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SUMMARY

Biological invasions are a worldwide phenomenon negatively altering biodiversity,
ecosystem services, the local economy, as well as human health and wellbeing. Because of
the substantial environmental impact of the biological invasions, the European Union
Member States obligate to prevent introduction and control or eradicate the invasive species.

My PhD dissertation consists of three, thematically coherent, research articles,
published in journals listed in the Journal Citation Reports. The articles were aimed at
drivers of invasion and the environmental effect of alien Solidago species, which are the
most widespread invasive plants in Central Europe, ordinating in North America.

In the first article (Perera et al. 2021a), I, with co-authors, evaluated the effectiveness
of proxies of the PAB framework (propagule pressure (P), abiotic characteristics of the
environment (A), and biotic characteristics of both the invader and recipient vegetation (B))
to explain the spatial pattern of Solidago gigantea Aiton and S. canadensis L. s.1. invasion
in regional scale. Study area was Polish part of Carpathian Mountains and their foreground,
the analyses were conducted using Species Distribution Models approach. Distributions of
both species were limited climatically; however, the S. canadensis distribution pattern was
mostly correlated with proxies of human pressure, whereas S. gigantea distribution was
connected with environmental characteristics. Proxies of PAB are helpful in the choice of
explanatory variables as well as the ecological interpretation of species distribution models.
The results emphasize that human activity can cause variation in the invasion pattern of
ecologically similar species (Perera et al. 2021a).

Second part of the research (Perera et al. 2021b) was focused on habitat resistance
for plant species invasion. I, with co-authors, verify if community consisting fast-growing,
high-biomass-producing grass species, which is typical of intensively maintained grasslands,
1s more resistant to goldenrods invasion than high-biodiversity, semi-natural grassland. For
this purpose, three types of habitats were established: semi-natural meadow, low-
biodiversity, high productivity grass community and open soil (control). Then, in next year,
three seedlings of alien goldenrods (S. canadensis, S. gigantea, and Euthamia graminifolia
(L.) Nutt.) were introduced into the communities, and the experiment was run throughout
two years. Results revealed that both created communities strongly reduced ramet numbers
and height, as well as goldenrod biomass compared to the control. However, no differences
were found between studied communities types, except that S. canadensis and E.

graminifolia did not produce seeds in the community resembling species-rich meadow. It



can be assumed that semi-natural, high-biodiversity meadows are reasonable alternatives to
species-poor commercial grasslands to control goldenrod invasion in open landscape, as well
as in city greenery (Perera et al. 2021b).

The third article consisting the dissertation (Perera et al. 2022) describe the response
of soil invertebrates assemblages on different methods of Solidago invaded land restoration.
The field experiment, where various seed sources (sowing mixtures: grasses, grasses with
legumes, seeds collected from the seminatural meadow, and applying of fresh hay), and the
different frequency of mowing (1, 2 and 3 times per year), was established. Next year after
experiment establishment, soil samples were taken in four terms, and mesofauna was
extracted using the Tullgren funnels method. Results revealed that high mowing intensity
negatively influenced soil invertebrates. Mowing twice a season decreased the abundance of
mesofauna taxa occurrence, but not their diversity. Considering the seed mixture effects, the
plots where grasses with legumes were sown, were the most suitable for the most soil
mesofauna taxa. Mowing once per year and sowing grasses with legumes is the most
convenient for the soil mesofauna abundance among studied restoration strategies (Perera et

al. 2022).

The PhD dissertation answered the raised hypotheses and questions, particularly
showing the possibility of applying the PAB framework drivers to explain the pattern of
invasive Solidago distribution; underlying the role of habitat resistance in control of
goldenrod spreading; defining the management methods friendly for soil invertebrates in

process of land reclamation.
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STRESZCZENIE

Inwazje biologiczne sg zjawiskiem ogélno§wiatowym, wptywajagcym negatywnie na
bioréznorodnos¢, ustugi ekosystemowe, lokalng ekonomi¢ oraz zdrowie i samopoczucie
ludzi. Ze wzgledu na silny wplyw s$rodowiskowy inwazji biologicznych, panstwa
cztonkowskie Unii Europejskiej sa zobligowane do zapobiegania introdukcji oraz kontroli
lub zwalczania gatunkéw inwazyjnych.

Moja praca doktorska sktada si¢ z trzech, jednolitych tematycznie artykutéw
naukowych, opublikowanych w czasopismach wymienionych w Journal Citation Reports.
Artykuty dotycza czynnikéw warunkujacych inwazje oraz wplyw na srodowisko obcych
gatunkéw Solidago, ktére sa najbardziej rozpowszechnionymi roslinami inwazyjnymi w
Europie Srodkowej, pochodzacymi z Ameryki Pétnocne;.

W pierwszym artykule (Perera i in. 2021a), wraz ze wspoétautorami ocenitem
efektywnos¢ grup czynnikéw sktadajacych si¢ na koncepcje PAB (presji diaspor (P),
czynnikéw abiotycznych srodowiska (A) oraz charakterystyki elementéw biotycznych,
zaréwno gatunku inwazyjnego, jak i roslinnosci miejscowej (B)), w wyjasnieniu struktury
przestrzennej inwazji nawloci péznej Solidago gigantea Aiton i nawtoci kanadyjskiej S.
canadensis L. s.]. w skali regionalnej. Jako miejsce analiz wybralem polska cze¢s¢ Karpat i
ich przedgérze, a jako metod¢ analiz zastosowalem podejScie oparte na modelach
rozmieszczenia gatunkow. Rozmieszczenie obu gatunkéw jest ograniczone czynnikami
klimatycznymi, lecz zasieg wystgpowania S. canadensis jest silniej powigzany z czynnikami
wynikajacymi z presji cztowieka, podczas gdy rozmieszczenie S. gigantea, z warunkami
siedliskowymi. Wyniki podkreslaja, ze dziatalnos¢ cztowieka moze powodowa¢ zmiennos¢
we wzorcu inwazji podobnych pod wzgledem ekologicznym gatunkéw (Perera i in. 2021a).

Druga czes$¢ badan (Pereraiin. 2021b) byta zwigzana z analizg roli oporu srodowiska
w inwazji gatunkéw roslin inwazyjnych. Wraz z wspolautorami sprawdziliSmy czy
zbiorowisko ztozone z szybko rosngcych, produkujacych duza biomase gatunkéw traw,
ktore sg typowe dla intensywnie uzytkowanych tak jest bardziej odporne na inwazje nawtoci
niz taka poétnatutralna o duzej bior6znorodnosci. W tym celu zostaty zatozone trzy typy
siedlisk: wielogatunkowa faka poéinaturalna, ubogie gatunkowo, wysokoprodukcyjne
zbiorowisko zlozone z traw oraz brak zastosowania mieszanki nasion jako kontrola.
Nastegpnie, w kolejnym roku, trzy sadzonki obcych gatunkéw nawtoci (S. canadensis, S.
gigantea, and Euthamia graminifolia (L.) Nutt.) zostaly posadzone w utworzonych

zbiorowiskach 1 eksperyment byt prowadzony przez dwa lata. Wyniki wykazaty, ze obydwa



utworzone zbiorowiska silnie ograniczyly liczbe 1 wysokos$¢ ramet wytworzonych przez
nawlocie, a takze ich biomas¢ w poréwnaniu z kontrolg. Jednakze nie wykazano réznic
pomiedzy dwoma analizowanymi typami zbiorowisk, z wyjatkiem braku wytworzenia
nasion przez S. canadensis i E. graminifolia w zbiorowisku przypominajacym bogatg
gatunkowo tgke. W podsumowaniu mozna stwierdzi¢, ze pétnaturalne, bior6znorodne Iaki
sg odpowiednig alternatywg do ubogich gatunkowo, komercyjnych zbiorowisk trawistych w
aspekcie kontroli inwazji w krajobrazie otwartym, a takze w zieleni miejskiej (Perera i in.
2021b).

Trzeci artykul wchodzacy w sklad rozprawy (Perera et al. 2022) opisuje reakcje
zbiorowisk bezkregowcéw glebowych na r6zne metody rekultywacji terendw dotknigtych
inwazja Solidago. W tym celu zostal zalozony eksperyment polowy, w ktérym zastosowano
rézne zrédta nasion (siew mieszanek: traw, traw z bobowatymi, nasion zebranych z taki
pOinaturalnej, a takze roztozenie S$wiezego pokosu) oraz zr6znicowang czg¢sto$¢ koszenia (1,
2 lub 3 razy w roku). W nastepnym roku po zatozeniu eksperymentu, pobrano proby gleby
w czterech terminach i dokonano ekstrakcji mezofauny glebowej za pomocg aparatu
Tullgrena. Wyniki wskazuja, ze duza intensywno$¢ koszenia negatywnie wplywa na
bezkregowce glebowe. Koszenie dwukrotne w ciggu sezonu wplywa na zmniejszenie
licznosci wystepowania mezofauny, lecz nie na zréznicowanie taksonéw. Oceniajgc efekt
zastosowania zrodia nasion, poletka na ktérych wysiano mieszanke traw z bobowatymi
okazaly si¢ najbardziej odpowiednie dla wigkszosci taksonéw mezofauny glebowe;.
Koszenie raz w roku i1 wysiew mieszanki nasion traw z ro$linami bobowatymi jest
najbardziej odpowiednig strategig rekultywacji pod wzgledem licznosci wystepowania

mezofauny glebowej (Perera i in. 2022).

Rozprawa doktorska odpowiada na postawione hipotezy i pytania, szczegdlnie
pokazujac mozliwos¢ zastosowania koncepcji czynnikbw PAB w wyjasnieniu wzorca
wystepowania inwazyjnych gatunkéw z rodzaju Solidago; podkreslajac role oporu
srodowiska w kontroli rozprzestrzeniania si¢ nawtoci; okreslajagc metody uzytkowania

przyjazne dla bezkregowcow glebowych w procesie odtwarzania siedlisk.

Perera PCD, Szymura TH, Zajac A, Chmolowska D, Szymura M. 2021a. Drivers of Solidago species
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foreground. Ecology and Evolution 11(18), 12429-12444. DOI: 10.1002/ece3.7989.
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Abstract

Aim: The invasion process is a complex, context-dependent phenomenon; neverthe-
less, it can be described using the PAB framework. This framework encompasses
the joint effect of propagule pressure (P), abiotic characteristics of the environment
(A), and biotic characteristics of both the invader and recipient vegetation (B). We
analyzed the effectiveness of proxies of PAB factors to explain the spatial pattern
of Solidago canadensis and S. gigantea invasion using invasive species distribution
models.

Location: Carpathian Mountains and their foreground, Central Europe.

Methods: The data on species presence or absence were from an atlas of neophyte
distribution based on a 2 x 2 km grid, covering approximately 31,200 km? (7,752 grid
cells). Proxies of PAB factors, along with data on historical distribution of invaders,
were used as explanatory variables in Boosted Regression Trees models to explain
the distribution of invasive Solidago. The areas with potentially lower sampling effort
were excluded from analysis based on a target species approach.

Results: Proxies of the PAB factors helped to explain the distribution of both S.
canadensis and S. gigantea. Distributions of both species were limited climatically be-
cause a mountain climate is not conducive to their growth; however, the S. canaden-
sis distribution pattern was correlated with proxies of human pressure, whereas S.
gigantea distribution was connected with environmental characteristics. The varied
responses of species with regard to distance from their historical distribution sites
indicated differences in their invasion drivers.

Main conclusions: Proxies of PAB are helpful in the choice of explanatory variables
as well as the ecological interpretation of species distribution models. The results un-
derline that human activity can cause variation in the invasion of ecologically similar

species.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

Biodiversity and the function of ecosystems are threatened by global
change drivers such as changes in land use and climate, as well as
biological invasions (Linders et al., 2019; Sala et al., 2000). Invasive
species alter a wide range of ecosystem services, including provi-
sioning, regulation, and cultural and supporting functions, and they
are particularly hazardous for biodiversity maintenance, human wel-
fare, and the economy (Charles & Dukes, 2007; Chytry et al., 2009;
Hejda et al., 2009; Pejchar & Mooney, 2009; Vila & Ibanez, 2011).
Globalization (e.g., international trade and travel) and climate change
(e.g., global warming, droughts, and floods) can interact, which can
in turn increase the level of biological invasions (Catford et al., 2009;
Le Maitre et al., 2004; Pino et al., 2005; Seebens et al., 2015). As
the total number of invasive species increases, some sites may host
several alien species (Kuebbing & Nuiiez, 2015).

The invasion process is a complex phenomenon, driven by nu-
merous interacting processes, and the effect of this interaction is
highly contingent on the context (Chamberlain et al., 2014; Frost
et al., 2019). Consequently, drivers of plant invasion can vary de-
pending on the specific region and habitat (Taylor et al., 2016).
Nevertheless, invasions have a common pattern, which can be
summarized as the joint effect of propagule pressure, abiotic char-
acteristics of the environment, and biotic characteristics of both
the invader and recipient vegetation (Catford et al., 2009), the so-
called PAB framework. Propagule pressure (P) includes dispersal and
geographical constraints, while abiotic characteristics (A) comprise
environmental and habitat constraints and biotic characteristics (B)
describe the internal dynamics of the vegetation and community in-
teractions (Catford et al., 2009). All these factors operate at differ-
ent spatial scales (Czarniecka-Wiera et al., 2020; Milbau et al., 2009)
and are influenced by human activity (Essl et al., 2011). In practice,
different indices can be applied as proxies of propagule pressure
and abiotic and biotic conditions in modeling plant invasion process
(Bazzichetto et al., 2018; Beaury et al., 2020; Chytry et al., 2008;
Szymura et al., 2018).

Related to the propagule pressure, the biological invasion cor-
relates with many anthropogenic factors, such as density of the com-
munication network, percentage of urban areas, gardening, and the
fragmentation of natural habitats. Such factors can serve as a proxy
of propagule pressure (Foxcroft et al., 2011; Pollnac et al., 2012;
Stajerova et al., 2017; Szymura et al., 2018; Vila & Ibafiez, 2011). In
addition, economic and demographic variables reflect the intensity
of human activities; therefore, socioeconomic factors such as gross
domestic production and human population density can be import-
ant in predicting the invasion level (Essl et al., 2011; Hulme, 2017,
Pino et al., 2005; Pysek & Richardson, 2010) because they cor-
relate with trade intensity and communication network density

(Hulme, 2009). Among the abiotic interactions with the greatest
impact on a large spatial scale (continental, regional), climate is
considered the most critical in limiting the geographic distribution
of species (Hulme, 2017; Thuiller et al., 2007). In terms of resource
availability, invasive species usually prefer productive habitats where
they are able to achieve competitive dominance (Czarniecka-Wiera
et al., 2020; Peltzer et al., 2016; Perkins et al., 2011). In addition,
environments with high variability in resource availability, resulting
from periodic external supply (e.g., surface runoff) or destruction of
local vegetation that previously used the resources (e.g., human dis-
turbances, abandonment of agricultural crops), are more susceptible
to invasions than habitats with stable availability of resources (Davis
et al., 2000; Kulmatiski et al., 2006; Rejmanek, 1989). Given the bi-
otic characteristics of the invader and receipt communities, the lim-
iting similarity hypothesis proposes that the invasion by alien species
will be successful if the native species of the recipient community
differ from the invader in terms of functional traits and resource re-
quirements (MacArthur & Levins, 1967), which decreases competi-
tion for resources (Funk et al., 2008). Thus, the functional traits of
the invader should not overlap with traits of native plants occurring
in the invaded community, which will allow it to occupy an empty
niche and successfully invade the community (Funk et al., 2008;
Hejda & de Bello, 2013). Because some sites can be invaded by sev-
eral species simultaneously, determining the interaction between
invaders is critical for understanding their distribution (Kuebbing
& Nuiez, 2015). For example, the local species assemblage can
be driven by a priority effect, and the effect is particularly strong
when interacting species have similar use of resources (Vannette &
Fukami, 2014). In practice, the abundance and composition of inva-
sive species are also related to landscape characteristics (e.g., habi-
tat fragmentation, patch size, shape, and connections), habitat type,
land use, and the composition of the surrounding landscape because
these factors correlate with propagule pressure and habitat quality
and availability (Basnou et al., 2015; Chytry et al., 2009; Gonzalez-
Moreno et al., 2013; Stajerova et al., 2017; Szymura et al., 2016).
Because of the complexity of biological invasion, better under-
standing of the underlying factors and their management is challeng-
ing. As tools for obtaining reliable and repeatable information for
biological analyses as well as nature conservation and management
of the invaders, invasive species distribution models (iSDMs) are
considered useful (Lozano et al., 2020; Zurell et al., 2020). Modeling
species’ environmental requirements and mapping their distribu-
tions through space and time help to identify the main introduction
pathways and secondary spread and the areas and land use types
that are more prone to invasion. These various threads could be
woven into a strategy of prevention and elimination of invasive plant
species on a regional scale (Lozano et al., 2020). Despite their defi-
ciencies (e.g., problematic species-environment equilibrium; Gallien
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et al.,, 2012; Hattab et al., 2017), iSDMs are still useful in the face
of accelerating global changes and data deficiencies, as well as lim-
ited research funding (Yates et al., 2018). The PAB approach, despite
its obvious advantages for selection of explanatory variables and
model results interpretation, has rarely been used within an inva-
sive species distribution modeling framework (but see Bazzichetto
et al., 2018; Czarniecka-Wiera et al., 2020; Lozano et al., 2020).

Goldenrod species from North America represent successful
invaders in Europe, Asia, Australia, and New Zealand (Gusev, 2015;
Szymura & Szymura, 2013; Ye et al., 2019; Zhang & Wan, 2017). In
Central Europe, two invasive Solidago species occur, S. gigantea Aiton
(giant goldenrod) and S. canadensis L. (Canadian goldenrod). Due to
their high environmental impact, wide range of distribution, and lo-
cally high abundance, invasive Solidago species have to be controlled in
Europe (Fenesi et al., 2015; Sheppard et al., 2006; Skérka et al., 2010).
They have been proposed for addition to the list of hazardous alien
species that threaten ecosystems, habitats, or other species in
European Union countries (CABI, 2018; EPPO, 2020; Tokarska-Guzik
et al., 2015). Unfortunately, the eradication of widely established in-
vasive plant species, such as Solidago, is not feasible. The management
strategies need to integrate different options that account for the dis-
tribution and abundance of the invader, its environmental niche, and
the areas that are likely to experience high impacts (Nagy et al., 2020;
Shiferaw et al., 2019; Woodford et al., 2016). Management needs to
consider intrinsic factors related to the biology and ecology of the
invader, as well as extrinsic environmental factors, such as dispersal
vectors and invasion pathways (Shiferaw et al., 2019).

Solidago canadensis and S. gigantea differ with regard to ecolog-
ical niche in their native range (Johnson, 1995; Werner et al., 1980)
and the time of introduction into Europe (Tokarska-Guzik, 2005).
However, previous studies suggest that these two species do not
differ regarding their habitat preferences in Central Europe, and ob-
served differences in their spatial distribution patterns emerge from
historical contingency and limitation in long-range dispersal (Szymura
& Szymura, 2016). The two Solidago species occupy different areas
and rarely form mixed-species stands (Szymura & Szymura, 2016).
In this study, we aimed to find the main drivers of Solidago species’
invasion at a regional scale, using a species distribution model and
applying the PAB framework for selection of adequate explanatory
variables and for ecological interpretation of the models. The distri-
bution models can be used for mapping of invasion probability at a

regional level to facilitate invasion control at a macroecological scale.

2 | MATERIALS AND METHODS
2.1 | Studied species

Goldenrod species are hemicryptophytes (shoots are annual and
newly sprout each spring) with rhizomes; they are insect pollinated
and self-incompatible, with inflorescences forming at the top of each
shoot which can produce up to 10,000-20,000 wind-dispersed seeds
per one ramet (Bielecka et al., 2017; Guzikowa & Maycock, 1986;

Open Access,

Ecology and Evolution _ Jﬂ
e WILEY

Moran et al., 2017; Schmid et al., 1988). The seeds of S. canadensis
and S. gigantea have a high germination percentage (Weber, 2000;
Weber & Jakobs, 2005), but in dense, well-established Solidago
stands, seed germination and seedling emergence are exceptional.
The clone size increases via horizontal rhizomes, and the death of an
established genet is a rare event (Meyer & Schmid, 1999a, 1999b).

The native habitats of S. canadensis are tall-grass prairies, infre-
quently grazed pastures, abandoned farmlands, roadsides, and waste
areas in North America (Johnson, 1995; Werner et al., 1980). Solidago
gigantea prefers moist habitats, such as woods, stream edges, and
woodland borders (Johnson, 1995). In Europe, S. gigantea and S.
canadensis occupy similar habitats and prefer fallow lands and rud-
eral habitats on moist to mesic sites, such as abandoned farmlands,
scrub, roadsides, forest edges, grasslands, wetlands, and riversides
(Szymura & Szymura, 2013, 2016). Invasive goldenrods are highly
competitive for nutrients, water, and space, and they release allelo-
pathic compounds that inhibit growth of other plants (Gusev, 2015;
Ledger et al., 2015; Werner et al., 1980; Zhang & Wan, 2017). Due to
prolific vegetative propagation, they form dense stands and decrease
the biodiversity of plants (Chmura et al., 2016; Ye et al., 2019; Zhang
& Wan, 2017); arthropods (de Groot et al., 2007), including pollina-
tors (e.g., wild bees, hoverflies, and butterflies) (Lenda et al., 2020;
Moron et al., 2009, 2021) and ants (Kajzer-Bonk et al., 2016; Lenda
et al., 2013); and birds (Skérka et al., 2010).

Solidago canadensis was the first alien Solidago species recorded
in Europe, in 1648, while S. gigantea was first recorded in 1758. The
species were found in the territory of Poland about 100 years later,
S.gigantea in 1853 and S. canadensis in 1872 (Tokarska-Guzik, 2005).
After S. canadensis and S. gigantea were introduced into botanical
gardens, they were distributed among gardeners. The plants were
attractive and easy to grow as ornamental plants, and they were
useful for beekeepers (Guzikowa & Maycock, 1986; Rohacova &
Drozd, 2009; Weber, 1997; Zihare & Blumberga, 2017). Recently,
Solidago species have become widely distributed throughout Poland.
According to the stages of invasion (Blackburn et al., 2011), S.
canadensis and S. gigantea are now fully invasive species, with indi-
viduals dispersing, surviving, and reproducing at multiple sites in a
wide variation of habitats over an extensive spatial area (E category).

2.2 | Study area and species distribution data

The study area comprises approximately 31,200 km? in the southeast
part of Poland, which extends from latitude 50.2° to 49°N and longi-
tude from 19° to 23°E (Figure 1). This area is diversified due to envi-
ronmental conditions mostly shaped by the altitude ranging from 160
to 2,503 m a.s.l. Additional factors underlying diversity are correlated
with climate, land use systems, land relief, and human population den-
sity. In the northern part, the lowland areas are used for agriculture
and the foothills are dominated by forests, and the southern part has
high mountains with alpine vegetation. In addition to the north-south
altitudinal gradient, there is also a climatic gradient of continental-
ity, with higher temperature range in the eastern part of the study
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FIGURE 1 The study region location (green) on a background of land relief (a), and distribution of communication network and

settlements on the background of altitude within the study region (b)

region (Szabo-Takacs et al., 2015) which, in the studied region, cor-
related strongly with decreasing eastward precipitation (Appendix 54,
Table S3). The study area includes a densely populated industrial
landscape (Silesia), urban agglomerations (largest city Krakéw), and
moderately populated agricultural areas, as well as sparsely populated
areas in the mountains. The detailed characteristics of the study area
(climate, topography, land use structure, and human population den-
sity) were previously described by Szymura et al. (2018).

The data on distribution of the studied Solidago species were
obtained from the atlas Distribution of Kenophytes in the Polish
Carpathians and their Foreland (Zajac & Zajac, 2015), which shows
maps of species presence or absence in a 2 x 2 km grid in the Polish
part of the Carpathian Mountains and their foreland, Central Europe.
The fieldwork designed for the purpose of compiling the atlas was
based on a survey of florain particular regions (e.g., mountain ranges,
particular towns, and surrounding areas) and exploration focused ex-
clusively on neophytes in given regions. These observations were
supplemented with additional data from phytosociological relevés,
herbarium records, and published materials. The fieldwork was car-
ried out by several dozen professional botanists as well as graduate
students, focusing on a predefined 2 x 2 km grid for sampling (Zajac
A., personal information). This work represents a “survey” type of
data, according to Elith et al. (2020) nomenclature. Such data, with
true absence records, enable species distribution models to be less

biased and to perform better, compared with presence-only re-
cords, the “collection” data type (Barbet-Massin et al., 2012; Elith
et al., 2020). This distinction is of particular importance for examina-
tion of wide-ranging and tolerant species (Brotons et al., 2004). To
reduce the possible effect of lower sampling effort in some regions
(Bailey et al., 2017; Yang et al., 2013), the potentially undersampled
squares were excluded from modeling. For this purpose, we used a
“target group approach” (Chapman et al., 2019; Phillips et al., 2009)
and a previously established model which explains neophyte rich-
ness (the “target group” in this case) as a function of environmen-
tal and socioeconomic variables in the studied region (Szymura
et al., 2018). We assumed that the squares with the highest nega-
tive model residuals (i.e., squares where recorded neophyte richness
was much lower than predicted by the model) indicated potentially
undersampled regions. After preliminary testing, we decided to ex-
clude from modeling 25% of squares (1950 squares) with the highest
negative residual values and simultaneously without any invasive
Solidago records (for details of this calculation see Appendix S1).

2.3 | Explanatory variables and statistical analysis

We prepared a data set of environmental variables that can be
considered as proxies of propagule pressure, abiotic environment,
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and biotic characteristics, based on the PAB framework (Catford
etal., 2009; Table 1). These proxies were chosen based on the results
of previous study on Solidago (Szymura et al., 2016) and the most
influential drivers of neophytes in the region (Szymura et al., 2018).
The anthropogenic variables were derived from CORINE 2012
database (urban), the Central Statistical Office of Poland (income),
and Statistics Poland (density). The income (as an estimator of wealth)
is directly correlated with trade intensity and thus reflects the po-
tential to alien species propagule transportation by trade or acciden-
tally (Hulme, 2009; Pysek et al., 2010). The length of communication
routes (communication) was obtained from the Polish Geographical
Objects Database (BDOO). The other data were calculated from the
CORINE 2012 database (cropland, forest, SHDI). A Digital Elevation
Model for Europe (EU-DEM) was used to calculate the topographic
metrics (TPl and TWI). Maps prepared by Ballabio et al. (2019) using
data from Land Use and Cover Area frame Survey (LUCAS) were
used to calculate soil characteristics (content of N, P, K, and soil pH).
The climate data (precipitation, temperature) were derived from a cli-
matic model developed by Hijmans et al. (2005). Before the analyses,
the Pearson correlations between each pair of explanatory variables

were checked. If the coefficient exceeded 0.7, one of the correlated

TABLE 1 Explanatory variables
selected for modeling invasive Solidago
distribution. Variables in bold type were
used in the final model, and the remaining

Explanatory variable
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variables was eliminated to avoid collinearity (Dormann et al., 2013).
For details, see Appendix S3 Table S2. The average values of the
variables were calculated for each 2 x 2 km grid cell acquired from
Zajac and Zajac (2015), and the landscape diversity (SHDI) was ex-
pressed by Shannon's diversity index.

Maps showing the historical distribution of goldenrods before
their spreading phase (Tokarska-Guzik, 2005) were used to cal-
culate the distances from a focal 2 x 2 km square to the nearest
site of goldenrod introduction in the 1950s (distance, for details
see Appendix S3, Map S2). To check whether the presence of one
Solidago species in a 2 x 2 km square explained the presence of the
second species (possible priority effect), the data on distribution
of the potential competitor were used as an explanatory variable
(competitor). All the calculations and map handlings were done using
QGIS, SAGA GIS, and FRAGSTAT software.

Goldenrod species spatial pattern of distribution was modeled
using a boosted regression trees (BRT) technique (De’Ath, 2007,
De'Ath & Fabricius, 2000) employing packages gbm (Greenwell
et al., 2020), dismo (Hijmans et al., 2020), and Biomod2 (Thuiller
et al.,, 2020) in the R environment. After initial examinations, the

BRT settings were applied: tree complexity, 5; bag fraction, 0.5;

Probable sphere of

Abbreviation PAB framework

variables were excluded from further
analysis due to collinearity

Communication routes (railways and roads) communication P
density
Shannon's diversity index of landscape SHDI B
Urban area percentage urban P
Cropland area percentage cropland B
Forest area percentage forest B
Human population density density P
Income per capita income P
Topographic roughness index TRI A
Topographic position index TPI A
Average annual temperature temperature A
Topographic wetness index TWI A
Temperature seasonality Ts A
Annual sum of precipitation precipitation A
CaCO, content Ca A
K content K A
N content A
P content P A
pHinH,0 pH A
Distance to nearest introduction site S. distance_S.can P

canadensis

Distance to nearest introduction site S.

gigantea

Presence of competing Solidago species®

distance_S.gig

competitor

o

B

@Presence of one invasive Solidago species in the same 2 x 2 km square was considered as an
explanatory variable for the other; that is, in model for S. canadensis, its presence explained the

presence of S. gigantea and vice versa.
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learning rate, 0.001; and cross-validation, 10 fold. The optimal num-
ber of trees was 3,900 for S. canadensis and 3,850 for S. gigantea.
Models for each species were constructed using all explanatory
variables and then simplified to obtain the parsimonious model. The
BRT modeling and simplification of models were done based on Elith
et al. (2008) suggestions. Then, the modeling, using the tuned model
parameters and a minimal set of explanatory variables, was per-
formed in Biomod2 package with spatially blocked cross-validation
(Valavi et al., 2019). We applied 5-fold cross-validation, using spatial
blocks constructed based on 10 x 10 km squares for S. canadensis
and 20 x 20 km squares for S. gigantea. The sizes of the squares
were chosen based on spatial autocorrelation of raw distribution
data (Roberts et al., 2017), and the blocks were constructed using
BlockCV package within the R environment (Valavi et al., 2019). For
details of this approach, see the Appendix S1. The performance of
the models was evaluated using area under the receiver operating
characteristic curve (AUC). Following qualitative descriptions, an
AUC value in the range of 0.7-0.8 can be considered a good pre-
diction, 0.8-0.9 as a very good prediction, and above 0.9 as an ex-
cellent prediction (Simundi¢, 2009). The ecological interpretation of
the model relies on the drawing response curves for each explana-
tory variable (Elith et al., 2005) and calculation of relative influences
of explanatory variables. The relative influence is calculated after
model training (calibration) and prediction making. Then, values of
one of the variables are randomized, and a new prediction is made.
The correlation between this new prediction and the standard pre-
diction is calculated and is considered as an estimation of the vari-
able importance in the model: A high correlation score between
the two predictions shows that the randomized variable has little
influence on making a prediction and is not considered important
for the model in its prediction. In contrast, a low correlation means
a significant difference in the prediction making, showing that the
variable isimportant for the model. The variable importance is calcu-
lated as 1-correlation, repeated for each variable independently and
for each spatially blocked cross-validation run (Thuiller et al., 2012).
Eventually, maps of projected S. canadensis and S. gigantea proba-
bility of occurrence were drawn (Figure 5). The probability of spe-
cies presence in a given 2 x 2 km square was modeled for particular
spatially blocked cross-validation runs and averaged, employing the
“projection” function in the Biomod2 package. Additionally, maps of
squares projected to be suitable for invaders and not colonized yet

were produced for conservation purposes (Appendix S7, Map S4).

3 | RESULTS

Goldenrod species were observed in 60.5% of the squares (in
3,544 out of 5,850 finally examined squares). Solidago gigantea was
the most frequent species (53.1%, 3,107 squares) followed by S.
canadensis (21.4%, 1,255 squares).

Solidago gigantea localities were widespread throughout almost
the entire area, aside from the higher altitudes in the southern
part of the study region. The S. canadensis was concentrated in the

western part of the study area, while being sporadically dispersed in
the eastern part and also avoiding the southern fragment with higher
altitudes (Figure 2).

The average value of AUC was 0.836 for S. candensis and 0.786
for S. gigantea. Despite some differences in model evaluations of
particular spatially blocked folds, the models for S. canadensis gen-
erally performed better than those for S. gigantea (Figure 3a). The
parsimonious (simplified) model for S. canadensis relied on a higher
number of explanatory variables than those for S. gigantea.

Both species reacted to climatic conditions, expressed by the
annual average temperature (temperature) and temperature season-
ality (Ts), as well as the distance from the initial introduction sites
(distance) (Figure 3b,c). Moreover, the spatial pattern of distribution
of S. canadensis was also explained by anthropogenic factors, such
as human population density (density) as well as the percentage of
agricultural lands (cropland). The full list of all variables included
in the final models, along with their relative influence, is shown in
Figure 3b,c.

The modeled response of species on particular variables is shown
in Figure 4. The distribution of both species was climatically limited,
with the species being unlikely to occur in regions with an average
annual temperature below 5.5°C. The probability of S. canaden-
sis occurrence increased with human population density (density)
(Figure 4), as well as distance from its introduction site (distance_S.
can), with squares placed 100 km distant from the initial sites of
introduction having the highest probability. The distribution of S.
gigantea was also correlated with the pattern of its initial introduc-
tion (distance S. gig), and the probability of its occurrence generally
decreased with the distance (Figure 4), reaching the lowest value at
about 40 km and fluctuating above it.

The results of the projections are presented in Figure 5. The av-
erage cutoff values, calculated based on the AUC values, were 0.205
for S. canadensis and 0.539 for S. gigantea. In a comparison of the
observed distribution with the model's prediction, the number of
squares suitable for the invaders and not colonized yet (including
the undersampled squares excluded from the analyses) increased
by 45% (1,255 squares with presence versus. 2,293 predicted) for
S. canadensis and 36% (3,107 squares with presence vs. 4,897 pre-
dicted) in the case of S. gigantea. For detailed maps see Appendix S7,
Map S4.

4 | DISCUSSION

The model's performance in interpreting the AUC values (Simundi¢,
2009) should be considered as good for S. gigantea and very good
for S. canadensis, despite the relatively limited number of explana-
tory variables retained after the model's simplification. Moreover,
in the case of species with broad environmental tolerance, such as
the studied Solidago, the model's performance is usually lower than
it is in comparing with specialist species, both plants and animals
(Guisan et al., 2007; Regos et al., 2019). The model's performance
is improved by variables that can be interpreted as proxies of P, A,
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FIGURE 2 Distribution of invasive S. canadensis

Solidago species (orange color) in
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studied region. The light gray color show
distribution of squares with confirmed
Solidago absence. Squares excluded from
analysis, are not shown (left blank)

S. gigantea

100 km

and B factors (see discussion below); however, the importance of
the variables differed considerably between particular P, A, and B
factors, as well as species studied.

4.1 | Ecological interpretation of the models
4.1.1 | Propagule pressure

The recent distributions of examined species were correlated with
initial patterns of their introductions in the 1950s. Quite surprisingly,
the two species revealed an opposite relationship to these historical
patterns. In the case of S. gigantea, the pattern was rather simple and
intuitive: The probability was highest in squares closer to the sites
of initial distribution. However, S. canadensis quite surprisingly was
the most likely to occur in squares 100 km from the initial sites of
introduction. These results suggest different mechanisms of long-
range dispersals, not related to biological issues, since their seeds,
dispersal mechanism, and flowering time are similar (Weber, 2000;
Weber & Jakobs, 2005).

Recently, S. canadensis was considered to have a higher or-
namental value (because of larger size, bigger inflorescences,
and clump occurrence) than S. gigantea. As a result, it is offered
by garden shops, but S. gigantea is not (Szymura M. personal

observations, data from internet shops offering ornamental plants).
A similar pattern of trade has been described in Estonia, Central
Europe, where only S. canadensis is offered in markets (O6pik
et al., 2013). Moreover, the honey from S. canadensis has recently
been promoted on social media, without supporting scientific data,
as a “superfood” with healing properties. This claim could encour-
age beekeepers to produce goldenrod honey, which would lead to
further spread of S. canadensis and exacerbate its existing nega-
tive environmental impact (Lenda et al., 2020). Thus, it could be
assumed that the long-range dispersal of S. canadensis is recently
enhanced by humans.

The distribution of S. canadensis is positively correlated with
human population density. This straightforward correlation breaks
if the population density exceeds 5,000 ind km™. This happened
in a few of the most densely inhabited squares, representing strict
city centers. It was generally found that the plant species richness
in areas with moderate levels of urbanization (e.g., suburban areas)
exceeded the richness recorded in nonurbanized areas as well as in
central, urban core areas (McKinney, 2008). The lack of a further in-
crease in alien species richness in strict city centers, despite the high
propagule pressure, was explained by the loss of suitable areas for
plants (McKinney, 2008). Such generally limited neophytes’ richness
caused by population density has previously been shown for this re-
gion (Szymura et al., 2018).
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FIGURE 3 The values of area under curve (AUC) for simplified models of S. canadensis and S. gigantea distributions (a), and variable
importance for each variable involved in the simplified models of (b) S. canadensis and (c) S. gigantea. The boxplot shows the results of
runs in the spatially blocked, 5-fold cross-validation. The values of variable importance close to 1 indicate high variable importance to the
model, while those close to 0 have low importance. Abbreviations: cropland, cropland area percentage; density, human population density;
temperature, average annual temperature; Ts, temperature seasonality; distance_S.can, distance to nearest introduction site S. canadensis;

distance_S.gig, distance to nearest introduction site S. gigantea

The results of the modeling support the assumption that recent
S. gigantea dispersal has occurred mostly spontaneously without
any human aid, while S. canadensis dispersal is still related to human
presence and, additionally, intentional transport over longer dis-
tances via, for example, Internet commerce (Lenda et al., 2014). This
pattern is partially related to longer invasion history of S. gigantea
comparing to S. canadensis, with caused that the studied region is

exposed to S. gigantea seed for a longer time.

4.1.2 | Abiotic factors

The variables representing abiotic environment (A) are the most
important for model performance for both species; however, the
impact of these variables was more pronounced in the case of S.
gigantea, compared with S. canadensis.

The distribution of both species was restricted climatically, and
their presence was unlikely in areas with an average yearly tem-
perature below approximately 5.5°C. The temperature corresponds
with the altitudinal zonation of vegetation in the studied region and
relates to a lower limit of the montane zone, starting from an altitude
of approximately 600-850 m a.s.l. in the studied region. The nega-
tive effect of cold climate on the distribution of both Solidago spe-
cies studied is in accordance with studies examining their potential
distribution in Europe, which indicated that northern Europe as are-
gion is outside their climatic requirements (Weber, 2001). Although
both species can be observed sporadically at higher altitudes, their
typical upper limit is 1,200 m a.s.l. (Moran et al., 2017; Weber &
Jakobs, 2005). In the case of S. gigantea, positive correlations have
been found between the mean temperature and growth parame-
ters, and high spring temperatures (above 24°C) are advantageous

for germination (for review, see Weber & Jakobs, 2005). Solidago
canadensis plants are taller at lower attitudes, and at higher alti-
tudes, they are not able to develop seeds because of the limited
length of the vegetation period (Moran et al., 2017). It should be
noted that the data referred to here regarding altitude come from
the central Alps, while the climate in the Carpathian Mountains is
more severe; therefore, the upper limits of the vegetation zones are
at lower altitudes in the Carpathian Mountains compared with the
Alps (Ellenberg, 1988; Pawtowski, 1972).

The species distributions were also correlated with temperature
seasonality, which in the studied region is also related to the precip-
itation pattern (Appendix S4, Table S3). Solidago canadensis is more
abundant in the western part of the study region, which has lower tem-
perature seasonality and higher precipitation, while S. gigantea avoids
the southern part of the region with higher precipitation and also lower
temperature seasonality. Previous studies examining the potential
range of this species in Europe (Weber, 2001) suggested that these
aspects (continentality gradient and precipitation) did not restrict their
distribution in this part of Europe. Therefore, the extent to which the
observed relation is causal is not clear, and the possibility exists that it
reflects a peculiarity of the distribution in the studied region.

The models did not indicate that soil properties and land relief
features are among the crucial factors explaining the distributions of
the invaders. Both species are known to have rather broad tolerance
to soils (Szymura & Szymura, 2016; Weber & Jakobs, 2005; Werner
et al., 1980), which could explain why soil properties were not rele-
vant in studied region. Observations from early phase of invasion on
studied region, up to 1989s, underlined the role of river valleys, as a
main route of invasion (Tokarska-Guzik, 2005). The results obtained
here show that the species are broadly widespread and their inva-

sion is no longer related to watercourses.
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FIGURE 4 The modeled responses of Solidago species for particular environmental variables. The shape of the response was modeled
using the evaluation strips method (Elith et al., 2005), with spatially blocked, 5-fold cross-validation. The graphs are sorted according

to decreasing value of variables’ importance, upper panel for S. canadensis, lower for S. gigantea. Abbreviations: cropland, cropland area
percentage; density, human population density; temperature, average annual temperature; Ts, temperature seasonality; distance_S.can,
distance to nearest introduction site S. canadensis; distance_S.gig, distance to nearest introduction site S. gigantea

4.1.3 | Biotic factors

Because of the character of the data (observation for 2 x 2 km
grid), we had no detailed information regarding invaded habitats.
However, the data still allowed testing the hypothesis regarding
species co-occurrence at landscape scale and the effect of domi-
nant land cover/land use forms. Results from other region of Central
Europe revealed existence of large areas dominated by a single inva-
sive Solidago species, where the presence of another was unlikely.
This spatial pattern results, most likely, from priority effect (Szymura
& Szymura, 2016). In the studied region, we had no evidences for
such phenomenon: The presence of one species did not explain
the absence of the other. The species rarely formed mixed stands
(Szymura & Szymura, 2016), but considering grain size used in this
examination (square 2 x 2 km) it can be assumed that they could co-
occur in the same landscape. We also found that the presence of S.
canadentsis is rather unlikely in a landscape dominated by agricultural
areas. It could be linked to high use of herbicides and a small amount

of available area for invasive goldenrod habitats (e.g., abandoned
fields, meadow, pastures) in lands with intense, large-scale agricul-
ture (Szymura & Szymura, 2016; Szymura, Szymura, & Wolski, 2016).

The relatively low importance of variables that can be related
to biotic interactions does not necessarily mean that biotic interac-
tions did not shape invasion pattern. It is more likely related to the
grid size in this study (2 x 2 km), while the biotic interactions occur
mostly in the closest vicinity of the studied individuals. Such data
can potentially be derived from other sources of information, namely
phytosociological relevés, which document species composition and
abundance in small plots (~25 m? for herbal vegetation).

4.2 | Conservation implications
The two species differed regarding prominent constraints: both

were limited climatically, avoiding cold, mountain climate, but S.
canadensis with a still limited range was also related to proxies of
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S. canadensis

FIGURE 5 The projected probability of

S. gigantea

presence of the invasive Solidago species.
The optimal cutoff value was 0.205 for S.
canadensis and 0.539 for S. gigantea

100 km
1 ] >0.80

human pressure. Based on the results, it can be hypothesized that
recent dispersal of S. gigantea in the studied region has happened
mostly spontaneously, while the spread of S. canadensis could be re-
lated to trade and intentional introductions. Given the wide range
of distribution of both species, their successful eradication in the
region seems unlikely. The eradication of Solidago is not easy and
must include the establishment of native vegetation to prevent re-
invasion of the Solidago on the site. It needs a long time and finan-
cial effort (Szymura et al., 2019; Szymura, Szymura, & Wolski, 2016).
However, local eradication in mountains, above 600-850 m a.s.l.
where the species occur infrequently may still be feasible and could
be considered as a management option. In the case of S. canadensis,
proscription of its sale could restrict its further spread. Assuming
the successful restriction of the trade, eradication in the eastern and
central parts of the region, where the species is still uncommon, will
be achievable. Similarly, the control of invasive plant species popu-
lations in human settlements and their surrounding area seems to
be a reasonable method. In contrast, the management of S. gigantea
should focus on areas with a high value for nature conservation that
are close to already existing populations of this species. Among man-
agement of invasive Solidago stands, the mowing, grazing, flooding,

and combination of these methods are considered (Nagy et al., 2020,
2021). Herbicide use should be banned because of its environmental
impact, including the effect on native vegetation (Schulz et al., 2021,
Weidlich et al., 2020); moreover, its long-term effect is not better
than mechanic methods (Szymura et al., 2019). Nonetheless, the
model's prediction suggests a considerable increase of invaded areas
by both species. The location of suitable squares that are not yet
colonized suggests that the expansion of the invaders will take place
by range filing rather than increasing the range (Appendix S7, Map
S4). In Central Europe especially prone to invasion are abandoned
agricultural lands (Bartha et al., 2014; Fenesi et al., 2015), therefore
a policy preventing agricultural land abandonment is desirable to
counteract the further increase of goldenrods invasion level. The
model outputs seem to be transferable into other areas with similar
climate, land use history, economy, and invasion history, including
the Carpathian Mountains and the surrounding regions in Slovakia,
Ukraine, Hungary, and Romania. However, we did not have enough
data to directly test the possible model application, using the lim-
ited number of explanatory variables, to maximize the iSDM trans-
ferability (Petitpierre et al., 2017). In this context, the procedure of
model simplification (Elith et al., 2008), which reduced the number
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of explanatory variables, seems to be a great advantage of the BRT
modeling technique.

4.3 | Model limitations, and
methodological problems

Recently, numerous iSDMs have been based on presence-only
data and employ so-called background points (pseudo-absences).
Nonetheless, data not only on species presence but also their true
(i.e., confirmed) absence are considered more relevant for modeling
(Barbet-Massin et al., 2012; Brotons et al., 2004; Elith et al., 2020).
Unfortunately, confirmed absence data are problematic because they
need a high sampling effort (Barbet-Massin et al., 2012; MacKenzie
& Royle, 2005) to be realistic. Our results show that exclusion of
squares with low sampling effort improves the model's performance.
This suggests an issue of sampling bias, which can be ameliorated by
appropriate procedures. Our approach seems to be promising, but
it needs further study in order to better understand its operation.
The typical assumption, such as higher sampling effort in densely
populated areas and near roads, is not adequate for invasive spe-
cies because they typically occur in urban areas and along commu-
nication routes (Niinemets & Pefiuelas, 2008; Szymura, Szymura, &
Wolski, 2016).

Another problem consists of causality in our model: The ap-
proach applied represents a correlative type of model that is unable
to directly capture the underlying processes driving the observed
patterns of distribution. Contrary to the correlative approach, the
mechanistic (or process-based) models, which are built using explicit
descriptions of biological mechanisms, are free from this disadvan-
tage (Yates et al., 2018). In result, mechanistic and hybrid models
have recently been recommended for modeling species distribution
(Zurell et al., 2016). Studies in simulated systems reveal great po-
tential of mechanistic models as BioGEEM in examination of eco-
ecological questions (Cabral et al., 2019). However, they still meet a
numerous obstacles in practical implementation, especially in mac-
roecological and biogeographical applications (Cabral et al., 2017),
since simulation of large, species-rich ecosystems is challenging
(Cabral et al., 2019). They need appropriate formulation includ-
ing detailed data on species response to environment, preferably
coming from experiments, which are typically unavailable (Yates
et al.,, 2018; Zurell et al., 2016). In practice, the models rely to a con-
siderable degree on parametrization based on observational data,
and as a result, the difference between correlative and mechanistic
models is often fuzzy (Yates et al., 2018). Similarly, there is a prob-
lem with incorporating the effect of long-range seed dispersal by
wind. It needs detailed data regarding wind direction and velocity,
seed dispersal kernel, and local population demography (Neubert
& Caswell, 2000). As result, models are developed for restricted
areas (e.g., Baker, 2017; Williams et al., 2008), which caused particu-
larly useful for modeling dispersal of newly established populations
(Gallien et al., 2010). To conclude, the recent state of knowledge re-
garding processes driving Solidago invasion restricts application of
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mechanistic or hybrid models of their invasion to a regional spatial

extent.

5 | CONCLUSIONS

The PAB framework enhanced the iSDM by helping in the selection
of explanatory variables, as well as the ecological interpretation of
the models. Nonetheless, in practice it needs high-quality data that
are typically unavailable to fulfill this approach, especially regarding
biotic interactions. In case of plant invasion, adequate data on the
biotic component could be delivered by phytosociological relevés.
The employment of maps showing the historical distribution of in-
vasive species enhanced the modeling by revealing differences in
patterns of species spread into a region. In result, the model reveals
that two alien species with similar ecology and biology can vary con-
siderably in their invasion pattern due to direct human interference.
Therefore, the conservation options, derived from iSDM, should be
focused on a particular species, not groups of species, even if they
have similar ecology and are closely related taxonomically.

The presence/absence data, in addition to their pre-eminence
compared with opportunistic, presence-only data for species dis-
tribution modeling purposes, are still prone to some bias. Results
of this study suggest that the bias is correlated with mistakenly re-
ported species absence. Exclusion of the potentially undersampled
plotsincreased the model performance; however, additional data are

needed (e.g., richness of target species group).
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Abstract

Alien goldenrods (Solidago and Euthamia) invade improperly managed grasslands
causing serious environmental problems. The general knowledge regarding habitat
resistance against invasion does not allow predicting whether species-rich semi-
natural meadows or highly productive artificially sown grasslands are more resistant
to invasion by goldenrods. To test the differences in resistance, an experiment was
conducted. A community resembling a semi-natural, species-rich meadow and a
commercial grassland was created in containers in 2018 using seed mixes, with
open soil serving as the control. Three goldenrod seedlings representing particular
species (Solidago canadensis L. s.1., S. gigantea Aiton, and Euthamia graminifolia
(L.) Nutt.) were planted in the test containers with the different communites in 2019.
The vegetation was cut once per year during the first and second years of the
experiment. In September of the third year, the number of goldenrod ramets, the
height of the tallest goldenrod ramet, and the flowering stage were measured and
assessed. In addition, the dry biomass of goldenrods and accompanying species
were weighed. The results showed no significant differences between total biomass
production of the examined communities, except for £. graminifolia, for which
species-rich meadow produced more biomass than the commercial grassland and
control. Both communities strongly reduced ramet numbers and height and goldenrod
biomass production compared to the control. No differences were found between
these two vegetation types, except for the flowering stage of S. canadensis and
E. graminifolia, which could not produce seeds in the species-rich meadow
community. The results suggest that semi-natural, species-rich meadows are reasonable
alternatives to species-poor commercial grasslands to control goldenrod invasion.

Key words: biomass production, biotic resistance, competition, Euthamia graminifolia,
invasive Solidago

Introduction

Under the so-called PAB framework, invasion by a plant species is driven
by the level of propagule pressure (P), the suitability of the abiotic
conditions (A) for a particular invader, and the biotic interactions (B) that
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the invader may face in the resident plant community (Catford et al. 2009).
With regard to the biotic interactions, successful invaders must overcome
biotic resistance arising from the resident community, which can
efficiently reduce the invasion success (Levine et al. 2004; Hui et al. 2016;
Beaury et al. 2020). Such resistance can be easily overcome in situations of
extreme habitat disturbance that cause vegetation destruction and/or
resource fluctuations; therefore, the habitats that are the most vulnerable to
invasion are disturbed human-created habitats, especially those dominated
by annual plants (Chytry et al. 2008). However, in the case of undisturbed
vegetation or vegetation well adapted to disturbance, the invader must still
face habitat resistance due to resident vegetation (Byers and Noonburg
2003; Levine et al. 2004; Beaury et al. 2020).

Habitat resistance has been intensively studied to find general rules that
explain the differences between habitats in the number and/or proportion
of alien species (e.g. Chytry et al. 2008; Rejmanek et al. 2005; Levine et al.
2004; Beaury et al. 2020). These differences can be explained by habitat
characteristics, such as the availability of resources that resident plant species
do not use, competitive ability of native species, allelopathy, presence of
herbivores and pathogens, presence of disturbance, or composition of soil
microbes (D’Antonio 1993; Lonsdale 1999; Shea and Chesson 2002;
Rejmének et al. 2005; Hierro et al. 2005; Dawson and Schrama 2016).
Initially, species-rich habitats were assumed to be more resistant to
invasions (Elton 1958; Lonsdale 1999; Mack et al. 2000; Shea and Chesson
2002; Levine et al. 2004; Fridley et al. 2007; Oakley and Knox 2013). The
low invasibility of species-rich communities could arise from the diversity
of functional traits rather than simply from species richness (Diaz and
Cabido 2001; Maron and Marler 2007; Hooper and Dukes 2010). This
functional diversity leads to a higher probability that a community
representing different traits can fill all available niches, and it correlates
with greater complementary use of available resources (Tilman 2004;
Pokorny et al. 2005; Frankow-Lindberg 2012; Schittko et al. 2014). In
addition, the habitats producing more biomass tend to be more resistant to
invasion due to the high use of available resources (Byun et al. 2018).
However, the invasion processes are highly context dependent, and the
general rules do not necessarily predict whether a habitat may be invaded
by a particular invader (Chamberlain et al. 2014). Given a single invader,
the vegetation would theoretically be more resistant if the plant
community contains species with features close to the invader that enable
successful competition with the invader. Additionally, dominant species
and their traits may have a positive or negative impact on community
resistance to invasion (Smith et al. 2004; Galland et al. 2019).

Goldenrods of North American origin (Solidago canadensis L. sl., S. gigantea
Aiton, and Euthamia graminifolia (L.) Nutt.) have invaded Europe, Asia,
and Australia. The Solidago species are widespread, whereas E. graminifolia
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occupies a restricted area, near the site of introduction (CABI 2020). They
are fast-growing, highly competitive plants, producing high biomass
(Weber 2000; Weber and Jakobs 2005; Szymura and Szymura 2015a, b,
2016; Pal et al. 2020). In Central Europe, they can form dense stands,
mostly on abandoned lands and unmaintained grasslands (Fenesi et al.
2015; Czarniecka-Wiera et al. 2019, 2020). Their environmental impact is
locally very strong, decreasing biodiversity at different trophic levels
(plants, arthropods, birds), altering succession, and disturbing agriculture
(Hejda et al. 2009; Moron et al. 2009; Skorka et al. 2010; Bartha et al. 2014;
Fenesi et al. 2015). Consequently, their population should be controlled in
compliance with EU law regulations (European Community 2014).

High-value habitat types that are endangered by the goldenrod invasion,
particularly if improperly maintained, include semi-natural, species-rich
meadows (Bartha et al. 2014; Czarniecka-Wiera et al. 2019). Grasslands
serve provisioning ecosystem services, but they also contribute to non-
agricultural ecosystem services, such as water flow regulation, carbon
storage, erosion control, climate mitigation, pollination, and cultural
services (Honigova et al. 2012; Villoslada et al. 2018; Bengtsson et al. 2019).
Unfortunately, a decline of species-rich semi-natural meadows has been
observed worldwide (Queiroz et al. 2014; Egoh et al. 2016). In Europe, over
90% of the semi-natural grasslands have been lost since the 1930s (Eriksson
et al. 2002; Bullock et al. 2007; Pe’er et al. 2014). The abandonment of
maintenance, as well as maintenance intensification, could result into the
conversion of semi-natural meadows into highly productive, but species-
poor grasslands. Considering the process of preventing goldenrod invasion,
vegetation consisting of fast-growing species producing a high biomass
could be resistant to goldenrod invasion owing to competitive interactions.
This possibility implies that preserving such intensively used meadows is
desirable for invasion control. However, given the broad range of
ecosystem services provided by semi-natural meadows, their maintenance
should be a priority. Additionally, species-rich, low-intensity grasslands are
preferred in urban greenery because they increase the resilience of the
ecosystem, enhance its ability to accumulate carbon and nitrogen (Onandia
et al. 2019; Thompson and Kao-Kniffin 2019), and reduce the public cost
for maintenance (Klaus 2013; Hedblom et al. 2017; Norton et al. 2019).
Moreover, high plant diversity directly enhances human well-being and
brings psychological benefits (Fuller et al. 2007; Hanski et al. 2012;
Lachowycz and Jones 2013; Clark et al. 2014; Southon et al. 2018).
Unfortunately, it can be assumed that in urban areas, where habitats are
usually disturbed and rich in nutrients, plant invasion (e.g., goldenrods)
may be facilitated by low-intensity maintenance such as a cutting regime of
once or twice per year.

The extent to which the species-rich vegetation desirable for sustainable
development is resistant to Solidago invasion is unclear in comparison with
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highly productive grasslands. Is there a trade-off between biodiversity and
biomass production in terms of invasion resistance? We hypothesised that
vegetation consisting of fast-growing, high-biomass-producing grass
species, which is typical of intensively maintained grasslands, would be
more competitive against invasive goldenrods than the species-rich
vegetation that is characteristic of semi-natural meadows. In other words,
we expected the vegetation typical of intensively maintained grasslands to
be more resistant to goldenrod invasion. To test the hypothesis, we
established an experiment and grew the plants for three years, and we then
compared their biomass production, morphology, and flowering stages.

Materials and methods

The experiment was established in the Research and Teaching Station in
Swojczyce belonging to Wroctaw University of Environmental and Life
Science, Wroclaw, Poland (51°6'54"N; 17°7'42"E), at an altitude of 115 m.
The average annual precipitation is 583 mm, and the annual temperature is
around 9.0 °C (Dubicki et al. 2002). In the station, research on plant and
animal production is conducted in an area of 260 ha. The experiment was
placed in the teaching garden, where ornamental plants and grasses are
grown. Representative photographs of the experiment are presented in the
Supplementary material Photos 1-4. The experiment was established by
using 70 x 40 cm containers, without bottoms, mounted in the soil
(Anthropic Regosol, loamy sand texture, pH in H,0 = 6.90; N = 0.52 g kg™';
P =15537 mgkg'; K=113.33 mg kg'; Mg = 46.87 mg kg; C = 0.78%). In
the containers, three types of habitat were created: a community resembling
semi-natural meadow (meadow), a commercial grassland (grasses), and open
soil as a control (control). Plant seeds for creating the habitats were
introduced in May 2018. Commercial grassland was created using a seed
mixture of four highly productive grasses (Poa pratensis, Lolium perenne,
Festuca pratensis, Phleum pratense) typically used in intensively maintained
meadows in Europe. The species-rich habitat (meadow) was created using
a seed mixture of 37 herb and grass species typical of species-rich, semi-
natural meadows in Central Europe. The detailed composition of the seeds
is given in Tables S1 and S2. The seeding rate was 4 g m™ for both
mixtures. In the next year, after the plant communities were successfully
established, three goldenrod seedlings were planted in each container. In
the control (open soil), weeds were removed before goldenrod planting. In
total, 54 containers were used (3 habitat types x 3 goldenrod species x
6 replications). The combination was placed in a completely randomized
design (Figure S2, S3, S4). At the end of August in the first and second
years of the experiment, all vegetation (created communities and
goldenrods) was cut and biomass was removed (Figure S5). If required, the
pots were additionally irrigated, but no fertiliser was used.
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In the third year of the experiment (2020), the number of goldenrod
ramets (ramets number) and the height of the tallest goldenrod ramet were
measured on September 1. The flowering stages (0, only vegetative shoots;
1, appearance of generative shoots or flower buds; 2, beginning of flowering
(< 50% buds); 3, full flowering (> 50% buds); 4, late flowering (appearance
of first seeds) and 5, seed set (> 50% seeds)) were assessed. Then, the plants
were removed from the containers, gently washed, divided into above- and
below-ground parts, dried, and weighed. Goldenrods and co-occurring
plants were analysed separately.

Statistical analyses

Total dry biomass production, including biomass of goldenrods and other
species (total biomass), exclusive biomass production of goldenrods
(goldenrods biomass), and allocation of goldenrod biomass between
above- and below-ground parts (goldenrods A/B ratio) were calculated.
The significance of differences amongst habitats for studied traits was
tested using the Kruskal-Wallis ANOVA by ranks with the Monte Carlo
permutation. The Mann-Whitney test with Bonferroni correction was
applied as a post hoc test. The analyses were conducted separately for each
goldenrod species. All the analyses were done using R environment using
STATS package (Mangiafico 2020).

Results

The total biomass produced in the containers varied widely, ranging from
115.1 to 997.8 g dry weight. The median value was 364.25 g dry weight. No
significant differences were found in total biomass between the examined
communities except for E. graminifolia, where the community resembling
semi-natural meadow (meadow) produced more biomass than the
commercial grassland (grasses) and control (Figure 1, Table 1). However,
the communities differed significantly in biomass produced exclusively by
the goldenrods (goldenrod biomass) for all examined species (Figure 2,
Table 1). The goldenrod biomass in mixtures was 20- to 30-fold lower
(median value of goldenrod biomass 9.3 g dry weight) than in the control
(median value 225.7 g dry weight). No differences were found for goldenrod
A/B ratio across all species (Figure 3, Table 1). In addition to the lower
biomass production, the goldenrods growing in mixtures also produced
fewer ramets (N ramets) than in the control (Figure 4, Table 1). In the case
of E. graminifolia and S. gigantea, the ramet height (height) in the semi-
natural meadow treatment was shorter than in the control (Figure 5, Table 1).
Moreover, we observed significant differences in flowering phases between
communities and control for E. graminifolia and S. canadensis (Figure 6,
Table 1); these species did not produce seeds (reaching only the third stage
of flowering) in the meadow community. Total biomass production of
species other than Solidago in different communities is shown in Figure S1.
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Table 1. Results of statistical tests (x> and P) for goldenrod species (columns) grown in
different communities, based on the differences in average values of examined traits (rows).
Statistically significant results at p < 0.05 are in bold.

Species E. graminifolia S. canadensis S. gigantea
Traits r P r P r P
Total biomass 8.78 0.012 3.55 0.169 3.17 0.205
Goldenrod biomass 11.72 0.003 8.77 0.012 11.66 0.003
Goldenrod A/B ratio 1.62 0.443 0.31 0.856 2.00 0.366
Number of ramets 11.37 0.003 8.84 0.011 11.42 0.003
Height 10.16 0.006 4.15 0.125 6.84 0.033
Flowering 10.23 0.004 6.06 0.030 0.88 0.587
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Figure 1. Total biomass production of different communities. Median value (thick line), upper
and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black dots) are shown.
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Figure 2. Goldenrod biomass production of different communities. Median value (thick line),
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Figure 3. Ratio of above to below-ground biomass of goldenrods in different communities.
Median value (thick line), upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers
(black dots) are shown.
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Figure 4. Number of ramets produced by goldenrods in different communities. Median value
(thick line), upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black
dots) are shown.

Discussion

Our results did not support the hypothesis that a community consisting of
fast-growing, highly productive grass species is more resistant to goldenrod
invasion than a species-rich community consisting of species typical of
semi-natural meadows. No significant differences were found between these
two communities in goldenrod biomass production. Similarly, no differences
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Figure 5. Height of ramets produced by goldenrods in different communities. Median value
(thick line), upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black
dots) are shown.
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Figure 6. Flowering stages of goldenrods in different communities. Median value (thick line),
upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black dots) are shown.

were observed between grasses and meadow communities in goldenrod
biomass distributed into above- and below-ground parts. Nonetheless, the
resident plant communities could strongly limit the growth of goldenrods,
exhibiting significant habitat resistance against invasion.

Surprisingly, the total biomass productivity of the grasses did not exceed
the biomass production of the community resembling semi-natural meadow
(meadow). However, our experiment was conducted under a low-frequency
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mowing regime with a relatively late cutting term (August) and without
any fertilizer application. Most probably, with typical maintenance of
highly productive grasslands (Isselstein et al. 2005), which includes applying
fertilizers, mowing the vegetation two to three times per year, and starting
the mowing relatively early (May-June), the total productivity of the grass
species mixture (grasses) would be higher than that of the meadow
community. However, our study did not focus on a scenario of high biomass
productivity, but rather on environment-friendly, low-intensity maintenance.

All the studied invasive goldenrods are known to be strongly competitive
species, which reduce the biomass production of native weeds and grasses
when grown in a mixture (Szymura and Szymura 2016; Szymura et al.
2018). The results of common garden experiments explained the patterns
observed in the field. In particular, the number of vascular plant species is
strongly reduced in dense stands of goldenrods (Fenesi et al. 2015; Hejda et
al. 2009), and this reduction increases with the proportion of goldenrod in
the vegetation (Moron et al. 2019). The output of competitive interaction
can be changed by the presence of disturbances such as mowing, which
reduces above-ground biomass, particularly that of dominant species
(Szépligeti et al. 2018). Typically, herbaceous plants are less resistant to
mowing and grazing than grasses, which usually form a crown node near
the ground, making it easier for them to endure frequent disturbances
(Chapman 1996). In our experiment, when the goldenrods were introduced
into a well-developed, relatively undisturbed vegetation under a low-mowing
regime (once a year), the competitive ability of the invaders was reduced.
The effect of competitive interactions between resident vegetation involves
a wide spectrum of goldenrod growth and development: full biomass
production, height, number of ramets, and flowering dynamics. Generally,
in our experiment, the goldenrods growing in the control were heavier and
taller, producing more ramets than those interacting with resident
vegetation. The effect of resident vegetation on flowering dynamics was
especially visible for E. graminifolia and S. canadensis. Successful sexual
reproduction is ensured only when the plants reach the fourth and fifth
stages of flowering, when the seeds appear. We dug up the plants in
September, before the full development of the seeds; however, based on
previous observations, if the plants are in the second or third stage of
flowering in September, they do not develop mature seeds before the end
of the growing season (Szymura and Szymura 2015b). Typically, goldenrod
populations in a new range increase their size through vegetative regrowth.
The seeds do not germinate in dense Solidago stands but instead contribute
to long-term dispersal (Bartha et al. 2014; Fenesi et al. 2015). The results
suggest that the species-rich community (meadow) and the highly
productive grassland (grasses) in our experiment could not only affect the
growth of goldenrods in situ but also effectively restrict the long-distance
spread of E. graminifolia and S. canadensis under low-intensity maintenance.
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Conclusions

The results show that resident grassland vegetation, under a low-mowing
regime, significantly reduced the growth of goldenrods invasive to Europe.
We did not find a difference between vegetation formed by fast-growing,
highly productive grass species and species-rich communities typical of
semi-natural meadows. The results suggest that semi-natural grasslands,
which can be used for high-quality hay production as well as species-rich
urban grasslands, are as resistant to invasion as highly productive commercial
grasslands. In short, there is no trade-off between biodiversity maintenance
and goldenrod invasion resistance for extensively used grasslands. Therefore,
high-value semi-natural meadows, as well species-rich urban grasslands
with low-intensity maintenance, are reasonable alternatives to intensively
maintained species-poor grasslands with regard to control of goldenrod
invasion. Moreover, it can be assumed that a species-rich community will
be more resistant to the potential invasion of another plant species because
of high functional diversity.
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The impact of restoration methods
for Solidago-invaded land on soil
Invertebrates

Peliyagodage Chathura Dineth Perera®™, Iwona Gruss?, Jacek Twardowski?,
Cezary Chmielowiec', Magdalena Szymura® & Tomasz H. Szymura®

The belowground community structure of soil biota depends on plant composition and may be
affected by invasive plant species. We hypothesized that the type of land restoration method applied
affects the abundance and composition of soil invertebrates. Our field experiment centred on Solidago
species control using different seed mixtures and methods of seed introduction (sowing mixtures:
grasses, grasses with legumes, seeds from a seminatural meadow, and application of fresh hay) and
different frequencies of mowing (one, two, or three times per year). Soil invertebrates were identified
to the taxa, using light microscopes. Richness and diversity indices were calculated, and a redundancy
analysis was conducted. Generally, mowing intensity negatively influenced soil organisms, although
increased mowing frequency positively affected the abundance of some taxa (Symphyla, Hemiptera).
Mowing twice per year decreased the abundance of soil invertebrates, but not their diversity. Soil
invertebrate taxa had the greatest abundance in the plots sown with a seed mixture containing
grasses with legumes. Among the restoration methods studied, mowing once a year and introducing
grasses with legumes represented the least harmful strategy with regard to soil invertebrate
abundance. Further studies are needed to investigate the dynamics of soil mesofauna exposed to
long-term mowing and changes in vegetation characteristics.

Plant invasions have serious negative effects on ecosystems and species diversity* and can disrupt the linkages
between the above- and belowground communities**. Goldenrods (Solidago canadensis L. and Solidago gigantea
Aiton.) are among the most widespread invasive alien plants in Central Europe®. Invasive Solidago species can
alter soil physicochemical properties (e.g., soil moisture, water holding capacity, organic carbon, total nitrogen
content, available phosphorus, exchangeable cations) and cause biological changes in the soil (e.g., microbial bio-
mass, respiration rate, nitrogen mineralization, soil enzyme activities)>*-*. Moreover, Solidago invasion has had
negative consequences in communities of springtails’, nematodes’, coleopterans'®!!, ants'***, and pollinators'.

The ecological restoration of lands invaded by alien plants may use herbicides, mowing, burning, and labour-
intensive practices such as slashing or hand-felling and harrowing'~'®. However, herbicides negatively affect non-
target species and the belowground community'®"’. In addition, during restoration activities, seeding methods,
seeding rates, and the use of a cover crop with native grasses respectively influence the disturbance, colonization,
and nitrogen content of the soil'®?. Either individually or in combination, multiple forms of control strategies,
such as manual removal, periodic flooding, grazing, scalping, mowing, rototilling, different seeding methods,
turf stripping, and the use of herbicides have been investigated in recent studies on the ecological restoration
of Solidago-invaded land*-*. Swierszcz et al. showed that herbicide (containing glyphosate) was beneficial for
short-term eradication of invasive Solidago spp. and subsequent restoration of a meadow?'. However, a 6-year
experiment by Szymura et al. showed that herbicides were not effective for long-term removal of Solidago spp.*.
In their study, adding fresh hay and mowing twice per year represented the best practice for restoring old fields
invaded by Solidago spp.

Soil invertebrates inhabit the upper layer of soil and include medium-sized organisms (0.2-2 mm), such as
most of the Collembola, Acari, Protura, and Nematoda, among others®. Soil invertebrates function as a com-
munity that supports major soil functions, such as the decomposition of organic matter and nutrient cycling®.
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Biogeochemistry and Environment Protection, University of Wroctaw, Stanistawa Przybyszewskiego 63,
51-148 Wroctaw, Poland. “"email: chathura.perera@upwr.edu.pl; chathuradineth2 @gmail.com
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Figure 1. Experimental design based on sowing mixtures [grasses (G), grasses with legumes (L), seeds from the
seminatural meadow (M), application of fresh hay (H), and control (C)] and mowing regimes [once (1), twice
(2), and three times (3)].

Thus, changes in soil fauna, directly or indirectly, have impacts on soil functioning. Soil fauna communities and
certain taxa or species serve as important indicators of soil health?.

Plant species composition can alter soil ecosystems by changing the structure of the habitat and its abiotic
properties*’. In addition, plant species composition can cause changes in soil invertebrate abundance and diver-
sity. For example, both grasses and legumes have a beneficial effect on the density and diversity of Collembola®,
while invasive plants reduce their density’.

Many restoration practices mainly focus on the aboveground components of ecosystems”’. However, res-
toration ecology involves the integration of aboveground-belowground linkages, or plant-soil interactions,
as well as the identification of effective intervention practices and the prediction of ecosystem recovery>*”%.
Although the impact of Solidago spp. on belowground soil components such as soil invertebrates has not been
well documented’, it is known that soil microarthropods are sensitive to land management practices. For example,
frequent mowing negatively affects soil organisms such as nematodes®, earthworms®, and bacteria®. Therefore,
soil invertebrates can be used as bioindicators of biological soil quality through assessment of their rapid response
to any changes in the soil environment®?-**,

The current study aimed to evaluate how Solidago control methods and the use of different seed mixtures
affected soil invertebrates in Solidago-invaded stands undergoing land restoration. We hypothesized that the
abundance and composition of different soil invertebrates collected from these stands would vary according to
the type of restoration method. From a practical point of view, we aimed to identify a method that effectively
removes Solidago, while maintaining high biodiversity and abundance of soil invertebrates.

Materials and methods

Study site. The experiment was conducted on abandoned former agricultural land dominated by invasive
North American Solidago spp. (S. gigantea and S. canadensis), at an altitude of 118 m a.s.l. The land is in a
small river valley and is surrounded by suburban buildings and extensively used meadows in Wroctaw, Poland
(51°09'42.57"N, 17°06'43.97"E; elevation 116.4 m). The soil type is Anthropic Regosol, loamy sand texture. The
mean annual temperature in the region is 9 °C, and the mean annual precipitation is 578.2 mm. Meteorological
data for the period of 1968-2019 were obtained from the Agro- and Hydrometeorology Observatory in Swojc-
zyce, Wroclaw (51°06'56.6"N, 17°08'29.4"E).

Field experimental design. The field experiment on Solidago species removal and land reclamation was
established in April 2020. The experiment used a 5x 3 factorial arrangement in a completely randomized design
with four replications, as shown in Fig. 1. The four blocks, each containing 15 plots (2.5%2.5 m), were estab-
lished with a separation of 1 m from each other. The entire experimental area was mowed, and the soil was then
prepared for seeding, using a rototiller followed by a power harrow. After the area was seeded, it was compacted
with a roller. Two experimental factors were used: (1) various methods of seed introduction and seed composi-
tion (sowing mixtures: grasses, grasses with legumes, seeds collected from the seminatural meadow, applica-
tion of fresh hay and without seed application) (Table 1), and (2) different frequencies of mowing (one, two, or
three times per year). The species composition of seed mixtures and fresh hay are presented in Supplementary
Table S1. In both 2020 and 2021, the plots were mown according to the planned scheme: once (June), twice (June
and August), or three times (June, August, and September).

Material collection and preparation. A single sample of soil was collected from the centre of each plot
with the use of a 10-cm-diameter circular sampler, at a depth of 10 cm in autumn (September 2020 and August
2021), spring (April 2021), and summer (June 2021), respectively. The samples were collected within 2x2 m
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Conventional mixture of four grass species used for grassland establishment

Four grass species (the same used in the G mixture), along with two clover species

Grasses with legumes
(D]

A mixture of 37 plant species typically occurring in seminatural grasslands. Rieger-Hofmann
GmbH distributes the specialized seed mixture, which is produced using seed mixtures of native
species with a controlled geographical origin

(1}

Semi-natural meadow y
(M)

Fresh hay was collected at the Experimental Station of Wroctaw University of Environmental and
Life Sciences in Radomierz (50°54'15.1"N, 15°53'58.8"E), Silesia, Poland, Central Europe. The
station is located in the sub-mountain area, Kaczawskie Mountains. The pastures are grazed for
the entire growing season, and rotation pasturage is used, with sporadic mowing. During the field
observation in June 2020, 47 species were observed. The fresh hay was collected and spread in July
2020

Fresh hay
(F)

No seed application

Table 1. Various methods of seed introduction and composition (The species composition of seed mixtures
and fresh hay are presented in Supplementary Table S1).

areas inside each experimental plot. The soil samples were illuminated in Tullgren funnels (25 W light bulb) for
24 h. Soil organisms extracted from the soil were kept in 75% alcohol until their identification according to taxa.
The soil organisms were identified according to the Soil Invertebrate Key of the Ecological Society of America®.

Data analysis. The richness and diversity indices of the total fauna communities were calculated. The Shan-
non-Weaver index (H') was calculated according to the following formula’®:
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Seed Mowing Season Seed x Mowing | Seed x Season | Mowing x Season

4 2 3 8 12 6
df F P F P F P F P F P F P
Abundance 035 [0.84 |3.84 |0.02 |29.28 |<0.001 |1.70 |0.10 0.77 |0.68 0.58 [0.75
Number of taxa 345 |0.01 |295 |0.06 |57.43 |<0.001 |0.94 |0.49 1.04 | 0.42 1.99 |0.07
Shannon-Weaver 2.73 10.03 |0.13 |0.87 |9.24 <0.001 |0.82 |0.59 1.35 |0.19 0.41 |0.87
Pielou 0.68 |0.60 |1.03 |0.35 |57.00 | <0.001 |0.65 |0.74 1.33 ]0.20 0.36 | 0.90
Margalef 2.88 |0.02 |0.72 |049 |8.08 <0.001 |0.86 |0.55 0.32 |0.34 1.75 |0.11

Table 2. The statistical summary of the effects of experimental treatments on the community indices of soil
invertebrates. Bold values indicate significant effects.

R
H = - Zp,» Inp;
i=1

where p; is the proportion of individuals belonging to the ith taxa and R is the total number of species. The Pielou
index (J) was calculated according to the formula®”:

J= i
" In(S)

where H' is the Shannon-Weaver index and S is the total number of species in a sample.
The Margalef species richness index (D) was calculated according to the following formula®®:

_S—1
" In(N)

where S is the total number of species in a sample and N is the total number of individuals in the sample.

Statistical analysis was done with SAS University Edition (version 9.0), using the generalized linear mixed
model (GLMM) with repeated measurements. The explanatory variables were mowing, seed introduction
method, season, and their interactions. The repeated factor was the season, and the random factor was the
block. Significant differences between treatments were revealed using the Tukey HSD test (p <0.05). The inver-
tebrate taxa were correlated with the environmental factors by using redundancy analysis (RDA) performed in
Canoco 5.0. The data were log-transformed before analysis. Only taxa that occurred in at least three samples
were included in the analysis.

Ethics approval. The experimental research and field studies on plants, including the collection of plant
material, complied with the relevant institutional, national, and international guidelines and legislation.

Results

Community responses. Both experimental factors, the seed composition and introduction method and
the mowing regimes, significantly affected the soil invertebrates (Table 2). The average number of all organisms
was significantly higher in plots mowed once compared with plots mowed twice (Fig. 2A), and the diversity
indices differed significantly between seed introduction methods (Table 2). The number of taxa was higher in
plots where the mixture of grass with legumes was sown (L), in comparison with control (C) and grass mix-
ture (G) plots (Fig. 2B). In addition, two diversity indices (Shannon Weaver and Margalef) showed that higher
diversity was associated with legumes (L) relative to other treatments, particularly the use of grass species (G)
(Fig. 2C,D). The interactions of seed x mowing, seed x season, and mowing x season did not yield significant
differences, while season significantly affected abundance, number of taxa, and both diversity indices (Table 2).

Taxa responses. Among all factors, mowing had the greatest impact on the abundance of all soil inver-
tebrate taxa (Table 3). Mowing once positively affected Isopoda, Chilopoda, Oribatida, Gamasida, and adult
Coleoptera abundance (Fig. 3A,B,C,D,H). Seed introduction methods significantly affected Diptera larvae and
Coleoptera adults (Table 3). In both cases, the mean number of organisms was higher in plots where grasses with
legumes (L) were sown compared with other seed mixtures (Fig. 3E,F), and there were no differences between
other seed composition and introduction methods. The differences in Nematoda abundance were significant for
seed composition and introduction method, as well as season (Fig. 3G). Season was significant for all taxa except
Diptera larvae (Table 3).

Redundancy analysis (Fig. 4) was used to compare the relative effects of mowing and the seed composition and
introduction method on different taxa simultaneously (see the results of redundancy analysis in Supplementary
Table S2). The abundance of most of the soil invertebrate taxa had positive correlations with the grass with leg-
umes mixture and mowing once per season. The abundance of a few taxa (Symphyla, Hemiptera) was positively
associated with greater mowing frequency. The effects of the seed introduction method were less distinct. Most

Scientific Reports |

(2022) 12:16634 |

https://doi.org/10.1038/s41598-022-20812-5 nature portfolio



www.nature.com/scientificreports/

F - Fresh hay
A B M - Meadow
G - Grass
L - Grass with Legume
81 a  C-Control
1 - Once ab ab b
2 - Twice 71 b
1801 a 3 - Three times _:E % i %
= 6«
. 160 ab P
S 140+ 5o
E b %
£ 120 3
b T g 4
S 100 =
2 - % 3
Z 80+ 31
gh 60 24
2 404
z 40 N
20
0
0 1 2 3 F M G L C
Mowing Seed introduction method
C II;I- Fl::shdhay D
- Meadow
20 G - Grass 2.0- ;‘/1- Fl\r/?shdhay
4 L - Grass with Legume - Vieadow
18 C - Control 1.8 G - Grass
1.6- 5 L - Grass with Legume
: 1.6 C - Control
1.4- % e
’ ab = b 4 1.4+ ab ab a ab
5 121 i * w = b o3
£ 12 124 kd
z g £
g 197 £ 101
= =]
& g
g 0.8+ % 0.84
0.6+ 0.6
0.4+ 0.4
0.2 0.21
0.0
F M G L C 00 F M G L C
Seed introduction method Seed introduction method

Figure 2. The effects of mowing and seed introduction methods on the community indices of soil invertebrates
and their demographic responses. The different lowercase letters indicate significant differences between
treatments, p<0.05.

of the taxa (e.g., Isopoda, Collembola, Chilopoda) were positively oriented to the grass with legumes mixture
(L), particularly in comparison with grass and the control.

Discussion

Land restoration methods are often applied to large areas, and they should not only be effective but also safe for
the environment®. It is important to assess the risk related to the application of land restoration methods with
regard to both the aboveground impacts and the belowground effects. A useful tool for assessing changes in the
soil environment is the analysis of soil fauna occurrence and diversity. The indicators based on soil fauna are
related to soil functionality and further plant growth*. Soil fauna mainly supports the decomposition of soil
organic matter and affects the turnover of nutrients*'. The presence of these organisms is closely related to the
soil structure and the chemical properties of the soil, and any changes in soil conditions could have an impact
on this group of organisms*.

We found that high mowing frequency negatively affected soil fauna abundance. This study tested three mow-
ing regimes (one, two, and three times a year) and revealed that mowing once per year positively affected soil
fauna. This finding is in line with the study of Zhao et al., in which nematode abundance decreased under more
frequent mowing, from once per year (high intensity) to once every 6-12 years (low frequency)®. In addition,
unmown meadows were more beneficial for earthworms relative to meadows mown once a year™.

Van Eekeren et al. concluded that mowing without tillage is one of the best practices for restoring the soil
micro-arthropods and ecosystem services in permanent grasslands*’. Mowing techniques (e.g., the type of mow-
ing heads and mower) can also have a considerable impact arthropod fauna****. However, Hyvénen et al. found
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Soil Invertebrates | Seed Mowing Season Seed x Mowing | Seed x Season | Mowing x Season
4 2 3 8 12 6

df F P F P F P F P F P F P
Astigmata 1.15 [0.33 |0.24 |0.79 6.22 | <0.001 |0.84 |0.57 1.33 |0.20 0.70 | 0.65
Chilopoda 0.77 |0.54 |4.07 |0.02 |15.04 |<0.001 |1.90 |0.06 0.80 | 0.65 1.24 10.29
Collembola 0.60 [0.66 |2.12 |0.12 |31.02 |<0.001 |1.66 |0.11 1.03 |0.43 0.68 | 0.66
Gamasida 1.06 038 |0.81 |045 |4531 |<0.001 |2.58 |0.01 0.71 |0.74 1.05 |0.39
Isopoda 123 1030 [3.36 |0.04 |10.32 | <0.001 |0.77 |0.63 1.01 |0.44 2.05 |0.06
Oribatida 0.79 [0.53 |3.47 |0.03 |18.84 | <0.001 |0.35 |0.94 0.63 |0.82 1.95 |0.07
Nematoda 171 |0.15 |0.17 |0.85 |14.11 |<0.001 |1.10 |0.37 2.60 |0.00 0.67 |0.68
Symphyla 1.63 |0.17 [0.05 |0.95 |1518 |<0.001 |1.56 |0.14 0.65 |0.80 1.73 |0.12
Arachnida 0.40 |0.81 ]0.33 |0.72 8.74 | <0.001 |0.95 |0.48 0.54 |0.89 0.80 |0.57
Diptera larvae 4.02 |0.00 |0.16 |0.85 4.33 0.055 |0.57 |0.80 1.05 |0.40 1.68 |0.13
Coleoptera adult 291 |0.02 344 |0.03 |11.76 | <0.001 |0.37 |0.94 0.72 10.73 0.90 |0.49
Coleoptera larvae 127 028 |0.43 |0.65 8.82 | <0.001 |0.71 |0.68 0.43 |0.95 0.25 |0.96

Table 3. The statistical summary of the effects of experimental treatments and their interactions on
abundance of the soil invertebrates. Bold values indicate significant effects.

that mown meadows had higher abundances of pollinators such as bumblebees and honeybees™. The effect of
mowing on the belowground ecosystem is generally unknown and needs further study. We suggest that mow-
ing indirectly affects soil fauna through changes in soil conditions. Soil fauna is closely related to soil functions
and microbial activity*®, and mowing negatively affects soil conditions, such as temperature, moisture, and
carbon sequestration?’, as well as microbial activity®!. In a study in Mongolia, the mowing of grasslands had an
extreme effect on the upper soil layer, as shown by a 4 °C increase in the soil temperature and a 47% decrease
in the soil moisture®’. Such negative effects on soil conditions can further affect soil fauna. Although mowing is
beneficial for maintaining grassland vegetation, we recommend limiting this treatment to avoid disrupting the
belowground ecosystem.

In our study, we removed the aboveground biomass during mowing, which may have reduced soil inverte-
brate abundance. Grass harvesting is the traditional way of grasslands management all over the world, which
consequently causes biomass removal and reduction of the resources for decomposers**’. However, leaving the
cuttings did not mitigate the negative effect of mowing on earthworms in comparison with non-mown areas™.
In addition, the thickness and origin of the litter can have an impact on the abundance of soil invertebrates such
as springtails, nematodes, and mites***’. For instance, knotweed litter negatively affected Collembola, because
of its extended decomposition time and slower nutrient release compared with native species*.

The current study also described a direct influence between seasons and soil invertebrates, and seasonal
reliance on plant community characteristics was associated with the soil invertebrate community. In particular,
Collembola abundance changed during the season, which may have been related to the sensitivity of those
organisms to soil moisture and temperature®. The seasonal changes in earthworm communities in grassland
ecosystem were previously explained by the availability and quality of organic resources during each season,
which is the probable explanation for similar observations in our study®’.

According to Eisenhauer et al. and Hyvonen et al., the presence of various plant functional groups differen-
tially affects the densities of particular soil invertebrates and their consistency over time**>"2. Moreover, ample
evidence indicates that legumes have positive effects on ecosystem functioning®***. The cultivation of legumes
improves the soil nitrogen level and primary productivity, as well as carbon sequestration®. In addition, legumes
increase the bacterial activity in the soil® and enhance the complexity of the trophic links in the soil food web™.
Legumes’ ability to create specific root systems can also change the diversity of soil fauna®. Furthermore, the
introduction of legumes can increase ecosystem resistance to plant invasion®®. In the present study, the introduc-
tion of legumes with grass seeds positively affected soil invertebrates’ abundance and diversity, which accorded
with the findings of previous research®-%2, The results also showed that the introduction of grass only or no
introduction of seeds (control) was not beneficial for soil fauna.

Study findings indicated that both mowing and aboveground plant diversity significantly affected soil fauna.
These effects have several possible explanations, and further research is needed to test them. The most probable
explanation is that changes in soil conditions had an indirect effect on soil fauna. Nevertheless, the soil fauna is
an effective indicator of grassland management and restoration success.

Conclusions

Our results demonstrate that a greater intensity of mowing has a negative impact on soil organisms. Mowing twice
a season decreased the abundance of invertebrate taxa. The application of a seed mixture of grass with legumes
increased the diversity of soil invertebrates compared with other seed composition and introduction methods.
The mixture of legumes and grass seeds was also beneficial for the abundance of most invertebrate taxa. Mowing
once a season and the introduction of a mixture of grasses with legumes constitute the most suitable method for
restoring Solidago-invaded stands, while also maintaining soil invertebrate abundance.
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Figure 3. The effects of mowing and seed introduction methods, as well as their interactions, on the abundance
of taxa. The different lowercase letters indicate significant differences between treatments; mowing regimes (A—
D) and seed introduction method (E,F), p<0.05. The significance of differences is shown within the particular
groups: (G) season and (H) seed introduction method, p<0.05.
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