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Abstract

Introduced plants can have long-lasting and irreversible effects on the communities and ecosystems they
invade. A critical step towards understanding the legacy of plant introductions is the characterisation of
changes in the invaded plant communities and how these changes are related to biogeochemical modi-
fications. Here, we addressed this issue by comparing the impacts of two large invasive herbs, Gunnera
tinctoria and Impatiens glandulifera, on the compositional, functional, and phylogenetic structure of the
standing vegetation (above-ground communities) and the soil seed bank (below-ground communities).
The introduction of both invasive species was associated with a significant decrease in above-ground spe-
cies richness, with subsequent changes in the functional diversity and phylogenetic dispersion of the veg-
etation. Yet, these invaders differed in their long-term impacts and the reversibility of any modifications
they caused. While G. tinctoria invasions resulted in phylogenetically clustered communities (both above-
and below-ground) that were clearly distinct from uninvaded ones, seed bank communities invaded by
1. glandulifera were indistinguishable from uninvaded ones, despite major compositional changes above-
ground. Further, we found alterations in nutrient cycling associated with G. tinctoria invasions that could

Copyright Margherita Gioria et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:margherita.gioria@ibot.cas.cz
https://doi.org/10.3897/neobiota.88.109185
https://neobiota.pensoft.net
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

76 Margherita Gioria et al. / NeoBiota 88: 75-101 (2023)

facilitate its local persistence and exacerbate any negative effects on native diversity. Our findings suggest
a high susceptibility of pre-invasion above-ground communities to colonisation by distantly related herbs.
However, the seed banks showed a degree of resilience against both invaders, with no major differences in
species richness. Ultimately, differences in the impacts of these large invasive herbs suggest that dominance
in the vegetation and a large stature are poor predictors of long-term plant community changes, including
regeneration potential from seed, which are associated with plant introductions.

Keywords
Functional diversity, non-native plants, phylogenetic structure, plant invasions, seed persistence, soil
legacy, soil seed bank

Introduction

Invasive alien plants represent a significant component of global environmental change
(Simberloff et al. 2013; Pysek et al. 2020) and contribute to the homogenisation of re-
gional floras (McKinney 2004; Castro et al. 2010; Daru et al. 2021b; Yang et al. 2021).
Locally, decreases in species richness and changes in the composition of the above-ground
vegetation (hereafter vegetation) are among the most visible and frequent impacts of
invasions by non-native herbaceous species (Hejda and Pysek 2009; Pysek et al. 2012,
2015; Lavoie 2017), especially those that tend to become dominant in the recipient
community (Gioria and Osborne 2010; Pysek et al. 2012; Cuda et al. 2020; Hejda et al.
2021). These changes can have long-term and irreversible effects on ecosystems, altering
the regeneration potential of the resident communities through changes in the diversity
and composition of the soil seed bank (Gioria and Pysek 2016) and other soil legacy ef-
fects, including modified plant-soil feedbacks and alterations in biogeochemical cycling
(e.g., Funk and Vitousek 2007; Ehrenfeld 2010; Yelenik and D’Antonio 2013; Zhang et
al. 2022). Early in the invasion, these changes can benefit the invaders themselves or oth-
er non-native plants (Simberloff and von Holle 1999; Funk and Vitousek 2007; Yelenik
and D’Antonio 2013), with possibly adaptive consequences for both the resident species
and the invaders (Xu et al. 2021). The magnitude, direction, and reversibility of these
changes will depend, among other factors, on the functional and phylogenetic structure
of the resident vegetation, which influences their susceptibility to, or resilience against,
invasions (Darwin 1859; Lososova et al. 2015; Hejda et al. 2021; Gioria et al. 2023).

A critical step towards an understanding of the legacy of plant invasions, including
local extinctions, is the characterisation of compositional, functional, and phylogenetic
changes associated with plant introductions (Drenovsky et al. 2012). This is important
not only in the vegetation but also in the soil seed bank (hereafter seed bank) (Gioria
and Pysek 2016). The formation of persistent seed banks is, in fact, a key strategy that
plants may adopt to persist in a locality, hedging against the risks of reproductive failure
in unpredictable environments (Venable and Brown 1988; Venable 2007) and mitigat-
ing any negative effects of unfavourable or suboptimal conditions for germination and
growth that are associated with intense competition or other negative biotic interactions,
and with natural or anthropogenic drivers (Thompson et al. 1998; Gioria et al. 2020).
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Invasive plants can have long-lasting effects on the recipient seed banks through
the production of seeds that retain their viability for multiple seasons (persistent seed
banks versus transient seed banks; sensu Thompson et al. 1997; Walck et al. 2005)
and/or through alterations in the seed banks of the resident species (Gioria et al. 2012;
Gioria and Pysek 2016). Recent evidence based on global data shows that banking on
persistent seeds contributes to the establishment and range expansion of naturalised
populations and promotes their invasiveness (Gioria et al. 2021). For alien species,
spreading mortality risks through time via the formation of persistent seed banks in-
creases the probability of successful recruitment from seed by extending the window of
opportunity for successful germination, resulting in repeated episodes of recruitment
from the seed bank (Chesson and Warner 1981; Gioria et al. 2021). In grassland eco-
systems, these windows of opportunity for the germination of alien species and seed-
ling establishment often coincide with periods when competition for resources with
native species is low (Gioria and Pysek 2017; Gioria et al. 2018). This can facilitate the
establishment and expansion of those alien species that are competitively inferior to
natives (Gioria and Osborne 2014; Gioria et al. 2021) and is especially important in
disturbed ecosystems (Gioria and Osborne 2010).

In terms of the impacts on recipient communities, persistent soil seed banks rep-
resent an important component of ecosystem resilience against environmental change
(Gioria et al. 2012, 2022; Blossey et al. 2017). Mature adult plants and seeds dif-
fer substantially in their metabolic characteristics and ecophysiological requirements
(Grubb 1977; Larson and Funk 2016; Carta et al. 2022) so that changes in the biotic
and abiotic conditions promoted by an invasive plant can have very different effects
above- and below-ground (Gioria et al. 2012; Gioria and Pysek 2016). This, in turn,
will have different effects on the regeneration potential of native communities. The
ability to form persistent seeds is especially critical to long-lived resident species re-
producing exclusively by seed or those relying on short-distance dispersal for survival
and expansion (Gioria et al. 2012). For these species, dispersal through time may be
more important than dispersal through space, given that they cannot escape local sto-
chastic phenomena, such as disturbance or negative biotic interactions (Gioria et al.
2021). Thus, the suppression of species with such a strategy due to invasion will have
long-lasting implications resulting from the absence of long-lived propagules (Gioria
et al. 2012; Gioria and Pysek 2016). Moreover, since seed banks act as reserves of ge-
netic variability (Templeton and Levin 1979; Honnay et al. 2008), any alteration in
their composition can have important implications for the evolutionary response of a
species to environmental unpredictability (Venable and Brown 1988; Donohue et al.
20105 Gioria et al. 2020, 2022).

In this study, we addressed this issue by evaluating the potential reversibility of
the impacts of two large invasive herbs that are listed as species of Union concern
(EU Regulation on Invasive Alien Species 1143/2014), i.c., Gunnera tinctoria (Molina)
Mirbel (Gunneraceae) and Impatiens glandulifera Royle (Balsaminaceae). These species
differ in their global significance, with the former having a restricted distribution, due
to a preference for high rainfall conditions (Gioria and Osborne 2013), while the latter
is highly invasive in many European and North American riparian habitats (Cuda et
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al. 2017; Helsen et al. 2021). They share a large stature, high-standing biomass, ex-
tensive litter production, and rapid early-season growth but differ in their life history
and reproductive strategies (Hejda et al. 2009; Gioria and Osborne 2013; Helsen et
al. 2021).

In this study, we focused on evaluating their impacts and to what extent these
are short or long-term, depending on whether they involve changes in the composi-
tional, functional, and phylogenetic structure of the above-ground vegetation or the
soil seed bank. We also evaluated how these impacts on plant communities might be
related to abiotic ecosystem properties. Examination of the functional and phyloge-
netic changes at the community level will generate insights into whether similarities
in functional traits or phylogenetic relatedness among the native and the non-native
species play a role in mediating the invasibility of the recipient communities (Darwin
1859; Diez et al. 2008; Divisek et al. 2018). This, in turn, will be useful in advancing
our understanding of the relative importance of environmental filtering versus that
of competitive interactions in driving successful establishment, as postulated by Dar-
win’s naturalization hypothesis and the limiting similarity hypothesis; Darwin 1859;
Diez et al. 2008; Divisek et al. 2018), and how random factors might contribute to
invasiveness and invasibility (Hejda et al. 2021). Due to the ability of G. tinctoria to
fix atmospheric N through a unique symbiosis with cyanobacteria of the genus Nostoc
(Osborne et al. 1991), high net primary productivity (Osborne et al. 1991; Hickey and
Osborne 1998), and enhanced litter production, we expected major compositional
and functional changes in the vegetation and in the seed bank as well as in ecosystem
properties, through changes in the biogeochemical cycling of nutrients. In contrast,
based on the findings of previous studies (Diekmann et al. 2016; Cuda et al. 2017),
we predicted a higher reversibility of the impacts of L. glandulifera both on the seed
bank and ecosystem properties, although allelopathic effects on fungal composition
and arbuscular mycorrhiza observed in this species have the potential to alter nutrient
cycling (Gaggini et al. 2018; Cuda et al. 2020).

Materials and methods

Reproduction in the study species

Gunnera tinctoria is a perennial herb reproducing both sexually, through the produc-
tion of thousands of viable seeds per plant, and asexually, via a large rhizomatous sys-
tem and plant fragmentation (Gioria and Osborne 2013). Under suitable conditions,
it can form large and long-term persistent seed banks, in the order of tens of thousands
of seeds per square metre (Gioria and Osborne 2010). Impatiens glandulifera is an
annual herb reproducing exclusively by seeds, with recent evidence showing that at
suitable localities, it can form short-term persistent seed banks (Skdlovd et al. 2019),
which can survive longer than previously thought (Beerling and Perrins 1993; Skalova
etal. 2019).



Impacts above and below ground associated with two alien herbs 79

Experimental design and study sites

To evaluate any change in the resident plant communities associated with the invaders,
we used a comparative approach contrasting invaded and uninvaded areas, based on
the assumption that the ecological conditions and species composition in the former
are comparable to those of the uninvaded areas prior to the invasion (Hejda et al.
2009). This approach is typically used in this type of study, since it allows a temporal
comparison when information on the pre-invasion conditions is not available, while
allowing the collection of an extensive data set in a relatively short period of time. To
limit any inherent spatial difference in species composition, soil type, and disturbance
regime, we selected closely adjacent invaded and uninvaded areas (Hejda et al. 2009).
To maximise the comparability of different areas and to minimise any potential con-
founding effects, we selected highly invaded sites (>95% vegetation cover of the in-
vaders) that were similar in terms of vegetation history and disturbance regime, using
distribution maps of varying age as well as anecdotal information. Based on records
by the Botanical Society of Britain and Ireland, both species had been present at the
respective study sites since the 1930’s (BSBI Online Plant Atlas 2020a, b).

Field data were collected at three sites per invader that are representative of the
main ecosystem types colonised by these species in Ireland (Suppl. material 1: table
S1). Assessment of the impact of G. tinctoria was carried out at three coastal grassland
communities located on Achill Island, western Ireland (53°55'19"N, 10°1'29"W),
while that of L glandulifera was examined at three riparian grassland communities
located along the River Lagan, Northern Ireland (54°33'14"N, 5°55'6"W), using a hi-
erarchical sampling design. Each site was characterised by invaded and comparable un-
invaded control areas (50 m? each) and five 4-m? plots were randomly selected within
each of these areas. A census of the standing vegetation within each plot (quadrat) was
carried out throughout 2017 and 2018 using the Braun-Blanquet approach, although
only 2018 data were used in the analyses for consistency with the seed bank data.

Soil seed bank assessment

Changes in the seed bank associated with plant invasions were assessed by collecting
five replicate soil samples from each of the five plots identified in invaded and unin-
vaded sites, using soil cores 5 cm in diameter and 10 cm in depth, divided into two
depth categories (0-5 c¢m and 5-10 cm). Soil samples were collected in spring and
autumn (2018), after the germination of a substantial portion of the seed bank in the
field and after seed dispersal, to evaluate differences in the more persistent and tran-
sient components of the seed bank, respectively. In total, we collected 600 soil samples
per invader over two sampling seasons.

To estimate the density of viable seeds in the seed bank (per square metre of sur-
face area), we used a modified version of the seedling emergence approach (see Gioria
and Osborne 2009a) in which we maintained semi-controlled growing conditions to
buffer natural fluctuations in heat, cold and light and expose seeds to a broad range of
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temperatures over time (0-29 °C), resembling those recorded in the field. These semi-
controlled conditions were achieved by (1) leaving greenhouses unheated during the
cold months to provide seeds with a period of cold stratification of a duration similar
to that to which they would be exposed in the field, by (2) using natural ventilation
during the warm months to avoid exposure of the samples to temperatures that would
not be achieved naturally in the field, and by (3) using plastic covers during the warm
months to prevent the loss of seedlings due to excessive evapotranspiration. These
greenhouses were located at the Rosemount Research Unit (Belfield, Dublin).

The seedling emergence approach was selected because it allows an estimate of
the viable portion of the seed bank and enables the identification of the seed flora
to species level, although it may fail to detect a portion of the dormant flora whose
germination requirements are not met under greenhouse conditions (Thompson and
Grime 1979). Soon after collection (in May 2018 for the spring samples and Novem-
ber 2018 for the autumn samples), soil samples were processed before transferring
them to pots, and seedling emergence was monitored on a weekly basis for one year for
both sets of samples. Soil samples were sieved through a 2-mm mesh to remove plant
material, pebbles, and other material and were mixed with sterile John Innes No. 2
potting compost to provide nutrients for germination, improve drainage, and create a
favourable substrate for rooting. The mix was spread in a 2-cm layer over a 3-cm layer
of sterile sand in 5 cm x 5 cm plastic pots. Commercial muslin was inserted at the base
of the pots to prevent loss of sand through the drainage holes. Control pots were filled
exclusively with compost over sand and were randomly placed among the sample pots
at a ratio of 1:25 to detect and quantify contamination caused by airborne seeds, with
their position being randomly changed every four weeks. Pots were filled to pot capac-
ity throughout the duration of the experiment.

Seed persistence was inferred from different assessments: the density of seeds at
each sampling depth, with increases in depth indicative of greater seed longevity; the
presence of seeds in the seed bank but their absence in the above-ground vegetation
(Thompson et al. 1997, 1998); and the timing of seed collection, with samples col-
lected in spring assumed to reflect the more persistent component of the seed bank.
The fact that seedling emergence was monitored for one year ensured the exposure of
seeds to both periods of cold and warm stratification, thus maximising the probability
of germination, although we cannot exclude some seeds entering secondary dormancy
due to less than optimal conditions for germination, which may have failed to germi-
nate, or that the conditions for germination or the breaking of dormancy were not
met, despite the precautions used in this study.

Ecosystem properties

Characterisation of the impact of the study invaders on soil properties and B-glucoside
enzyme activity was based on analyses of soil samples collected in June and September
2017 at each study site from the same plots where samples for the seed bank had been
collected. Within each plot, we obtained three composite samples made up of four
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subsamples collected using 3 cm diameter soil cores. Each composite sample was divid-
ed into two depths: 0—-5 cm and 5-20 cm. Soil cores were extracted between 0-5 and
5-20 c¢m, using a 3 cm diameter soil corer (for total C% measurements), while a 5 cm
diameter corer was used for soil bulk density estimations at each depth. After collec-
tion, the soils were homogenised, and subsamples were then used for different chemi-
cal analyses, following procedures described in Di Palo and Fornara (2017). Samples
were sieved through a 2 mm mesh size and then analysed for total soil C, N, and P con-
centration, bulk density, and pH. Available P (PO >’ was measured using the method
of Olsen (Olsen et al. 1982). Samples for C, N, and P concentration were oven dried
at 65 °C for four days before being ground to a powder, and their elemental concentra-
tion was measured by combustion and gas chromatography (COSTECH Analytical
ECS 4010 system). The concentrations of ammonium (NH,+-N) and nitrate (NO -
N) were measured in soil solutions using a Bran-Luebbe AA3 auto analyser (Bran-
Luebbe, Mequon, Wisconsin, USA). Soil pH was measured on a 1:5 soil:deionised
water suspension. Soil bulk density was measured as the ratio between air-dried soil
and soil volume. The activity of 1,4-beta-glucosidase (BG), which is involved in cellu-
lose degradation and can be used as a proxy for soil quality (Dick 1994), was measured
using 4-MUB-b-D gluco(pyrano)side as the substrate. A description of the methodol-
ogy used to evaluate enzyme activity is available in Cenini et al. (2015).

Statistical analyses

We made rigorous statistical assessments of the changes in the vegetation and the seed
bank, separately, by performing multiple analytical approaches that enable an evalua-
tion of compositional changes, changes in the functional composition and the phylo-
genetic relationships among the species, while accounting for the non-independence
caused by a shared evolutionary history among phylogenetically related species (Gioria
et al. 2020). To this end, we generated the phylogenetic tree covering all taxa noted in
our study from the ‘V.PhyloMaker’ package in R (Jin and Qian 2019), using the bind.
relative function to attach taxa absent from the implemented mega-tree by Smith and
Brown (2018) to their designated genus. Statistical analyses were based on a hierarchi-
cal design consisting of five factors: Invader (4 levels); Site (3 levels, nested in Invader);
Invasion status (2 levels = invaded versus uninvaded, orthogonal to Invader and Site);
Plot (4 levels, nested in Invasion status and Site); and, for the seed bank only, Depth
(2 levels = 0-5 cm and 5-10 cm, orthogonal to each factor) and Season (spring versus
autumn, orthogonal to each factor), with n = 5 replicates per each combination of fac-
tor levels. These analyses were based on data pooled at the plot level, resulting in a total
of 40 plots per site, averaging five replicate samples.

To evaluate the impact of each invader on (i) species richness (SR) and (ii) abun-
dance of the standing vegetation (percentage cover) or the seed bank (seedling den-
sity per square metre), we performed phylogenetic generalised linear mixed models
(pglmm), in a Bayesian fitting framework, using the R package ‘phyr’ (Ives et al. 2022).
Species richness (presence-absence) was modelled as a binomial response, while species
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abundance was modelled as a continuous linear response. In these models, Invasion
status and Invader, and, for the seed bank only, Season, were modelled as fixed effects
(predictors). The random component included 7 effects, thus specified in R: the ef-
fect of phylogeny (1|species); two random terms, one with phylogenetic covariance
matrix and another with non-phylogenetic (identity) matrix (1|species__); the effect
of site (1]site); the interaction between Invasion status and the phylogenetic covari-
ance matrix (Invasion status|species); the interaction between invasion condition with
phylogenetic covariance matrix and a non-phylogenetic (identity) matrix (Invasion
status|species__); and the random effect (1|species__@Site), which excludes the cor-
relations among sites (Ives et al. 2022).

To examine impacts on the phylogenetic structure of the invaded communities,
we calculated a range of taxonomic and phylogenetic diversity measures, using the R
package ‘picante’ (v. 1.8.2; Kembel et al. 2022): Faith’s phylogenetic diversity (PD),
mean nearest taxon distance (MNTD), and mean pairwise distance (MPD). Faith’s
PD was measured as the sum of all branch lengths of the phylogenetic tree linking all
species in each of the six plant communities (Faith 1992), the mean pairwise distance
between all species at each site (MPD) and the mean pairwise distance separating
each species at each site from its closest relative (MNTD) (Webb et al. 2002). MPD
includes all species pairs, MPD is more sensitive to the basal structure of the tree, while
MNTD is more sensitive to the branching toward the tips of the phylogeny (Cadotte
and Davies 2016; Mazel et al. 2016). Since PD correlates closely and positively with
species richness (SRic, Tucker and Cadotte 2013), we used the package ‘phyloMeas-
ures’ (Tsirogiannis and Sandel 2016) to calculate standard effect size of PD (PDi),
MPD (MPDi), and MNTD (MNTDi), which were obtained by standardising these
measures according to the null model, i.e., the mean and standard deviation (SD) of
phylogenetic diversity metrics for a given species richness. This allows comparisons of
sites with different SRic (Mazel et al. 2016). These standardised metrics quantify the
relative excess (over-dispersion) or deficit (clustering) in phylogenetic diversity for a
given species set relatively to the species pool. A negative standardised metric reflects a
relative clustering of species while a positive standardised metric reflects a relative over-
dispersion of species (Mazel et al. 2016; Tsirogiannis and Sandel 2016).

To examine impacts on functional diversity, we calculated six measures that rep-
resent the most important dimensions of functional diversity (Mouchet et al. 2010):
Functional Richness (FRic), which measures the volume of functional (niche) space
filled by the species in a community (abundance is not accounted for); Functional
Evenness (FEve), which is the degree to which the biomass of a community is distrib-
uted in the niche space; Functional Divergence (FDiv), which is the degree of niche
differentiation (Mason et al. 2005); Functional Dispersion (FDis), representing the
spread of the species in the trait space (Laliberté and Legendre 2010); and Rao’s quad-
ratic entropy (RaoQ), which is a continuous measure of functional diversity including
information about the evenness of the distribution of functional traits within a com-
munity’ (Weigelt et al. 2008) and representing a mix between functional richness and
functional divergence (Botta-Dukdt 2005). Finally, we calculated community-level
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weighted means of trait values (CWM; Lavorel et al. 2008), measuring averaged trait
values, weighted by the relative abundance of each species, to evaluate whether single
traits were affected by dominance by the invaders.

Measures of functional diversity were calculated, either including or excluding the
invaders from the analyses, using the dbFD function of the R package ‘FD’ (v. 1.0-
12.1, Laliberté et al. 2022). To calculate these measures of functional diversity, we used
six species traits extracted from LEDA (Kleyer et al. 2008), BiolFlor (Klotz et al. 2002),
the Seed Information Database (SID) (v. 7.1.; Kew R.B.G. 2022), and GloSSBAnk
(Gioria et al. 2020): life form (annuals versus perennials), adult plant height (H), leaf
area (LA), seed mass (SM), seed persistence (P SB), and reproductive strategy (seeders
versus resprouters). These traits are known to be relevant to adult plant functions (Diaz
etal. 2016) and seed bank properties (Gioria et al. 2021) (Suppl. material 1: table S2).

Ecosystem-level differences were evaluated using 11 variables: soil bulk density
(BD), soil pH (pH), total soil C (C), total soil N (N), B, available P (olsen_P), am-
monium (NH,) and nitrate (NO,) 1,4-beta-glucosidase (BG), and biomass C (Bio-
massC). Measures of NH, and NO, at different sampling times were combined as
a single variable and used, separately, to analyse the effect on the transient and more
persistent component of the seed bank.

Evaluation of the impact on the taxonomic, functional, and phylogenetic diver-
sity of the invaded communities, and changes in ecosystem properties, was made by
performing Nonmetric Multidimensional Scaling (NMDS), using the metaMDS
function in the R package ‘vegan’ (v. 2.6-4; Oksanen et al. 2022). Phylogenetic beta
diversity was used as the underlying dissimilarity measure and was calculated by com-
puting pairwise and multiple-site phylogenetic dissimilarities using the functions phy-
lobeta and beta in the R packages ‘phyloregion’ (v. 1.0.6; Daru et al. 2021a) and BAT
(Cardoso et al. 2015). To examine changes in the functional and phylogenetic struc-
ture of the invaded communities, we used the function envfit of the R package ‘vegan’
(Oksanen et al. 2022), fitting measures of phylogenetic and functional diversity, and
single ecosystem (environmental) variables to NMDS axes. For measures of functional
diversity, we also performed two-way ANOVA, using the post hoc Tukey’s Honest
Significant Difference (HSD) test to evaluate the significance of differences between
pairs of group means (interaction between Invasion status and plant community com-
ponent, which is persistent seed bank, transient seed bank, or standing vegetation).

Multivariate analyses were performed using incidence (presence/absence) or abun-
dance data (percentage cover or seedling densities), and either including or excluding
the presence and abundance of the invaders from the analyses. Including the invaders
allowed us to characterise the new communities created by the invaders and to evaluate
the potential contribution of environmental filtering or niche differences in promot-
ing invasion success through a knowledge of whether the invaders are either closely or
distantly related to the species in the communities that ultimately become invaded.
Conversely, excluding the invaders allowed us to evaluate the changes occurring in
the resident species only, and this is especially important where the invaders dominate
the vegetation, the seed bank, or both, although the remaining relative abundances
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might be strongly affected by spatial patterns (Gioria and Osborne 2010). To make
changes in the vegetation and the seed bank comparable in the multivariate space, we
transformed both variables using the Wisconsin standardisation. All analyses were con-
ducted in the R software environment (v. 4.2.1, R Development Team 2022).

Open research statement

Data on the species recorded in the vegetation and the seed bank and the location
where they have been found are presented as supplementary material.

Results

Compositional changes

The list of species recorded in the vegetation, with their traits, and the seed banks of
invaded and uninvaded areas is presented in Suppl. material 1: tables S1, S2; species
that were present only in the vegetation or in the seed bank are also listed in Suppl.
material 1: table S1. Plant invasions by either invader resulted in major compositional
changes in the standing vegetation, with invaded communities occupying markedly
different positions in the multivariate space (Fig. 1) due to the loss of many species
(Suppl. material 1: table S1). In total, 12 species were found in the vegetation invaded
by G. tinctoria compared to 55 species recorded in uninvaded communities, while 13
species were reported in communities invaded by 1. glandulifera compared to 24 spe-
cies in uninvaded ones (Suppl. material 1: table S1). Bayesian phylogenetic general-
ised linear mixed models showed that this reduction in species richness in the invaded
communities was significant (estimate = -4.29), with similar effects for both invaders
(estimate = -3.93 for G. tinctoria and -4.72 for I glandulifera) (Suppl. material 1:
table S3). Due the dominance of the introduced species, the models did not detect
any significant difference in mean vegetation cover between invaded and uninvaded
communities. When the invaders were excluded, there was a decrease in the cover of
the resident species (estimate = -0.30), although the response of the native species
was highly species-specific (Suppl. material 1: table $3). Multivariate phylogenetic
analyses showed that invaded communities formed separate groups in the ordina-
tion plot depending on invader identity (G. tinctoria versus I. glandulifera), while the
uninvaded ones were close to each other, irrespective of whether they were associated
with coastal or riparian grasslands, based on either incidence (Fig. 1) or abundance
(% cover) data (Fig. 2).

The effects on the composition of the vegetation were more evident than those
on the seed bank, especially when the more transient component of the seed bank
was considered (Fig. 1). Invaded communities shared the same number of species
irrespective of the invader (43 species), while uninvaded adjacent communities sup-
ported 47 and 33 species at sites associated with G. tinctoria and 1. glandulifera,
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95% confidence interval ellipses. The seed bank was collected in the spring and in autumn, reflecting its

transient (T) and persistent (P) component.

respectively (Suppl. material 1: table S1). Bayesian phylogenetic generalised linear
mixed models did not show any significant difference in species richness for both the
transient and more persistent components of the invaded seed banks, irrespective of
the invader and whether seedlings of the invaders were included or not (Suppl. mate-
rial 1: table S4).

Compositionally, both invaders dominated the standing vegetation of the in-
vaded communities, with 100% cover being reached in the summer months, as well
as the seed bank. The latter was especially true for G. finctoria, which formed, on
average, large and persistent seed banks at each site (mean £ S.D. 11,168 * 3,881
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Figure 2. Non-metric multidimensional scaling ordinations plotting gradients of phylogenetic distances
(A, D), functional diversity (B, E), and ecosystem properties (C, F) above vegetation abundance data
(corrected % cover), using MNTD as the underlying distance measure. Each dot corresponds to vegeta-
tion data collected from each of five plots within comparable invaded (I) and uninvaded (N) plots at each
of three sites per invasive species (Gunnera tinctoria and Impatiens glandulifera). Analyses both include
(A—-C) and exclude the presence of the invaders (D-F).

seedlings per square meter in spring and 11,718 £ 3,368 in autumn), representing
ca. 85% of the spring seed bank and ca. 68% of the autumn one. In the uninvaded
seed banks, only 33 (£ 36) seedlings/m* were found in spring (the more persistent
component of adjacent uninvaded communities), while 666 (+ 1,344) seedlings/m*
were found in autumn, reflecting the effect of the most recent seed rain. Impatiens
glandulifera also formed a viable seed bank that persisted over at least one regenera-
tion season (mean 264 £ 188 seedlings/m* in spring and 376 £ 168 in autumn).
The contribution of its seeds to the seed bank was, on average, 30.8% in spring and
28.23% in autumn.

Changes in the composition of both the vegetation and the seed bank were,
however, not only associated with the dominance of the invaders above- and below-
ground, with analyses excluding vegetation cover or seedling densities of the invaders
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also revealing major changes in the relative abundances of the resident species and
the overall composition of the species assemblage (Figs 1-3). These analyses showed
greater similarities within the vegetation of invaded or uninvaded communities, while
the vegetation of communities invaded by G. tinctoria were moderately distinct from
uninvaded ones. The seed banks of areas invaded by G. tinctoria were, in contrast,
clearly distinct from uninvaded ones, using either incidence or abundance data (Figs 1,
3). Similarly, seed banks invaded by 1 glandulifera were clearly distinct from unin-
vaded ones when incidence data were used (Fig. 1) due to the lower richness of these
communities, while these differences were less important when seedling densities were

used (Fig. 3).

Changes in the phylogenetic structure of invaded communities

There were major changes in the phylogenetic structure of the invaded communities,
which took an opposite direction depending on the invader. In the standing vegeta-
tion, analyses including and excluding the invaders showed that uninvaded communi-
ties were characterised by a greater PD and MPD, which was associated with a greater
species richness, while invaded ones displayed greater MNTD and phylogenetic over-
dispersion (Fig. 2A, D). In the seed bank, phylogenetic patterns were less evident,
with no clear clustering or over-dispersion. Nevertheless, uninvaded seed banks dis-
played a generally greater MPD, regardless of the presence or absence of the invaders
(Fig. 3A, D).

Changes in the functional diversity of invaded communities

Functionally, the invaded communities were dominated either by a species with a
greater leaf area (G. tinctoria) or by an annual seeding species with a large seed mass
(I. glandulifera). However, these patterns were exclusively driven by the presence of the
invaders, resulting in a greater functional divergence (Fig. 2B). The uninvaded vegeta-
tion was characterised by a greater contribution of seeders, with a greater leaf area,
resulting in a greater functional richness and dispersion compared to the invaded one
when the cover of the invaders was excluded (Fig. 2E).

The seed banks of invaded or uninvaded sites associated with G. #inctoria inva-
sions were composed of a greater proportion of persistent seeds compared to those
associated with invasions by /. glandulifera. Those sites invaded by G. tinctoria were
characterised by a distinctly lower functional richness, dispersion, and divergence,
and species with a lower seed mass compared to uninvaded ones. In contrast, seeds
in both uninvaded and invaded seed banks associated with G. tinctoria invasions
comprised species with a lower leaf area and plant height than those found at sites as-
sociated with invasions by /. glandulifera (Fig. 3B). No clear trends were observed in
areas invaded by this species, with invaded and uninvaded seed banks being largely
indistinguishable (Fig. 3E).
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Figure 3. Non-metric multidimensional scaling ordinations plotting gradients of phylogenetic distances
(A, D), functional diversity (B, E), and ecosystem properties (C, F) above seed bank density data (seed-
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seed banks are displayed as separate plots.

The results addressing functional diversity varied with the index used and the iden-
tity of the invader. For both species, functional richness was significantly lower in the
invaded vegetation (Fig. 4A, F). For G. tinctoria, functional richness was lower in
the invaded persistent seed bank compared to the uninvaded one, while the effect of
I. glandulifera was more complex, with this variable being significantly higher in the
persistent component of the invaded seed bank but lower in the invaded vegetation
(Fig. 4F). The overall effect of invasion on functional evenness was not significant in
either component of the seed bank or the vegetation (Fig. 4B, G). Functional diver-
gence was significantly higher in the vegetation invaded by G. finctoria than in the
uninvaded vegetation (Fig. 4C), while differences in uninvaded plots and those in-
vaded by 1. glandulifera were not significant (Fig. 4H). In areas invaded by G. tincroria,
differences in functional distance and RaoQ were not significant (Fig. 4D, E), either
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Figure 4. Boxplots of five functional diversity indices, based on plant community data collected at
three sites for each of two invaders, Gunnera tinctoria and Impatiens glandulifera. At each site, data were
collected from five replicate plots for each invaded invaded (violet) and uninvaded (green) condition.
Mean values were plotted as black dots. SB P = persistent seed bank (from samples collected in spring),
SB T = transient seed bank (from samples collected in autumn), and VEG (from vegetation surveys con-
ducted over one growing season). The results of post hoc Tukey’s HSD tests are displayed on top of the
bars: capital letters indicate significant differences between invaded and uninvaded groups, separately for
persistent seed banks, transient seed banks, and vegetation. Small letters indicate significant differences
between uninvaded groups (persistent seed banks, transient seed banks, and vegetation), while small let-
ters in italics indicate significant differences between invaded groups (persistent seed banks, transient seed

banks, and vegetation).

in the seed bank or the standing vegetation, while, again, the persistent component of
invaded seed banks was characterised by a significantly lower functional distance and

RaoQ (Fig. 41, L).

Changes in soil ecosystem properties

The soils of uninvaded communities were characterised by higher NH » and BG. Areas
invaded by 7. glandulifera were also characterised by higher soil NH, and lower enzyme
activities (BG). The soils of areas invaded by G. finctoria were, in contrast, associated
with higher NO, concentrations and a higher biomass C (Fig. 2C, F). In terms of
differences in the soil seed bank, no clear changes that were related to soil ecosystem
properties were identified, except for the seed banks associated G. tincroria, which
showed a strong relationship with higher NO,, pH, biomass C, total C, N, and P, as
well as with a lower NH,. These patterns were observed either including or excluding

seeds of the invader (Fig. 3C, F).
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Discussion
Compositional, functional, and phylogenetic structure of the vegetation

Our study showed that invasions by two non-native herbs, Gunnera tinctoria and
Impatiens glandulifera, which were phylogenetically distant from the species present in
the uninvaded communities, resulted in major compositional and functional changes
in the vegetation, suggesting the importance of a low degree in niche overlap, includ-
ing phenological niches in germination and growth, as a mechanism promoting suc-
cessful invasions by these species (Webb et al. 2002). Overall, sites invaded by either
species had a significantly reduced richness and cover of resident plant species, with
associated reductions in functional diversity and changes in the phylogenetic clustering
of the recipient vegetation. However, the resulting communities took different trajec-
tories depending on the invader.

Interestingly, the uninvaded above-ground communities (coastal grasslands for
G. tinctoria and riparian grasslands for 1. glandulifera) were phylogenetically clustered and
shared similar functional traits, despite their habitat differences, while they were compo-
sitionally distinct from invaded ones. These communities were characterised by a higher
mean pairwise distance (MPD) and increased Faith’s phylogenetic diversity, suggesting
basal phylogenetic clustering that could be associated with environmental filtering (Webb
et al. 2002; Mouquet et al. 2012; Gallien et al. 2014; Mazel et al. 2016). Invaded above-
ground communities, in contrast, departed markedly from each other and were phyloge-
netically over-dispersed, with co-occurring species being more distantly related than in the
uninvaded communities, suggesting competitive exclusion among the species co-occur-
ring with the invaders. These communities displayed a greater mean nearest taxon distance
(MNTD) and over-dispersion (both including and excluding the invader). This could be
associated with intense competition in these communities due to the reduction of available
niches following the decrease in functional diversity (Webb et al. 2002; Mouquet et al.
2012; Gallien et al. 2014; Mazel et al. 2016), although more data would be needed to sup-
port these conclusions. These results would be consistent with theoretical predictions that
non-native species should be sufficiently like native species to overcome environmental
filtering bug, at the same time, they should be sufficiently different to avoid intense com-
petition (Divisek et al. 2018), and that phylogenetic over-dispersion is expected in more
competitive environments (Webb et al. 2002; Mouquet et al. 2012; O’Dwyer et al. 2012).

From a functional point of view, the invaded above-ground communities were
characterised by a lower functional richness than uninvaded communities, reflect-
ing their lower species richness and their higher MNTD. Communities invaded by
G. tinctoria harboured more annual species and species with a greater seed mass, sug-
gesting that different life form strategies are important to enable coexistence with this
dominant invader. Species with a short life cycle tend to rely on long-term persistent
seed banks for their survival and persistence in a community under intense competi-
tion (Venable 2007). A higher seed mass may, however, confer a competitive advantage
at the seedling stage (Turnbull et al. 1999) and allow coexistence with the invader and



Impacts above and below ground associated with two alien herbs 91

the recruitment of these species into the invaded communities, at least in the short
term. Invasions by /. glandulifera, on the contrary, were associated with low functional
diversity and the occurrence of asexually reproducing perennial herbs rather than an-
nuals with more seed-producing species, suggesting a progressive disappearance from
the vegetation of plant species that are recruited from the seed bank, especially an-
nual herbs. It is possible that many of the impacts on vegetation are associated with a
tendency for both invaders to germinate and/or initiate vegetative growth earlier than
most resident species, leading to asymmetric competition and shading effects (as de-
scribed for e.g., another invader with a similar life form, Heracleum mantegazzianum
Sommier et Levier: Krinke et al. 2005; Pergl et al. 2007). However, 1. glandulifera ex-
erted what could be regarded as a positive impact on the invaded communities through
the displacement of H. mantegazzianum at one site. This provides further evidence that
the sites invaded by /. glandulifera were already degraded prior to the invasion.

Compositional, functional, and phylogenetic structure of the seed bank

In terms of seed densities, we observed relatively minor changes in the richness of the
soil seed banks of the invaded communities, despite major changes in the composition
of the standing vegetation and the almost 100% cover of both invaders. This indicates
that seed banks are somewhat resilient against plant invasions, even after several years,
regardless of the identity of the invader and the grassland type, confirming the role of
persistent seed banks as major components of ecosystem resilience against environ-
mental change (Hopfensperger 2007; Walck et al. 2011; Gioria and Pysek 2016; Van
Looy et al. 2016; Blossey et al. 2017; Gioria et al. 2022). Yet, the composition of the
seed bank was much altered by the invaders, suggesting that resilience against invasions
(and other environmental changes) might be only temporary and may rely partly on
the inputs of propagules from the neighbouring vegetation (Gioria and Pysek 2016).

Both invaders formed a persistent seed bank, with G. tincroria largely dominating
both the more persistent (85%) and transient (68%) components with thousands of
viable seeds, a figure comparable to that found previously in coastal areas in this region
(Gioria and Osborne 2009b; Gioria et al. 2011). Impatiens glandulifera also formed a
relatively small but persistent seed bank in the invaded communities, consistent with
previous evidence from its invasive range (Skdlovd et al. 2019). Its seedlings represented
nearly a third of the total density of both the more transient and persistent components
of the seed bank, suggesting that the production of seeds capable of retaining viability
in the soil beyond one season sustains not only the persistence of this species in the
invaded communities but also the colonisation of new areas.

Changes in the seed bank differed between the two invaders. Only seed bank com-
munities invaded by G. tinctoria were phylogenetically clustered and occupied a clearly
distinct niche space. The displacement of resident species from the vegetation through
competition and/or the failure of the few species that are present to reach reproductive
maturity is likely the major driver of the homogenisation of the seed bank (Gioria and
Osborne 2010; Gioria et al. 2011). Functional diversity of the seed bank was higher in
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riparian seed banks (both invaded and uninvaded) and was correlated with a greater
seed mass and a dominant seeding-only strategy. In contrast, seed banks invaded by
G. tinctoria, when seedlings of the invader were removed, showed that a lower MNTD
corresponded to a lower functional diversity and increasing nitrate pools. Differences in
functional diversity between the persistent component of the seed bank and the vegeta-
tion, which was observed in most indices for both invaders, further confirms the critical
role of seed banks in providing resilience against environmental change (Blossey et al.
2017; Gioria et al. 2022). These findings suggest that ecosystem-level changes promoted
by the N-fixing G. tinctoria might result, in the longer term, in a loss of closely related
species and the persistence of more distantly related species, possibly due to increasing
competition for resources in these communities. Based on anecdotal information and
?1%Pb and ¥"Cs dating data (Fennell et al. 2014), any longer-term impacts would prob-
ably be in the order of decades, given that these populations have existed for >70 years.

Soil ecosystem properties

The precise pre-invasion conditions are unknown and some of the differences between
invaded and uninvaded areas might have existed prior to their colonisation by the
study alien species. However, the similar changes observed in the multiple sites used in
the current study indicate that the modifications are largely invader dependent. Inva-
sions by both species were associated with altered ecosystem properties, but the direc-
tion and magnitude of any change depended on the invader. A higher soil nitrate level
and pH was found in areas invaded by G. tincroria, although there was no evidence of
significant changes in soil C and N stocks, consistent with previous findings (Hickey
and Osborne 1998; Mantoani and Osborne 2021). There could also be indirect effects
associated with decreases in species richness (and functional diversity) and modifica-
tions related to the abundance of the resident species in the vegetation, consistent with
experimental evidence for other species (Midolo et al. 2019). Clearly, high seasonal
and interannual variability may affect the magnitude and direction of any ecosystem-
level impact (Barney et al. 2015). For instance, increases in pH associated with inva-
sions by G. tinctoria occur regularly from year to year during the growing season,
while values comparable to those in uninvaded areas have been observed during the
autumn-winter period (Mantoani and Osborne 2021), suggesting that these changes
are mainly seasonal. Although invasions by G. tinctoria may not influence soil C and N
stocks, this species may alter the availability of inorganic forms of N and is known to
have a positive impact on earthworm diversity and abundance (Mantoani et al. 2022).

Changes in pH and nitrate levels and other ecosystem properties associated with
I. glandulifera invasions were minimal, supporting evidence that the impacts of this in-
vader are, to some extent, reversible (Diekmann et al. 2016; Cuda et al. 2017), although
the higher B-glucosidase enzyme activity found in uninvaded areas may indicate some
legacy effects. The enzyme B-glucosidase plays an important role in the C and N cycles in
soils, and its higher activity is an indication of increased breakdown of cellulose, so more
labile C may be available for soil microbes (Stott et al. 2010). However, the enzyme activ-
ities were comparable in both uninvaded areas and those invaded by G. #inctoria despite
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the higher litter inputs (Mantoani et al. 2022). This possibly reflects the greater contri-
bution of earthworms to decomposition processes in invaded areas, where a significant
increase in earthworm richness and abundance has been found (Mantoani et al. 2022). A
comprehensive assessment of ecosystem-level impacts was beyond the scope of this study
and was mainly focused on providing insights into the potential mechanisms underly-
ing the changes in the vegetation and seed bank. Further research on this and whether
the changes in pH associated with G. #inctoria invasions play a key role in determining
the loss of certain species from the vegetation of invaded areas is clearly needed. Overall,
there seems to be little correlation between ecosystem properties and plant invasions that
can be directly related to the modifications in community composition, suggesting that
the limited changes in abiotic factors are largely a consequence of the invasion rather than
a major cause of the modifications in the plant communities.

Conclusion

The introduction of two large invasive herbs into coastal and riparian communities
resulted in a reduction in plant species richness and functional diversity, and the phylo-
genetic clustering of the vegetation. Our examination of compositional and functional
changes in the invaded vegetation indicates that these communities are susceptible to
phylogenetically and functionally distant non-native species, suggesting that low niche
overlap might contribute to the success of these invaders, while competitive exclusion
among the species co-occurring with the invaders could be important in shaping the
invaded communities. In contrast, the recipient soil seed banks showed some degree of
resilience against the impact of invasions, with no major differences in species richness
attributable to the two non-native introductions. Gunnera tinctoria invasions resulted in
longer-lasting alterations through modifications in ecosystem properties in comparison
to I glandulifera. In contrast, functional richness and most measures of functional di-
versity were significantly higher in invaded persistent seed banks than uninvaded ones,
confirming the critical function of seed persistence in the soil in providing resilience
against environmental changes. Ultimately, this work highlights the difficulties of mak-
ing generalisations about the ecological impacts of invasive plants even when they share
a high stature and a propensity to achieve dominance through asymmetric competition
due to early growth and/or germination, and the need for species- and site-specific as-
sessments for developing effective and sustainable control and restoration measures.
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