattern as proposed by Fridley et al. (2007). Accordingly, even though at very fine
spatial grain a clear negative trend exists between native and alien richness (e.g. Levine, 2000), the
opposite holds true at larger spatial grains (Fig. 3b, Stohlgren et al., 2003, among others). Similar
results have also been observed in a meta-analysis of Mediterranean-type ecosystems including sand
dune vegetation (Gaertner et al., 2009). Fridley et al. (2007) did not provide a single interpretation to
this phenomenon, but rather a suite of possible explanations. At a fine scale, environmental and
disturbance-based features predominate and shape community composition. Sampling effects may
arise in the sense that communities may include particularly invasion-resistant or competitive species;
another possible explanation relies on the concept that in stressful, regularly-disturbed environments
such as sand dune ecosystems, facilitative interactions may ease the establishment and colonization
of alien species across functional groups (Von Holle, 2013). In contrast, at a larger spatial scale,

native and alien species richness increased in concert. The biotic processes are superseded by
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historical, environmental, or biogeographic factors, among which probably spatial and environmental
heterogeneity play a crucial role (Gaertner et al., 2009; Stein et al., 2014). In addition, communities
experiencing high species dispersal or in highly disturbed ecosystems (e.g. roadside and riparian
habitats) often exhibit these positive relationships (Brown and Peet, 2003). Nevertheless, it is worth
noting that when considering only the plots located in the Holarctic kingdom the relationship between
native and alien species remained steadily positive across all scales considered (see Fig. S1.3). This
in agreement with recent studies (Peng et al., 2019; Tomasetto et al., 2019) suggesting that an
explanation for this effect could rely on the sampling design used by different authors, the nature of
the data (observational vs experimental) coupled with a strong bias towards particular study systems
such as grassland habitats. Although we found a highly significant interaction between plot size and
richness values, the poor performance of the models coupled with the inconsistency of the invasion
paradox effect when downscaling the data seem to lend support to these recent findings. Additionally,
despite the fact that macrohabitat classes are quite evenly represented in the dataset within each
kingdom (except for Neotropical), we cannot exclude that the pattern observed may be influenced by
the spatial clustering of the data in terms of plot location relative to plot size (the largest plots are
only in Europe and North America). Second, alien species richness may be biased downward in the
oldest phytosociological relevés, which are largely European, due to preferential sampling (Chytry,

2001).

Ecological drivers of plant species richness

GLMMs and variance partitioning revealed that environmental and anthropogenic factors (Fig. 4, 5)
acted differently on native and alien species. Climatic and ecological variables predict worldwide
patterns of native species richness. Usually, water-energy interactions exert strong effects on plant
species richness (Francis and Currie, 2003; Kreft and Jetz, 2007) and global diversity gradients in
general (Hawkins et al., 2003). At a global scale, the distribution and the strong geographical

differentiation in the floristic composition of plant communities have been classically attributed to
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climatic differences and regional-scale processes of speciation, extinction and dispersal (Ricklefs,
1987). Even though foredunes are deemed an azonal habitat, local climate seems to influence the
species present in the inner part of the beach (Mahdavi and Bergmeier, 2016; Del Vecchio et al.,
2018). The relationships between native species richness and anthropogenic factors such as
population density (proxy for urbanization) has been previously described in literature (Kihn et al.,
2004; Luck, 2007; Lucrezi et al., 2014) suggesting a key role of nutrient enrichment and abundance
of resources. Regarding the year of sampling, a very weak positive relationship was observed
meaning that there was an increase of native species richness according to time of the survey.
However, due to the small value of the coefficient (< 0.001), this effect could be considered as

relatively weak.

Coastal dune habitats have been reported previously to be highly invaded by alien plant species,
with a general consensus that propagule pressure is among the most important causes of greater
invasion success (Carboni et al., 2010a; Malavasi et al., 2014; Basnou et al., 2015). Generally, highly
disturbed sites that were close to human activities and/or had been heavily transformed by humans
had greater chance to host more alien species (see Fig. 4), regardless of the biodiversity present in the
area (Basnou et al., 2015; Dawson et al., 2017). Nevertheless, climatic factors influence alien species
richness (Carboni et al., 2010b), as reported also in other global-scale studies in terrestrial ecosystems
(e.g. Pysek et al., 2017) and even considering different taxa such as birds (e.g. Dyer et al., 2017). In
contrast to Carboni et al. (2010b), we observed a negative relationship of alien species richness with
precipitation amount, precipitation seasonality and mean annual temperature suggesting that more
successful invaders were found in mildest climates, as observed in other environments across the

world (Gasso et al., 2009).

It is generally accepted that islands are more invaded than mainland sites (Lonsdale, 1999; Pysek
et al., 2017; Moser et al., 2018). In this study, we observed an opposite pattern with higher alien

species richness in coastal sand dunes in mainland areas than on islands (Fig. 4). This is consistent

17



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

Diversity in coastal dune plant communities

with observations by Vila et al. (2010), who compared Spanish coastal plant communities. The
smaller exotic species pool which is present on islands compared to mainland locations could result
from the lower human population density on islands compared to mainland in our dataset (average
density of 201.15 vs 515.52, respectively) which likely translates into lower propagule pressure.
Nonetheless, this pattern might just arise as a sampling effect due to the spatial distribution of our

data, being only few of our plots located on small islands, and even fewer on oceanic islands.

Socio-economic factors such as per-capita GDP (which is directly related to a country's volume of
trade as well as the disposable income of its population) and population density (proxy for
urbanization) played a key role in explaining alien species richness, which is consistent with other
studies (McKinney, 2006; Carboni et al., 2010ab; Pysek et al., 2010). Nonetheless, it has been
suggested that the full consequences of biological invasions often realize only decades after their
introduction (so called “invasion debt”, Essl et al. 2011). The positive relationship between alien
richness and year of the study can be explained by the effect of the so-called “residence time” (the
period since the introduction of a taxon to a new area occurred) and might therefore reflect a real
temporal accumulation of alien species, even though this pattern might be influenced by the fact that
older plots mainly belonged to the Holarctic kingdom and more than half of them were collected in
only the last twenty years (Fig. S1.5 in Appendix S1). Other possible explanations might rely on
increased global trade network along with the relatively recent interest in this topic which caused an
increase in research intensity (Hulme et al., 2013). Cities are often the introduction epicenter of alien
species (PySek, 1998; Tordoni et al., 2017) due to synergic effects of human activities and transports,
which ensure a high dispersion rate of the propagules through a road network (Bacaro et al., 2015).
The distances to the closest city may be easily related to the concept of the pathways of introduction
and spread and they can be considered as major drivers of invasion throughout the world (Bellard et
al., 2016). More generally, especially across coastal areas, alien plant introductions into new areas

have happened both unintentionally (through major trade routes, Tatem and Hay, 2007; Tatem, 2009;
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Chapman et al., 2016; Bellard et al., 2016) and intentionally (for instance by preventing sand drift or
by establishing ornamental plants). Thus, anthropogenic factors were primarily involved as drivers

of alien species richness patterns of coastal sand dune ecosystems worldwide.

Conclusions

This study provides a global view on patterns and drivers of native and alien plant species richness
in coastal sand dune ecosystems. A key finding from our study is that native and alien species richness
in coastal sand dune environments differs across habitats and floristic kingdoms. Our study reveals a
consistent sea-inland gradient in native species richness with fixed dunes being the richest, whereas
the richness of alien species tended to be more similar across habitats. Overall, global trends of
vascular plant diversity were also confirmed. We found some support for a scale-dependent change
in the direction of the native-alien relationship consistent with the invasion paradox effect, even
though with a relatively weak predictive power and consistency across floristic kingdoms. Species
richness of coastland habitats is differentially related to ecological and anthropogenic factors. Even
though there was a strong imprint of environmental factors such as climate variables for both native
and alien species richness, the effect of anthropogenic impacts on the latter was much more
pronounced. More detailed and more mechanistic understanding of the causes of invasion should
allow more focused control and management measures and might lead to similar explorations among

other ecosystem types across the globe.

Acknowledgements

We are grateful to Sam Provoost, Ana VVaz, Thomas Miller, and Augusto Giaretta for sharing their
data, thereby increasing the geographic coverage of this global dataset. HK acknowledges funding

from the German Research Foundation within the DynaCom project (DFG FOR 2716).

19



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Diversity in coastal dune plant communities

Author contributions

ET., HK conceived the idea and designed the study. PW provided help in compiling the database. GB
and MC provided support in statistical analyses. ET led the writing with inputs from HK, PW, GB,
RKP, ATRA, HLB, JAMJ, EB and EF. All the authors except HK, PW, MC collected the data. All

authors agreed with the final version of the manuscript.

Data availability statement

Appendix S1 in Supporting Information contains information on the sources of the data used. Data
were collected from published papers and vegetation database and are available from each author on

request.
References

Acosta, A., Carranza, M. L., and lIzzi, C. F. (2009). Are there habitats that contribute best to plant
species diversity in coastal dunes?. Biodiversity and Conservation, 18, 1087.

https://doi.org/10.1007/s10531-008-9454-9

Angiolini, C., Bonari, G., and Landi, M. (2017). Focal plant species and soil factors in Mediterranean
coastal dunes: An undisclosed liaison?. Estuarine, Coastal and Shelf Science, 211, 248-258.

https://doi.org/10.1016/j.ecss.2017.06.001

Arrhenius, O. (1921) Species and area. Journal of Ecology, 9, 95-99. https://doi.org/10.2307/2255763

Bacaro, G., Maccherini, S., Chiarucci, A., Jentsch, A., Rocchini, D., Torri, D., ..., Arévalo, J.R.
(2015). Distributional patterns of endemic, native and alien species along a roadside elevation
gradient in  Tenerife, Canary Islands. = Community  Ecology, 16, 223-234.

https://doi.org/10.1556/168.2015.16.2.10

20


https://doi.org/10.1007/s10531-008-9454-9
https://doi.org/10.1016/j.ecss.2017.06.001
https://doi.org/10.2307/2255763
https://doi.org/10.1556/168.2015.16.2.10

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

Diversity in coastal dune plant communities

Barbosa, A.M., Brown, J.A., and Real, R. (2014). modEVA — an R package for model evaluation and

analysis. R package, version 0.1.

Basnou, C., Iguzquiza, J., and Pino, J. (2015). Examining the role of landscape structure and dynamics
in alien plant invasion from urban Mediterranean coastal habitats. Landscape and Urban Planning,

136, 156-164. https://doi.org/10.1016/j.landurbplan.2014.12.001

Brooks, M.E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C.W.; Nielsen, A.; Skaug,
H.J.; Maechler M., Bolker, B.M. (2017). gimmTMB Balances Speed and Flexibility Among Packages
for Zero-inflated Generalized Linear Mixed Modeling. The R Journal, 9, 378-400.

https://doi.org/10.3929/ethz-b-000240890

Bellard, C., Cassey, P., and Blackburn, T. M. (2016). Alien species as a driver of recent extinctions.

Biology Letters, 12, 20150623. https://doi.org/10.1098/rsbl.2015.0623

Bjarnstad, O. N. (2020). ncf: Spatial Covariance Functions. R package version 1.2-9.

Boyle, B., Hopkins, N., Lu, Z., Garay, J. A. R., Mozzherin, D., Rees, T. et al. (2013). The taxonomic
name resolution service: an online tool for automated standardization of plant names. BMC

Bioinformatics, 14, 16. https://doi.org/10.1186/1471-2105-14-16

Borcard, D., Legendre, P., Drapeau, P. (1992). Partialling out the spatial component of ecological
variation. Ecology, 73, 1045-1055. https://doi.org/10.2307/1940179

Brown, R. L. and Peet, R. K. (2003). Diversity and invasibility of Southern Appalachian plant

communities. Ecology, 84, 32-39. https://doi.org/10.1890/0012-

9658(2003)084[0032:DAIOSA]2.0.CO;2

Brown, S., Nicholls, R. J., Woodroffe, C. D., Hanson, S., Hinkel, J., Kebede, A. S., ..., Vafeidis, A.
T. (2013). Sea-level rise impacts and responses: a global perspective. In: Finkl, C.W., editor. Coastal

Hazards. Netherlands: Springer; 2013. pp. 117-149. https://doi.org/10.1007/978-94-007-5234-4 5

21


https://doi.org/10.1016/j.landurbplan.2014.12.001
https://doi.org/10.3929/ethz-b-000240890
https://doi.org/10.1098/rsbl.2015.0623
https://doi.org/10.1186/1471-2105-14-16
https://doi.org/10.2307/1940179
https://doi.org/10.1890/0012-9658(2003)084%5B0032:DAIOSA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084%5B0032:DAIOSA%5D2.0.CO;2
https://doi.org/10.1007/978-94-007-5234-4_5

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

Diversity in coastal dune plant communities

Bruelheide, H., Dengler, J., Jiménez-Alfaro, B., Purschke, O., Hennekens, S. M., Chytry, M. et al.
(2019). sPlot—A new tool for global vegetation analyses. Journal of Vegetation Science, 30, 161-186.

https://doi.org/10.1111/jvs.12710

Brunbjerg, A. K., Ejrnas, R., and Svenning, J. C. (2012). Species sorting dominates plant
metacommunity  structure  in  coastal  dunes. Acta  Oecologica, 39, 33-42.

https://doi.org/10.1016/j.acta0.2011.11.002

Carboni, M., Minkemdller, T., Gallien, L., Lavergne, S., Acosta, A., and Thuiller, W. (2013).
Darwin's naturalization hypothesis: scale matters in coastal plant communities. Ecography, 36, 560-

568. https://doi.org/10.1111/].1600-0587.2012.07479.X

Carboni, M., Santoro, R., and Acosta, A. T. R. (2010a). Are some communities of the coastal dune
zonation more susceptible to alien plant invasion?. Journal of Plant Ecology, 3, 139-147.

https://doi.org/10.1093/jpe/rtp037

Carboni, M., Thuiller, W., Izzi, F., and Acosta, A. (2010b). Disentangling the relative effects of
environmental versus human factors on the abundance of native and alien plant species in
Mediterranean sandy shores. Diversity and Distributions, 16, 537-546.

https://doi.org/10.1111/].1472-4642.2010.00677.x

Chapman, D. S., Makra, L., Albertini, R., Bonini, M., Paldy, A., Rodinkova, V. et al. (2016).
Modelling the introduction and spread of non-native species: international trade and climate change

drive ragweed invasion. Global Change Biology, 22, 3067-3079. https://doi.org/10.1111/gcb.13220

Chytry, M. (2001). Phytosociological data give biased estimates of species richness. Journal of

Vegetation Science, 12, 441-444. doi:10.1111/].1654-1103.2001.tb00190.x

Chytry, M., Maskell, L. C., Pino, J., Pysek, P., Vila, M., Font, X. and Smart, S. M. (2008). Habitat

invasions by alien plants: a quantitative comparison among Mediterranean, subcontinental and

22


https://doi.org/10.1111/jvs.12710
https://doi.org/10.1016/j.actao.2011.11.002
https://doi.org/10.1111/j.1600-0587.2012.07479.x
https://doi.org/10.1093/jpe/rtp037
https://doi.org/10.1111/j.1472-4642.2010.00677.x
https://doi.org/10.1111/gcb.13220
https://doi.org/10.1111/j.1654-1103.2001.tb00190.x

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

Diversity in coastal dune plant communities

oceanic regions of Europe. Journal of Applied Ecology, 45, 448-458. https://doi.org/10.1111/].1365-

2664.2007.01398.x

Ciccarelli, D., and Bacaro, G. (2016). Quantifying plant species diversity in coastal dunes: A piece
of help from Spatially Constrained Rarefaction. Folia Geobotanica, 51, 129-141.

https://doi.org/10.1007/s12224-016-9249-9

Ciccarelli, D., Bacaro, G., and Chiarucci, A. (2012). Coastline dune vegetation dynamics: evidence

of no stability. Folia Geobotanica, 47, 263-275. https://doi.org/10.1007/s12224-011-9118-5

CIESIN 2015. Center for International Earth Science Information Network — Columbia University.
2015. Gridded Population of the World, Version 4 GPWv4: Population Density. [Online]. NASA
Socioeconomic Data and Applications Center SEDAC, Palisades, NY.

http://dx.doi.org/10.7927/H46TOJKB

Clausing, G., Vickers, K., and Kadereit, J. W. (2000). Historical biogeography in a linear system:
genetic variation of Sea Rocket (Cakile maritima) and Sea Holly (Eryngium maritimum) along

European  coasts. Molecular Ecology, 9, 1823-1833. https://doi.org/10.1046/j.1365-

294x.2000.01083.x

Currie, D. J., Mittelbach, G. G., Cornell, H. V., Field, R., Guégan, J. F., Hawkins, B. A. et al. (2004).
Predictions and tests of climate-based hypotheses of broad-scale variation in taxonomic richness.

Ecology Letters, 7, 1121-1134. https://doi.org/10.1111/].1461-0248.2004.00671.x

DAISIE (2009). Handbook of alien species in Europe. Invading Nature — Springer Series in Invasion

Ecology. Berlin: Springer. p. 200.

Davidson, A. M., Jennions, M., and Nicotra, A. B. (2011). Do invasive species show higher

phenotypic plasticity than native species and, if so, is it adaptive? A meta-analysis. Ecology Letters,

14, 419-431. https://doi.org/10.1111/].1461-0248.2011.01596.x

23


https://doi.org/10.1111/j.1365-2664.2007.01398.x
https://doi.org/10.1111/j.1365-2664.2007.01398.x
https://doi.org/10.1007/s12224-016-9249-9
https://doi.org/10.1007/s12224-011-9118-5
http://dx.doi.org/10.7927/H46T0JKB
https://doi.org/10.1046/j.1365-294x.2000.01083.x
https://doi.org/10.1046/j.1365-294x.2000.01083.x
https://doi.org/10.1111/j.1461-0248.2004.00671.x
https://doi.org/10.1111/j.1461-0248.2011.01596.x

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

Diversity in coastal dune plant communities

Davies, K. F., Chesson, P., Harrison, S., Inouye, B. D., Melbourne, B. A., and Rice, K. J. (2005).
Spatial heterogeneity explains the scale dependence of the native—exotic diversity relationship.

Ecology, 86, 1602-1610. https://doi.org/10.1890/04-1196

Dawson, W., D. Moser, M. van Kleunen, H. Kreft, J. Pergl, P. Pysek et al. (2017). Global hotspots
and correlates of alien species richness across taxonomic groups. Nature Ecology & Evolution, 1,

0186. https://doi.org/10.1038/s41559-017-0186

de Toledo Castanho, C., Lortie, C. J., Zaitchik, B., and Prado, P. I. (2015). A meta-analysis of plant
facilitation in coastal dune systems: responses, regions, and research gaps. PeerJ, 3, e768.

https://doi.org/10.7717/peer|.768

Defeo, O., McLachlan, A., Schoeman, D. S., Schlacher, T. A., Dugan, J., Jones, A. et al. (2009).
Threats to sandy beach ecosystems: a review. Estuarine, Coastal and Shelf Science, 81, 1-12.

https://doi.org/10.1016/j.ecss.2008.09.022

Del Vecchio, S., Fantinato, E., Janssen, J. A. M., Bioret, F., Acosta, A., Prisco, I. et al. (2018).
Biogeographic variability of coastal perennial grasslands at the European scale. Applied Vegetation

Science, 21, 312-321. https://doi.org/10.1111/avsc.12356

Doing, H. (1985). Coastal fore-dune zonation and succession in various parts of the world. Vegetatio

61, 65-75. https://doi.org/10.1007/BF00039811

Dolan, A. H., and Walker, I. J. (2006). Understanding vulnerability of coastal communities to climate

change related risks. Journal of Coastal Research, 1316-1323.

Dyer, E. E., Cassey, P., Redding, D. W., Collen, B., Franks, V., Gaston, K. J. et al. (2017). The global
distribution and drivers of alien bird species richness. PLoS Biology, 15, €2000942.

https://doi.org/10.1371/journal.pbhio.2000942

24


https://doi.org/10.1890/04-1196
https://doi.org/10.1038/s41559-017-0186
https://doi.org/10.7717/peerj.768
https://doi.org/10.1016/j.ecss.2008.09.022
https://doi.org/10.1111/avsc.12356
https://doi.org/10.1371/journal.pbio.2000942

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

Diversity in coastal dune plant communities

EEA (2012). The impacts of invasive alien species in Europe. Publications Office of the European

Union, Copenhagen.

Essl, F., Dullinger, S., Rabitsch, W., Hulme, P. E., Hiilber, K., Jarosik, V. et al. (2011).
Socioeconomic legacy yields an invasion debt. Proceedings of the National Academy of Sciences,

108, 203-207. https://doi.org/10.1073/pnas.1011728108

Forey, E., Touzard, B., and Michalet, R. (2010). Does disturbance drive the collapse of biotic
interactions at the severe end of a diversity—biomass gradient?. Plant Ecology, 206, 287-295.

https://doi.org/10.1007/s11258-009-9642-z

Forey, E., Chapelet, B., Vitasse, Y., Tilquin, M., Touzard, B., and Michalet, R. (2008). The relative
importance of disturbance and environmental stress at local and regional scales in French coastal sand

dunes. Journal of Vegetation Science, 19, 493-502. https://doi.org/10.3170/2008-8-18392

Fox, J. and Weisberg, S. (2018). Visualizing Fit and Lack of Fit in Complex Regression Models with
Predictor Effect Plots and Partial Residuals. Journal of statistical software, 8, 1-27.

https://doi.org/10.18637/jss.v087.i09

Fox, J. and Weisberg, S. (2011). An {R} Companion to Applied Regression, Second Edition.

Thousand Oaks CA: Sage.

Francis, A. P., and Currie, D. J. (2003). A globally consistent richness-climate relationship for

angiosperms. The American Naturalist, 161, 523-536. https://doi.org/10.1086/368223

Fridley, J. D., Stachowicz, J. J., Naeem, S., Sax, D. F., Seabloom, E. W., Smith, M. D. et al. (2007).
The invasion paradox: reconciling pattern and process in species invasions. Ecology, 88, 3-17.

https://doi.org/10.1890/0012-9658(2007)88[3: TIPRPA]2.0.CO;2

25


https://doi.org/10.1073/pnas.1011728108
https://doi.org/10.1007/s11258-009-9642-z
https://doi.org/10.3170/2008-8-18392
https://doi.org/10.18637/jss.v087.i09
https://doi.org/10.1086/368223
https://doi.org/10.1890/0012-9658(2007)88%5B3:TIPRPA%5D2.0.CO;2

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

Diversity in coastal dune plant communities

Gaertner, M., Den Breeyen, A., Hui, C., and Richardson, D. M. (2009). Impacts of alien plant
invasions on species richness in Mediterranean-type ecosystems: a meta-analysis. Progress in

Physical Geography, 33, 319-338. https://doi.org/10.1177/0309133309341607

Gasso, N., Sol, D., Pino, J., Dana, E. D., Lloret, F., Sanz-Elorza, M. et al. (2009). Exploring species
attributes and site characteristics to assess plant invasions in Spain. Diversity and Distributions, 15,

50-58. https://doi.org/10.1111/j.1472-4642.2008.00501.x

GISCO Ports (2013). Transport Networks Dataset; European Commission, Eurostat/GISCO.

Available at http://ec.europa.eu/eurostat/web/gisco/geodata/reference—data/transport—networks

Giulio, S., Acosta, A. T. R., Carboni, M., Campos, J. A., Chytry, M., Loidi, J. et al. (2020). Alien
flora across European coastal dunes. Applied Vegetation Science 23, 317-327.

https://doi.org/10.1111/avsc.12490

Hawkins, B. A., Field, R., Cornell, H. V., Currie, D. J., Guégan, J. F., Kaufman, D. M. et al. (2003).
Energy, water, and broad-scale geographic patterns of species richness. Ecology, 84, 3105-3117.

https://doi.org/10.1890/03-8006

Hertling, U. M. and Lubke, R. A. (1999). Indigenous and Ammophila arenaria-dominated dune
vegetation on the South African Cape coast. Applied Vegetation Science, 2, 157-168.

https://doi.org/10.2307/1478979

Hilton, M., Harvey, N., Hart, A., James, K., and Arbuckle, C. (2006). The impact of exotic dune grass
species on foredune development in Australia and New Zealand: a case study of Ammophila arenaria
and Thinopyrum junceiforme. Australian Geographer, 37, 313-334.

https://doi.org/10.1080/00049180600954765

Houle, G. 2008. Plant species richness and its determinants on a coastal dune system at lles de la

Madeleine, Quebec Canada. EcoScience, 15, 113-120. https://doi.org/10.2980/1195-

6860(2008)15[113:PSRAID]2.0.CO;2

26


https://doi.org/10.1177%2F0309133309341607
https://doi.org/10.1111/j.1472-4642.2008.00501.x
http://ec.europa.eu/eurostat/web/gisco/geodata/reference–data/transport–networks
https://doi.org/10.1111/avsc.12490
https://doi.org/10.1890/03-8006
https://doi.org/10.2307/1478979
https://doi.org/10.1080/00049180600954765
https://doi.org/10.2980/1195-6860(2008)15%5B113:PSRAID%5D2.0.CO;2
https://doi.org/10.2980/1195-6860(2008)15%5B113:PSRAID%5D2.0.CO;2

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

Diversity in coastal dune plant communities

Hulme, P. E., Pysek, P., Jarosik, V., Pergl, J., Schaffner, U., and Vila, M. (2013). Bias and error in
understanding plant invasion impacts. Trends in Ecology & Evolution, 28, 212-218.

https://doi.org/10.1016/j.tree.2012.10.010

Janssen, J. A. M., Rodwell, J. S., Garcia Criado, M. G., Gubbay, S., Haynes, T., Nieto, A. et al.
(2016). European Red List of Habitats. Part 2: Terrestrial and freshwater habitats. European

Commission, Brussels.

Jiménez-Alfaro, B., Marceno, C., Guarino, R., and Chytry, M. (2015). Regional metacommunities in
two coastal systems: spatial structure and drivers of plant assemblages. Journal of Biogeography, 42,

452-462. https://doi.org/10.1111/{bi.12437

Johnson, P.N. (1992). The Sand Dune and Beach Vegetation Inventory of New Zealand: Il South
Island and Stewart Island. Christchurch: Land Resources Scientific Report No. 16, Department of

Scientific and Industrial Research, 278p.

Karger, D. N., Conrad, O., Bohner, J., Kawohl, T., Kreft, H., Soria-Auza, R. W. et al. (2017).
Climatologies at high resolution for the earth’s land surface areas. Scientific data, 4, 170122.

https://doi.org/10.1038/sdata.2017.122

Kerkhoff, A. J., Moriarty, P. E., and Weiser, M. D. (2014). The latitudinal species richness gradient
in New World woody angiosperms is consistent with the tropical conservatism hypothesis.
Proceedings of the National Academy of Sciences, 111, 8125-8130.

https://doi.org/10.1073/pnas.1308932111

Kier, G., Mutke, J., Dinerstein, E., Ricketts, T. H., Kiper, W., Kreft, H., and Barthlott, W. (2005).
Global patterns of plant diversity and floristic knowledge. Journal of Biogeography, 32, 1107-1116.

https://doi.org/10.1111/j.1365-2699.2005.01272.x

27


https://doi.org/10.1016/j.tree.2012.10.010
https://doi.org/10.1111/jbi.12437
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1073/pnas.1308932111
https://doi.org/10.1111/j.1365-2699.2005.01272.x

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

Diversity in coastal dune plant communities

Kreft, H., and Jetz, W. (2007). Global patterns and determinants of vascular plant diversity.
Proceedings of the National Academy of Sciences, 104, 5925-5930.

https://doi.org/10.1073/pnas.0608361104

Kihn, I., Brandl, R. and Klotz, S. (2004). The flora of German cities is naturally species rich.

Evolutionary Ecology Research, 6,749—764.

Legendre, P. (2008). Studying beta diversity: ecological variation partitioning by multiple regression

and canonical analysis. Journal of Plant Ecology, 1, 3-8. https://doi.org/10.1093/jpe/rtm001

Levine, J. M. (2000). Species diversity and biological invasions: relating local process to community

pattern. Science, 288, 852—-854. https://doi.org/10.1126/science.288.5467.852

Levine, J. M. and D'Antonio, C. M. (1999). Elton revisited: a review of evidence linking diversity

and invasibility. Oikos, 87, 15-26. https://doi.org/10.2307/3546992

Lonsdale, W. M. (1999). Global patterns of plant invasions and the concept of invasibility. Ecology,

80, 1522-1536. https://doi.org/10.1890/0012-9658(1999)080[1522:GPOPIA]2.0.CO;2

Lubke, R. A., Hertling, U. M., and Avis, A. M. (1995). IsAmmophila arenaria (Marram grass) a threat
to South African dune fields?. Journal of Coastal Conservation, 1, 103.

https://doi.org/10.1007/BF02905118

Luck, G. W. (2007). A review of the relationships between human population density and

biodiversity. Biological Reviews, 82, 607—645. https://doi.org/10.1111/].1469-185X.2007.00028.x

Lucrezi, S., Saayman, M., and VVan der Merwe, P. (2014). Influence of infrastructure development on
the vegetation community structure of coastal dunes: Jeffreys Bay, South Africa. Journal of Coastal

Conservation, 18, 193-211. https://doi.org/10.1007/s11852-014-0307-2

28


https://doi.org/10.1073/pnas.0608361104
https://doi.org/10.1093/jpe/rtm001
https://doi.org/10.1126/science.288.5467.852
https://doi.org/10.2307/3546992
https://doi.org/10.1890/0012-9658(1999)080%5B1522:GPOPIA%5D2.0.CO;2
https://doi.org/10.1007/BF02905118
https://doi.org/10.1111/j.1469-185X.2007.00028.x
https://doi.org/10.1007/s11852-014-0307-2

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

Diversity in coastal dune plant communities

Luijendijk, A., Hagenaars, G., Ranasinghe, R., Baart, F., Donchyts, G., and Aarninkhof, S. (2018).

The State of the World’s Beaches. Scientific reports, 8.1, 6641. https://doi.org/10.1038/s41598-018-

24630-6

Mahdavi, P. and Bergmeier, E. (2016). Plant functional traits and diversity in sand dune ecosystems
across different biogeographic regions. Acta Oecologica, 74, 37-45.

https://doi.org/10.1016/j.acta0.2016.06.003

Malavasi, M., Carboni, M., Cutini, M., Carranza, M. L., and Acosta, A. T. R. (2014). Landscape
fragmentation, land-use legacy and propagule pressure promote plant invasion on coastal dunes: a

patch-based approach. Landscape Ecology, 29, 1541-1550. https://doi.org/10.1007/s10980-014-

0074-3
Maun, M. A. 2009. The Biology of Coastal Sand Dunes. New York, NY: Oxford University Press.

McKinney, M. L. (2006). Urbanization as a major cause of biotic homogenization. Biological

Conservation, 127, 247-260. https://doi.org/10.1016/j.biocon.2005.09.005

Médail, F. and Diadema, K. (2009). Glacial refugia influence plant diversity patterns in the

Mediterranean Basin. Journal of Biogeography, 36, 1333-1345. https://doi.org/10.1111/j.1365-

2699.2008.02051.x

Miller, T. E., Gornish, E. S., and Buckley, H. L. (2010). Climate and coastal dune vegetation:

disturbance, recovery, and succession. Plant Ecology, 206, 97. https://doi.org/10.1007/s11258-009-

9626-z

Monserrat, A. L., Celsi, C. E., and Fontana, S. L. (2012). Coastal dune vegetation of the southern
Pampas (Buenos Aires, Argentina) and its value for conservation. Journal of Coastal Research, 28,

23-35. https://doi.org/10.2112/JCOASTRES-D-10-00061.1

29


https://doi.org/10.1038/s41598-018-24630-6
https://doi.org/10.1038/s41598-018-24630-6
https://doi.org/10.1016/j.actao.2016.06.003
https://doi.org/10.1007/s10980-014-0074-3
https://doi.org/10.1007/s10980-014-0074-3
https://doi.org/10.1016/j.biocon.2005.09.005
https://doi.org/10.1111/j.1365-2699.2008.02051.x
https://doi.org/10.1111/j.1365-2699.2008.02051.x
https://doi.org/10.1007/s11258-009-9626-z
https://doi.org/10.1007/s11258-009-9626-z
https://doi.org/10.2112/JCOASTRES-D-10-00061.1

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

Diversity in coastal dune plant communities

Moser, D., Lenzner, B., Weigelt, P., Dawson, W., Kreft, H., Pergl, J. et al. (2018). Remoteness
promotes biological invasions on islands worldwide. Proceedings of the National Academy of

Sciences, 115, 9270-9275. https://doi.org/10.1073/pnas.1804179115

Muthukrishnan, R., Hansel-Welch, N., and Larkin, D. J. (2018). Environmental filtering and
competitive exclusion drive biodiversity-invasibility relationships in shallow lake plant communities.

Journal of Ecology, 106, 2058-2070. https://doi.org/10.1111/1365-2745.12963

Nakagawa S, and Schielzeth H. (2013). A general and simple method for obtaining R-squared from
generalized linear mixed-effects models. Methods in Ecology and Evolution, 4, 133-142.

https://doi.org/10.1111/j.2041-210x.2012.00261.x

Nelson, A. (2008). Estimated travel time to the nearest city of 50,000 or more people in year 2000.
Global Environment Monitoring Unit — Joint Research Centre of the European Commission, Ispra

Italy. Available at http://forobs.jrc.ec.europa.eu/products/gam/

Novoa, A., Gonzalez, L., Moravcova, L., and PySek, P. (2013). Constraints to native plant species
establishment in coastal dune communities invaded by Carpobrotus edulis: implications for

restoration. Biological Conservation, 164, 1-9. https://doi.org/10.1016/j.biocon.2013.04.008

Oksanen, J., Blanchet, G.F., Friendly, M., Kindt, R., Legendre, P., McGlinn, D. et al. (2019). vegan:

Community Ecology Package. R package version 2.5-6.

Pardini, E. A., Vickstrom, K. E., and Knight, T. M. (2015). Early successional microhabitats allow
the persistence of endangered plants in coastal sand dunes. PloS One, 10, e0119567.

https://doi.org/10.1371/journal.pone.0119567

Peng, S., N. L. Kinlock, J. Gurevitch, and Peng, S. (2019). Correlation of native and exotic species
richness: a global meta-analysis finds no invasion paradox across scales. Ecology, 100, e02552.

https://doi.org/10.1002/ecy.2552

30


https://doi.org/10.1073/pnas.1804179115
https://doi.org/10.1111/1365-2745.12963
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1016/j.biocon.2013.04.008
https://doi.org/10.1371/journal.pone.0119567
https://doi.org/10.1002/ecy.2552

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

Diversity in coastal dune plant communities

Pope, A. and Sietinsone, L. (2017). Airports, [Dataset]. University of Edinburgh.

Pysek, P. (1998). Alien and native species in central European urban floras: a quantitative

comparison. Journal of Biogeography, 25, 155-163. https://doi.org/10.1046/].1365-

2699.1998.251177.x

Pysek, P., Pergl, J., Essl, F., Lenzner, B., Dawson, W., Kreft, H. et al. (2017). Naturalized alien flora
of the world: species diversity, taxonomic and phylogenetic patterns, geographic distribution and

global hotspots of plant invasion. Preslia, 89, 203-274.

Pysek, P., Jarosik, V., Hulme, P. E., Kiihn, 1., Wild, J., Arianoutsou, M. et al. (2010). Disentangling
the role of environmental and human pressures on biological invasions across Europe. Proceedings

of the National Academy of Sciences, 107, 12157-12162. https://doi.org/10.1073/pnas.1002314107

Quantum GIS Development Team (2020). Quantum GIS Geographic Information System. Open

Source Geospatial Foundation Project.

R Core Team (2020). R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria.

Ricklefs, R. E. (1987). Community diversity: relative roles of local and regional processes. Science,

235, 167-171. https://doi.org/10.1126/science.235.4785.167

Seebens, H., Gastner, M. T., and Blasius, B. (2013). The risk of marine bioinvasion caused by global

shipping. Ecology Letters, 16, 782-790. https://doi.org/10.1111/ele.12111

Simberloff, D. (2009). The role of propagule pressure in biological invasions. Annual Review of
Ecology, Evolution, and Systematics, 40, 81-102.

https://doi.org/10.1146/annurev.ecolsys.110308.120304

Stein, A., Gerstner, K., and Kreft, H. (2014). Environmental heterogeneity as a universal driver of
species richness across taxa, biomes and spatial scales. Ecology Letters, 17, 866-880.

https://doi.org/10.1111/ele.12277

31


https://doi.org/10.1046/j.1365-2699.1998.251177.x
https://doi.org/10.1046/j.1365-2699.1998.251177.x
https://doi.org/10.1073/pnas.1002314107
https://doi.org/10.1126/science.235.4785.167
https://doi.org/10.1111/ele.12111
https://doi.org/10.1146/annurev.ecolsys.110308.120304
https://doi.org/10.1111/ele.12277

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

Diversity in coastal dune plant communities

Stohlgren, T. J., Barnett, D. T., and Kartesz, J. T. (2003). The rich get richer: patterns of plant
invasions in the United States. Frontiers in Ecology and the Environment, 1, 11-14.

https://doi.org/10.1890/1540-9295(2003)001[0011: TRGRPQO]2.0.CO;2

Takhtajan, A. (1986). Floristic regions of the world. Berkeley, etc.: Transl. by T.J. Crovello, Univ.

Calif. Press, 581, 1.

Tatem, A. J. (2009). The worldwide airline network and the dispersal of exotic species: 2007—-2010.

Ecography, 32, 94-102. https://doi.org/10.1111/j.1600-0587.2008.05588.x

Tatem, A. J., and Hay, S. I. (2007). Climatic similarity and biological exchange in the worldwide
airline transportation network. Proceedings of the Royal Society of London B: Biological Sciences,

274, 1489-1496. https://doi.org/10.1098/rspb.2007.0148

Tomasetto, F., Duncan, R. P., and Hulme, P. E. (2019). Resolving the invasion paradox: pervasive

scale and study dependence in the native-alien species richness relationship. Ecology Letters, 22,

1038-1046. https://doi.org/10.1111/ele.13261

Tordoni, E, Petruzzellis, F, Nardini, A, Savi, T, and Bacaro, G. (2019). Make it simpler: Alien species
decrease functional diversity of coastal plant communities. Journal of Vegetation Science, 30, 498—

509. https://doi.org/10.1111/jvs.12734

Tordoni, E., Napolitano, R., Maccherini, S., Da Re, D., and Bacaro, G. (2018). Ecological drivers of
plant diversity patterns in remnants coastal sand dune ecosystems along the northern Adriatic

coastline. Ecological Research, 33, 1157-1168. https://doi.org/10.1007/s11284-018-1629-6

Tordoni, E., Napolitano, R., Nimis, P., Castello, M., Altobelli, A., Da Re, D. et al. (2017). Diversity
patterns of alien and native plant species in Trieste port area: exploring the role of urban habitats in

biodiversity conservation. Urban Ecosystems, 20, 1151-1160. https://doi.org/10.1007/s11252-017-

0667-0

32


https://doi.org/10.1890/1540-9295(2003)001%5B0011:TRGRPO%5D2.0.CO;2
https://doi.org/10.1111/j.1600-0587.2008.05588.x
https://doi.org/10.1098/rspb.2007.0148
https://doi.org/10.1111/ele.13261
https://doi.org/10.1111/jvs.12734
https://doi.org/10.1007/s11284-018-1629-6
https://doi.org/10.1007/s11252-017-0667-0
https://doi.org/10.1007/s11252-017-0667-0

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

Diversity in coastal dune plant communities

van der Maarel, E. ed. (1993). Dry coastal ecosystems: General Aspects. Ecosystems of the World,

part 2A. Elsevier, Amsterdam.

Vellend, M., Baeten, L., Becker-Scarpitta, A., Boucher-Lalonde, V., McCune, J. L., Messier, J. et al.
(2017). Plant biodiversity change across scales during the Anthropocene. Annual Review of Plant

Biology, 68, 563-586. https://doi.org/10.1146/annurev-arplant-042916-040949

Vila, M., Rohr, R. P., Espinar, J. L., Hulme, P. E., Pergl, J., Le Roux, J. J. et al. (2015). Explaining
the variation in impacts of non-native plants on local-scale species richness: the role of phylogenetic

relatedness. Global Ecology and Biogeography, 24, 139-146. https://doi.org/10.1111/geb.12249

Vila, M., Espinar, J. L., Hejda, M., Hulme, P. E., Jarosik, V., Maron, J. L., and Pysek, P. (2011).
Ecological impacts of invasive alien plants: a meta-analysis of their effects on species, communities

and ecosystems. Ecology Letters, 14, 702—708. https://doi.org/10.1111/].1461-0248.2011.01628.x

Vila, M., Pino, J., Montero, A. and Font, X. (2010), Are island plant communities more invaded than
their ~ mainland  counterparts?.  Journal of  Vegetation Science, 21, 438-446.

https://doi.org/10.1111/].1654-1103.2009.01166.x

Von Holle, B. (2013). Environmental stress alters native—nonnative relationships at the community

scale. Biological Invasions, 15, 417-427. https://doi.org/10.1007/s10530-012-0297-7

Von Holle, B., and Motzkin, G. (2007). Historical land use and environmental determinants of
nonnative plant distribution in coastal southern New England. Biological Conservation, 136, 33-43.

https://doi.org/10.1016/j.biocon.2006.10.044

Wiedemann, A. M. and Pickart, A. J. (2004). Temperate zone coastal dunes. In: Martinez ML, Psuty
NP eds Coastal dunes: ecology and conservation. Ecological Studies: analysis and synthesis.

Springer, Heidelberg, pp 53-65.

33


https://doi.org/10.1146/annurev-arplant-042916-040949
https://doi.org/10.1111/geb.12249
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://doi.org/10.1111/j.1654-1103.2009.01166.x
https://doi.org/10.1007/s10530-012-0297-7
https://doi.org/10.1016/j.biocon.2006.10.044

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

Diversity in coastal dune plant communities

Wiens, J. J., and Donoghue, M. J. (2004). Historical biogeography, ecology and species richness.

Trends in Ecology & Evolution, 19, 639-644. https://doi.org/10.1016/].tree.2004.09.011

Wilson, J. B. and Sykes, M. T. (1999). Is zonation on coastal sand dunes determined primarily by
sand burial or by salt spray? A test in New Zealand dunes. Ecology Letters, 2, 233-236.

https://doi.org/10.1046/j.1461-0248.1999.00084.x

World Resource Institute (2005). World resource 2002—-2004. Decisions for the earth: balance, voice
and power. United Nations Development Program. United Nations Environmental Programme, The

World Bank, World Resource Institute, USA, 315 pp.

Zuur, A.F., leno, E.N. and Smith, G.M. (2007) Analysing Ecological Data. Springer, New York.
Supporting Information

Appendix S1. Additional information regarding the database and the results

Appendix S1. Model specifications

34


https://doi.org/10.1016/j.tree.2004.09.011
https://doi.org/10.1046/j.1461-0248.1999.00084.x

823

824

825

826

827

828

829

Diversity in coastal dune plant communities

Figures
(a)
—
S o
a ™
S~
7]
4
£ 2] Habitat
[&]
i - Foredunes
Q . Fixed dunes
g o
a | Interdunes
a ]
0]
=
=
0 O -
Z T T T T |_
O —_ o]
= ) ] 9
(0] o = a Q.
© c I = IS]
@] © o o [0
[®) T ] ©
(b) T = o
it
o
=%
Q
)
O oA .
c Habitat
c
8 . Foredunes
) .
Q . Fixed dunes
o
3 . Interdunes
0
c
§ N
= o
< T T T T T
(&) — )
- Q 8 o
(0] o "‘_-'_) a a
o 8 =t o o
© c © = b
O © o o [0}
[e] T ] ©
T Z o

Figure 1. Bar charts displaying the effect of habitat across floristic kingdoms on a) Native species,

b) Alien species. Values reported are estimated species richness per plot £ 95% confidence intervals
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Figure 2. Global map showing the distribution of the vegetation plots according to Takhtajan floristic

kingdoms (Takhtajan, 1986). Please note that the size of the symbol is proportional to the absolute

number of alien species; lower inset represents a detail of Cape and Paleotropical kingdoms
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Figure 3. a) Scatterplot illustrating the relationship between alien and native species richness. Solid
line represents the overall regression trend. b) Effect plot displaying the dynamic pattern between
alien species richness and native species richness according to plot size. Shaded areas represent 95%
confidence intervals. Plots were grouped in three classes according to their size (0.25-100,101-500,

501-10000 m?) for ease of interpretation.
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Figure 4. Summary of GLMMs. x-axis reports the estimate + 95% Wald confidence interval, y-axis
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Figure 5. Variation partitioning reporting the proportion of variance explained expressed as

percentage by environmental variables and anthropogenic variables for native and alien species

richness
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