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Abstract

The aim of this study was to compare plant—soil interactions in the native range of two congeneric European species differ-
ing in their invasive success in the world: a globally invasive Cirsium vulgare and non-invasive C. oleraceum. We assessed
changes in soil nutrients and soil biota following soil conditioning by each species and compared performance of plants
grown in self-conditioned and unconditioned soil, from which all, some or no biota was excluded. The invasive species
depleted more nutrients than the non-invasive species and coped better with altered nutrient levels. The invasive species had
higher seedling establishment which benefited from the presence of unconditioned biota transferred by soil filtrate. Biomass
of both species increased in soil with self-conditioned soil filtrate and decreased in soil with self-conditioned whole-soil
inoculum compared to unconditioned filtrate and inoculum. However, the increase was smaller and the decrease greater
for the invasive species. The invasive species allocated less biomass to roots when associated with harmful biota, reducing
negative effects of the biota on its performance. The results show that in the native range the invasive species is more limited
by self-conditioned pathogens and benefits more from unconditioned mutualists and thus may benefit more from loss of
effectively specialized soil biota in a secondary range. Our study highlights the utility of detailed plant-soil feedback research
in species native range for understanding factors regulating species performance in their native range and pinpointing the
types of biota involved in their regulation.

Keywords Arbuscular mycorrhizal fungi (AMF) - Enemy release hypothesis - Mycorrhizal inoculation potential (MIP) -
Phospholipid/neutral fatty acid analysis (PLFA/NLFA) - Plant invasiveness - Structural equation modelling

Introduction

Understanding the success of invasive species and why some
alien plants become invasive while others fail is a funda-
mental goal in the field of invasion ecology. Despite a high
Communicated by Amy Austin. number of hypotheses explaining the success of invasive
species, such as the enemy release hypothesis (Enders et al.
2020; Keane and Crawley 2002), we are far from fully com-
prehending what drives successful invasion. A promising
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become abundant (Zuppinger-Dingley et al. 2011). In their
secondary range, these species might be less limited by the
specialized soil-borne enemies leading to possibly less nega-
tive conspecific plant-soil feedback, giving them advantage
over other species (Aldorfova et al. 2020; Klironomos 2002;
Kulmatiski et al. 2008; Suding et al. 2013).

Plant-soil feedback (PSF) occurs when plants alter soil
properties that subsequently influence the performance of
plants (Bever et al. 1997), and is typically quantified as a
log-response ratio of plant performance in self-conditioned
soil to performance in control (unconditioned or heterospe-
cific-conditioned) soil (Brinkman et al. 2010). PSF has been
suggested to play a role in plant invasions. In their second-
ary range, invasive species often experience more positive
(or less negative) PSF compared to native species (Chiuffo
et al. 2015; Engelkes et al. 2008; van der Putten et al. 2007),
and PSF of many invasive species has also been shown to
be more positive (or less negative) in their secondary than
in their native range (Callaway et al. 2011; Reinhart and
Callaway 2004; Reinhart et al. 2003).

To assess the importance of PSF for the success of inva-
sive species, we need comparisons of successful invad-
ers with less-successful species that only naturalize in the
secondary range. Such studies are scarce. Aldorfova et al.
(2020) showed that in the secondary range, invasive spe-
cies experience more positive (or less negative) PSF than
non-invasive alien species. Montesinos and Callaway (2020)
and McGinn et al. (2018) compared PSF of invasive and
non-invasive congeners in their native and secondary ranges,
the first showing a greater release from negative PSF in the
secondary range for the invasive species, the other reporting
no difference among species with different invasive success.
Particularly little is known about differences in PSF of inva-
sive species and their non-invading relatives in their native
ranges. Possibly, patterns by which species interact with soil
in their native range determine the degree to which they
benefit from pathogen release when introduced to the sec-
ondary range and thus determine their chances of becoming
invasive. In support of this hypothesis, Zuppinger-Dingley
et al. (2011) showed on a set of 16 grassland species that
species invasive in some region of the world show more
negative PSF in their native range than their non-invading
relatives. More studies contrasting PSF of invasive and non-
invasive species in their native range are needed to assess the
importance of plant—soil interactions in determining invasive
success of alien plant species.

Plant—soil feedback includes species-specific modifica-
tions of both abiotic and biotic soil properties. Many dif-
ferent taxa of soil biota contribute to the biotic component
of PSF, including bacteria, arbuscular mycorrhizal fungi
(AMF), non-mycorrhizal fungi, protozoans, and nematodes.
These groups can all have positive, negative or net neutral
effects on the plants, and we are still far from understanding
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to what extent they contribute to PSF. To assess how spe-
cific soil biota affects plant performance, the ideal approach
would be to isolate the biota, prepare pure cultures, and inoc-
ulate plants with them, which is, however, extremely time-
consuming (Dawson and Schrama 2016). An easier, yet still
valuable approach is to take advantage of the fact that soil
biota largely varies in size and inoculate the soil with whole
or partial soil biota obtained by filtering soil solutions. By
doing so, one can for example, at least partly, separate the
effects of soil microbiota (non-mycorrhizal fungi and bac-
teria) from the effects of larger-sized soil biota, including
AMF and nematodes (van de Voorde et al. 2012; Wang et al.
2019a, 2019b). Even though some AMF spores and nema-
tode eggs likely pass even through the smallest sieve mesh
(Wang et al. 2019a) and the filtration approach thus does
not create perfectly separated groups of functionally similar
taxa, the method has still been recognized as a useful tool for
creating a richness gradient in soil communities (Wagg et al.
2014, 2019). Comparing effects of different soil fractions on
plant growth can therefore bring additional insight into the
drivers of PSF compared to studies only using whole-soil
inoculum assays (van de Voorde et al. 2012).

Most studies address PSF solely in terms of aboveground
biomass of adult plants as it is the easiest measure of plant
performance (Kardol et al. 2013). However, it has been
hypothesized (Kardol et al. 2013) and shown (Aldorfova
et al. 2020; Dudenhoffer et al. 2018; Florianova and Munz-
bergova 2018) that PSF effects on germination, survival or
establishment of seedlings can differ in intensity and even
in direction from PSF effects on biomass of adult plants. In
addition, PSF alters the size of the root system and allocation
to root biomass (Aldorfova and Munzbergova 2019; Berg-
mann et al. 2016; Cortois et al. 2016; Hendriks et al. 2015;
Wilschut and van Kleunen 2021), which further affect plant
performance and ability to deal with environmental stress.
Including multiple measures of plant performance in PSF
studies is thus needed to better understand the overall effects
of soil biota on plant fitness.

Here, we studied Cirsium vulgare (Asteraceae), a spe-
cies that is native to Europe, but has successfully natural-
ized on every continent except Antarctica, and is consid-
ered highly invasive in some areas, particularly in North
America (Julien and Griffiths 1998; Tenhumberg et al.
2008). We compared plant—soil interactions of C. vul-
gare (hereafter the invasive species) in its native range in
Europe with plant—soil interactions of its native congener,
C. oleraceum that is not known to be invasive anywhere
in the world (hereafter the non-invasive species). Specifi-
cally, we used structural equation modeling to understand
how the abiotic and biotic pathways in plant—soil inter-
actions influence plant performance (measured as seed-
ling establishment, aboveground biomass, and root—shoot
ratio). This required quantifying (i) how the species
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condition the soil, both in respect to changes in soil nutri-
ent levels and composition of soil biota, (ii) how plant
performance responds to soil conditioning (using multiple
soil treatments — sterilized soil, self-conditioned or uncon-
ditioned soil filtrate or whole-soil inoculum, and whole
soil), and (iii) which groups of soil biota (e.g., bacteria,
non-mycorrhizal fungi, AMF) are driving these changes
in plant performance. We expected that the invasive spe-
cies will act as follows: (i) deplete more soil nutrients and
accumulate more soil biota during soil conditioning than
the non-invasive species, (ii) be more negatively affected
by growth with self-conditioned biota compared to uncon-
ditioned biota than the non-invasive species, allowing it to
benefit more from release from the biota when introduced
to a secondary range; and (iii) be more negatively affected
by soil bacteria and non-mycorrhizal fungi, but will not
differ in response to AMF from the non-invasive species.

Material and methods
Studied species and seed collection

We selected a pair of sympatric congeneric species, Cirsium
vulgare (native to Europe, invasive elsewhere, hereafter the
invasive species) and Cirsium oleraceum (native to Europe,
not known to be invasive anywhere, hereafter the non-inva-
sive species), Asteraceae, Carduoideae, for this study. Both
species are native to Europe and act as ruderal species, i.e.
often colonize disturbed lands. Both species are common in
the Czech Republic where the study was performed, with
C. oleraceum being more frequent and abundant than C.
vulgare (occurrence frequency in vegetation plots 4.1% vs
1%, mean percentage cover 7.8% vs 2.3%, and maximum
percentage cover 88% vs 38%, Wild et al. 2019). However,
globally, and especially in North America, C. vulgare is
reported to be a noxious weed and highly invasive species
(Julien and Griffiths 1998; Sieg et al. 2003; Tenhumberg
et al. 2008), while C. oleraceum has never been reported as
an invader outside the native range.

We collected seeds of both species in the field in Cen-
tral Bohemia, Czech Republic in 2017, from three different
populations at least 3 km apart. For each population, we
collected mature seeds from at least 10 individuals that were
at least 2 m apart from each other. We mixed seeds from all
individuals and populations and did not further distinguish
mother plants in the experiment. All collected seeds were
surface sterilized with 10% dilution of SAVO Originél (a
disinfectant based on 4.7% sodium hypochlorite) prior to the
experiment to reduce the chance of soil contamination via
seed surface fungi, as commonly done in experiments (e.g.,
Gallery et al. 2007; Oono et al. 2020).

Experimental design

Following a commonly used methodology (Bever et al.
1997; Kulmatiski et al. 2008), we grew the plants in a two-
phase experiment. In the first (conditioning) phase, soil
conditioned by each species was prepared. We assessed
soil abiotic and biotic characteristics after the condition-
ing phase to compare the effect of the two species on soil.
In the second (feedback) phase, we assessed the effect of
self-conditioned and unconditioned control soil and soil
biota on plant growth. Contrary to most PSF experiments
that only compare plant performance in self-conditioned
and control (unconditioned or heterospecific-conditioned)
soil (total PSF) or in sterilized soil into which either self-
conditioned or control whole-soil inoculum is added (biotic
PSF), we used 12 different soil treatments in the feedback
phase (Fig. 1). These treatments included self-conditioned
and unconditioned whole soil, and self-conditioned and
unconditioned sterilized soil into which no biota, partial
soil biota (soil filtrate) or all biota (whole-soil inoculum)
from either self-conditioned or unconditioned soil were
added. Such experimental design allowed us to assess the
effects of changes in both abiotic and biotic soil properties
and to distinguish between the effect of presence of soil biota
transferred by individual soil fractions (soil filtrate or whole-
soil inoculum vs sterilized soil, ‘total PSF’ sensu Semchenko
et al. 2022) and of conditioning of the soil biota (self-condi-
tioned vs unconditioned filtrate or inoculum, ‘specific PSF’
sensu Semchenko et al. 2022). Because multiple compari-
sons can be drawn using our data, we decided not to quan-
tify PSF as a log-response ratio as commonly done in PSF
studies (Brinkman et al. 2010), but decided to present raw
data on plant performance in individual treatments instead.
For more details on what information is provided by each
comparison, see Table 1.

We used unplanted (unconditioned) soil as control, simi-
larly to a range of previous studies (e.g., Aldorfova et al.
2022, 2020; Kardol et al. 2007; Kulmatiski et al. 2011; Per-
kins and Nowak 2013; Wang et al. 2013). This approach
allowed us to evaluate the effect of specific changes in
both biotic and abiotic soil characteristics, not confounded
by specific effects of selected control species when using
heterospecific-conditioned soil as control (Brinkman et al.
2010; Kulmatiski and Kardol 2008). Using unplanted soil as
control is especially suitable for studying PSF of our study
species as they often colonize disturbed habitats and thus
frequently encounter bare soil. However, it is important
to note that the unconditioned soil likely had lower levels
of soil biota due to some plant-obligate biota dying in an
unplanted soil and that using a different type of control could
provide different results. When interpreting the results or
comparing them with other studies, we thus need to keep in
mind the type of control in each specific study.
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Fig.1 A schematic diagram of the experimental design. a During
the conditioning phase, we grew each of the two study species in 75
pots in mixture of top-soil and sand to create conditioned soil. The
same soil mixture was left in unplanted pots under the same condi-
tions to serve as control (unconditioned) soil. Soil from 7-8 pots was
pooled to create 10 sets of unconditioned and 10 sets of self-condi-
tioned soil for each species. Each soil set was used to obtain sterilized
soil (gamma irradiation, 25 kGy), soil filtrate (filtering soil suspen-
sion through two filter papers with pore size of 11 pm), whole-soil

Conditioning phase

The aim of the conditioning phase was to prepare the soil,
conditioned by the species, for the upcoming feedback
phase. The conditioning phase was carried out between
April 2018 and July 2018 in the experimental garden of
the Institute of Botany of the Czech Academy of Sciences
(49°59'38.972"N, 14°33'57.637"E), 320 m above sea level,
temperate climate zone, where the mean annual temperature
is 8.6 °C and the mean annual precipitation is 610 mm.

To set up the conditioning phase, we used a mixture of
topsoil (purchased from JENA company) and sand (AGRO
Jesenice) in 1:1 ratio. The topsoil originated in Central
Bohemia, Czech Republic (i.e. the region of seed collection),
and was previously grown with a mixture of grassland plant
species (information on the exact history of the soil, such as
which plant species were grown in it and for how long, has
not been provided by the company). For chemical charac-
teristics of the soil mixture see Table S1. For each species,
we used 150 1-L pots (10X 10 x 10 cm) in the conditioning

@ Springer

inoculum (sterilized soil and untreated soil in 9:1 ratio), and untreated
whole soil. b During the feedback phase, we grew each species in six
treatments of unconditioned and six treatments of self-conditioned
soil (2 levels of soil conditioning). These treatments included steri-
lized soil, sterilized soil inoculated with soil filtrate from uncondi-
tioned or self-conditioned soil, sterilized soil inoculated with whole-
soil inoculum from unconditioned or self-conditioned soil, and
non-sterilized whole soil

phase. Half of the pots were sown with 10 seeds of one of
the species in April 2018, the other half of the pots remained
unsown and served as controls (unconditioned soil). Even
though the control pots remained unplanted during the con-
ditioning phase, the soil mixture contained 50% of the live
topsoil in which a mixture of grassland plant species was
previously grown, and it thus contained species non-specific
(unconditioned) soil biota. Each pot with conditioned soil
was randomly assigned its unplanted control pot. The pairs
of pots were always kept next to each other throughout the
experiment so that they were exposed to as similar condi-
tions as possible. To prevent cross-contamination, the pots
were filled to 1.5 cm below the top, each pot was placed
in an individual sterile plastic saucer, and the pots were
placed ~ 10 cm apart. Both pots with and without plants were
kept under the same conditions, regularly watered with tap
water, and weeded on a weekly basis to avoid any effects of
other species on the soil.

After the seeds germinated and the seedlings established,
pots were thinned to one largest seedling. The soil was
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Table 1 Information provided by different treatment comparisons
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conditioned for 12 weeks, similar to a range of previous
studies (e.g., Chiuffo et al. 2015; Florianova and Munzber-
gova 2018; Meijer et al. 2011; van de Voorde et al. 2011;
van Grunsven et al. 2007; van Grunsven et al. 2010). Twelve
weeks should be a sufficient time for the soil to get properly
conditioned, particularly for small pots we used in our study,
as all of the soil was thoroughly colonized by the roots by
the end of the 12th week. A previous study showed that
PSF is getting more negative with increasing duration of
the conditioning phase only up to 6 weeks of conditioning
(Lepinay et al. 2018). In addition, it has been shown that
the initial changes in soil microbial composition very well
reflect the long-term changes (Hannula et al. 2021). After the
12 weeks, in July 2018, all plants were harvested, divided
into aboveground and belowground parts (all larger roots
were carefully taken out from the soil by hand), dried to a
constant weight, and weighed. Cross-contamination of soils
from different pots during harvest was avoided by cleansing
all used material in 70% ethanol in between working steps.
Plants in the conditioning phase showed very little variation
in biomass among pots, and the data on their biomass was
thus not used in any further analyses.

After the harvest, the 75 pots with each species as well as
their paired unplanted control pots (75 pots) were randomly
divided into 10 groups of 7-8 pots and soil from these pots
was mixed, creating a soil set (a pooled soil sample). For
each species we thus had 10 sets of self-conditioned soil and
10 paired sets of unconditioned soil which served as repli-
cates and were analyzed for soil chemistry and soil biota.

Pooling the soil samples reduced the pot-to-pot variation
in soil biota, but ensured sufficient amount of soil available
for the analyses and for all treatments in the feedback phase
while reducing cost of the analyses and preserving some
level of true independent replication (n= 10 per treatment),
in line with recommendations (Peacher and Meiners 2020;
Rinella and Reinhart 2019). From each soil set, one sixth
of the soil was collected for analysis of soil chemistry and
soil biota, one-third was kept untreated to serve as source of
self-conditioned or unconditioned biota for soil inoculation
in the feedback phase, and the rest was sterilized by gamma
irradiation (sterilization dose 25 kGy, performed by Bioster
a.s. in Veverska BitySka, Czech Republic) and used as back-
ground soil in the feedback phase. Before use in the feedback
phase, the sterilized soil was placed in pots and repeatedly
watered with controlled amount of distilled water to leach
nutrients released by the sterilization procedure.

Feedback phase

The feedback phase was set up in September 2018 in a
greenhouse of the Institute of Botany of the Czech Academy
of Sciences. The greenhouse was heated to 18 °C and light
regime was set to reflect natural daylight conditions during
the main vegetation season. Specifically, because the feed-
back phase started late in the vegetation season and partly
ran through winter, we used actual daylight extended by two
hours every day.
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In the feedback phase, we grew each species in six
treatments of unconditioned soil and in six treatments of
self-conditioned soil. These treatments included sterilized
soil, sterilized soil inoculated with soil filtrate (i.e. partial
soil biota, mostly microbiota) from unconditioned or self-
conditioned soil, sterilized soil inoculated with whole-soil
inoculum (i.e. full soil biota) from unconditioned or self-
conditioned soil, and non-sterilized whole soil (Fig. 1).
Inoculum and filtrate always originated from the same soil
set as the sterilized background soil or from the paired soil
set with different soil conditioning. Using these treatments
allowed us to disentangle the effects of abiotic changes in
soil due to soil conditioning and the effects of presence and
conditioning of soil biota on plant performance (Table 1).

To set up the feedback phase, we used 10 1-L pots
(10x 10x 10 cm) per species, soil conditioning and treat-
ment, resulting in 120 pots per species and 240 pots in total.
The number of pots in the feedback phase was smaller than
in the conditioning phase because part of the soil from the
conditioning phase was used for analyses of soil chemistry,
soil biota and infection potential of AMF. The bottoms of the
pots were covered with expanded clay pebbles (keramzit),
sterilized in autoclave, up to the height of 2 cm to com-
pensate for soil lost during the harvest of the conditioning
phase, and the rest of the pots was filled with 500 ml of soil
mixed depending on the treatment. For the whole soil treat-
ments, we used untreated soil from the conditioning phase
of the experiment. For whole-soil inoculum treatments, we
mixed sterilized soil and untreated soil from the conditioning
phase in a 9:1 ratio. For the treatments with soil filtrate, we
filled the pots with sterilized soil and we watered them with
the soil filtrate. The filtrate was created by mixing 50 ml of
untreated soil in 500 ml of distilled water, homogenizing
the mixture, and filtering it through two filter papers with
pore size of 11 um. The soil filtrate should therefore contain
mostly soil microbiota, i.e. bacteria and non-mycorrhizal
fungi, and it should not contain microarthropods, nematodes,
or AMF (van de Voorde et al. 2012), even though some
nematode eggs or AMF spores could have passed through
the filter papers as well (Wang et al. 2019a). For sterilized
treatments, we filled the pots with sterilized soil and watered
them with autoclaved soil filtrate.

Each pot was sown with 9 seeds of one of the species
(seeds were sown into self-conditioned or unconditioned
soil only, not into heterospecific-conditioned soil). The
pots were kept in the greenhouse, regularly watered,
and weeded when needed. All pots originating from one
pair of soil sets were kept in the same block within the
greenhouse. Number of emerged seedlings was recorded
on a weekly basis. Three weeks after the first seedlings
emerged in all pots, all seedlings but the largest one were
removed from each pot to avoid competition. All seed-
lings emerging afterwards were recorded and removed
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as well. Twelve weeks after germination, the plants were
harvested, divided into above- and below-ground biomass
and weighed. All plants of both species were harvested at
the same time.

Soil characteristics

Soil characteristics (i.e. soil abiotic characteristics, soil
microbial community, and infection potential of AMF,
see below) were analyzed after the conditioning phase for
three types of soil: soil conditioned by the invasive spe-
cies, soil conditioned by the non-invasive species, and the
unconditioned soil. For each of the soil conditioning types,
samples from six out of the ten soil sets were randomly
selected for the analyses. In addition, the analyses were
performed also on soil collected before the conditioning
phase (Table S1).

For abiotic soil characteristics, we measured actual pH
(pH measured in deionized H,0) and exchangeable pH
(cation exchange capacity), total C, N, P and available P,
Ca, Mg, and K. For biotic characteristics, we determined
soil microbial community composition using phospholipid
and neutral fatty acid analysis (PLFA and NLFA) and we
assessed the infection potential of AMF by the following
commonly used procedures: the most probable number
(MPN, Adelman and Morton 1986; Wilson and Trinick
1983) and mean infection percentage (MIP, Giovannetti and
Mosse 1980; Moorman and Reeves 1979).

Abiotic soil characteristics

Actual and exchangeable pH was measured using deionized
water and 0.1 M solution of KCl as extracting solutions,
respectively (ISO 10390: Soil quality — Determination of
pH. International Organization for Standardization, ISO
2000). Total C and N contents were determined by meth-
ods of Ehrenberger and Gorbach (1973) using CHN catalyst
(Carlo Erba NC 2500), total P was measured according to
the method of Olsen and Sommers (1982). Available P was
measured in filtrate of 5 g of air dried soil with 50 ml of
0.5 M K,SO, solution by flow injection analysis with spec-
trophotometric detection using the instrument QuikChem
FIA + 8000 Series (Ammerman 2001; Egan 2001). Con-
centrations of available Ca®* and K™ were measured using
atomic emission spectrometry method and available Mg?*
using atomic absorption spectrometry according to methods
of Moore and Chapman (1986) and Dédina (1987), with
solution of 1 M ammonium acetate as the extractant. All
analyses were performed by the Analytical Laboratory of
Institute of Botany of the Czech Academy of Sciences in
Prihonice.
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Soil microbial community

Soil microbial community composition was assessed using
PLFA analysis performed by the Laboratory of Environmen-
tal Biotechnology, Institute of Microbiology of the Czech
Academy of Sciences, following the methodology described
in Garcia-Sanchez et al. (2019). The PLFA were extracted
from 1 g of freeze-dried soil samples with a mixture of
chloroform—methanol-phosphate buffer (1:2:0.8, v/v/v), as
previously described by Bligh and Dyer (1959). The lipids
were fractionated into neutral lipids (NLFA), glycolipids and
polar lipids (PLFAs) using an extraction cartridge (LiChro-
lut Si-60, Merck, White-house Station, USA), and NLFA
and PLFA were subjected to mild alkaline methanolysis as
described in Snajdr et al. (2008). The free methyl esters of
NLFA and PLFAs were analyzed by gas chromatography-
mass spectrometry (450-GC, 240-MS ion trap detector,
Varian, Walnut Creek, CA) following the same procedure
described by Sampedro et al. (2009).

The soil microbial community composition was charac-
terized using the following PLFAs: fungal biomass was esti-
mated on the basis of 18:2w6,9 content (Snajdr et al. 2008),
bacterial biomass was quantified as the sum of 114:0, 115:0,
al5:0, 16:1w5, 16:1w7; 16:1w9, 10Me-16:0, 116:0, 117:0,
al7:0, cy17:0, 17:0, 10Me-17:0, 18:1w7, 10Me-18:0, and
cy19:0. Actinobacterial biomass was determined as the sum
of 10Me-16:0, 10Me-17:0, and 10-Me18:0, Gram-positive
bacteria (G +) as sum of i14:0, 115:0, al5:0, 116:0, i17:0,
and al7:0, and Gram-negative bacteria (G-) as the sum of
16:1w7, 16:1w9, 18:1w7, cy17:0, and cy19:0. The NLFA
16:1w5 was assigned as a marker for the quantification of
AMF and total PLFA concentration was used to estimate
the total viable microbial biomass (Olsson et al. 2003).
Last, we calculated microbial ratios F:B (fungi: bacteria),
G +:G- (Gram-positive bacteria: Gram-negative bacteria),
and F:AMF (fungi: AMF).

Infection potential of AMF

Infection potential of AMF was assessed using MIP and
MPN methods. In the MIP assay, the colonization intensity
of AMF is measured after a certain period of bait plant cul-
tivation and the index of root colonization is the percentage
of the number of 1-cm root segments showing detectable
AMF colonization (Moorman and Reeves 1979). In MPN
method, the test plants are grown in serial dilutions of the
inoculum and the propagule density of the original material
is statistically calculated from MPN scores (Feldmann and
Idczak 1992).

To assess MPN and MIP, we evaluated mycorrhizal colo-
nization of maize roots (standardly used for assessing MPN
and MIP as its roots are strongly colonized by AMF (Moor-
man and Reeves 1979) that was grown in each of the studied

types of soil in 1:0, 1:10, 1:100, 1:1000, 1:10,000 dilutions
with soil sterilized in autoclave, in five replicates per dilu-
tion. Maize seeds (Zea mays convar. saccharata, var. Ash-
worth) were purchased from a commercial supplier (Rein-
Saat KG company, St. Leonhard am Hornerwald, Austria),
they were germinated in Petri dishes in sterile conditions,
replanted into 100 ml plastic containers (4 X 14 cm), and
left growing in a greenhouse. After six weeks, the plants
were harvested, fine roots from the middle part of the root
system were collected, placed in 10% KOH for three months
to bleach, and stained (left for 12 h in 2% lactic acid, 12 h
in 0.05% trypan blue in lactoglycerol, rinsed in water, and
soaked into lactoglycerol prepared from glycerol, 80% lactic
acid and distilled water in 3:2:5 ratio).

The stained roots from 1:10, 1:100, 1:1000, and 1:10,000
dilutions were observed using a binocular magnifier and
presence of AMF propagules was recorded. MPN/ml was
calculated using a program MPN Calculator, Build 23 using
information on types of dilutions, number of replicates per
dilution and number of replicates per dilution in which AMF
propagules were recorded. To assess MIP, only the 1:10 dilu-
tion was used. Stained roots were placed into a Petri dish
with a 1 X1 cm grid and presence of AMF propagules at
200 intersections of roots with the grid was recorded using
a binocular magnifier. An average value from the five repli-
cates was calculated both for MPN and MIP, resulting in one
MPN and one MIP value per soil sample and six replicates
per soil conditioning type.

Statistical analyses

Differences in soil abiotic and biotic characteristics between
soil conditioned by the invasive and the non-invasive species
were studied using linear direct gradient analysis (Redun-
dancy Analysis, RDA) and Monte-Carlo permutation tests
(Ter Braak and Smilauer 2012) with 499 permutations.
Dependent variables used in this analysis were all the stud-
ied soil characteristics except for actual pH, K content, total
microbial and bacterial biomass, which were excluded due
to high correlations with other variables (Table S2). The
variables were standardized prior to the analysis. The inde-
pendent variable (fixed factor) was the conditioning spe-
cies. Contrary to our original plan, we did not consider plant
biomass from the conditioning phase as a covariate in the
analysis due to very little variation in the data. We repeated
the analysis with all three soil conditioning types includ-
ing the unconditioned soil and we present the results in the
appendix (Fig. S1). The analyses were performed in Canoco
5 (Ter Braak and Smilauer 2012). As a supplementary analy-
sis, we also performed ANOVA using R 3.6.1 (R Core Team
2019), always with one of the studied soil characteristics as
a dependent variable, and we tested the differences between
pairs of group means using Tukey post hoc tests (Fig. S2).
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Differences in plant performance between individual
treatments and soil conditioning types in the feedback
phase were tested using a linear (square root transformed
biomass and root-shoot ratio) or generalized linear (seed-
ling establishment as the number of established seedlings
out of the number of seeds sown, with binomial error dis-
tribution) mixed effect models in the R-package ‘lmerT-
est’ (Kuznetsova et al. 2017). Soil set was considered
a random effect and species, soil conditioning (uncon-
ditioned vs self-conditioned soil), soil treatment (steri-
lized soil, filtrate from unconditioned soil, filtrate from
self-conditioned soil, inoculum from unconditioned soil,
inoculum from self-conditioned soil, whole soil), and
their interactions as fixed effects. To estimate p-values,
we used F-tests comparing two models with and without
a tested term, using a ‘drop1’ function in the ‘ImerTest’
package (Kuznetsova et al. 2017). To assess differences
between pairs of group means, we used Tukey post-hoc
tests adapted to mixed effect models using ‘glht’ function
in ‘multcomp’ R-package (Hothorn et al. 2008).

Afterwards, we repeated the analysis using the type
of soil biota (partial soil biota from soil filtrate vs full
soil biota from whole-soil inoculum) and conditioning of
soil biota (from unconditioned vs self-conditioned soil)
as explanatory variables instead of the treatment variable.
We performed this analysis on a subset of data excluding
the sterilized and the whole soil treatment, since in these
treatments it is not possible to distinguish between the
effects of type and conditioning of soil biota. We obtained
very similar results when including only the subset of
treatments in the analyses and we therefore only present
these results in the Results section. Results of the analy-
ses including all the treatments and not differentiating
between type and conditioning of soil biota can be found
in the appendix (Table S3). The two treatments which are
excluded from the main analyses are, however, visualized
in some of the graphs and compared using multiple com-
parisons with the rest.

Last, we used structural equation modeling (performed
in the ‘lavaan’ R-package, Rosseel 2012) to assess how
individual components of soil, i.e. amount of soil nutri-
ents, bacterial, fungal and AMF biomass, affect biomass
of the two species. For the analysis, we only used data on
plant biomass from the whole soil treatment as detailed
soil analyses are only available for this treatment. A sepa-
rate model was created for each species. The assumed
relationships were as follows: (i) plant performance is
affected by the amount of soil nutrients and by bacterial,
fungal and AMF biomass, (ii) bacterial, fungal and AMF
biomass are affected by the amount of soil nutrients, and
(iii) bacterial, fungal and AMF biomass are correlated.
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Results
Effect of conditioning species on soil characteristics

Soil characteristics after the conditioning phase signifi-
cantly differed between soils conditioned by the invasive
and by the non-invasive species (Pseudo-F=6.0, p =0.004,
37.59% of explained variation, Fig. 2). Values of MPN
and AMF biomass were higher in soils conditioned by
the invasive species (Fig. 2, Fig. S2), and in both cases
the values were much higher than in the unconditioned
soil (Fig. S1, S2). Nutrient levels and both bacterial and
fungal biomass were higher in soils conditioned by the
non-invasive species (Fig. 2, Fig. S2).

Effect of soil conditioning and treatments on plant
performance in the feedback phase

In the feedback phase, the invasive species had nearly
four times higher overall seedling establishment and two
times lower root-shoot ratio than the non-invasive species
(Table 2, Fig. S3). The two species did not differ in overall
biomass production (across all treatments, Table 2).
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Fig. 2 Differences in soil abiotic and biotic characteristics in soils
conditioned by the invasive and the non-invasive sympatric conge-
neric species. Results displayed are an ordination plot based on RDA
tested using a Monte-Carlo test with 499 permutations. Pseudo-
F=6.0, p=0.004, the first two axes explained 37.59% and 17.35%
variability in the data, respectively. Data are centered and standard-
ized across soil characteristics. **indicates characteristics that are
significantly (p <0.05) different between the two soil types in individ-
ual tests, *indicates marginally significant (p <0.1) differences. Act-
inobacteria, Gram+, Gram-, fungi, and AMF represent biomass of
the groups obtained by PLFA/NLFA analyses. G +:G-, F:AMF, and
F:B represent ratios of Gram positive (G+) and Gram negative (G-)
bacteria, fungi (F), AMF and bacteria (B)
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Table 2 Results of generalized

. . . Seedling estab- Biomass Root-shoot ratio

linear (seedling establishment, lishment

binomial error distribution)

or linear mixed effect models df F 4 F F 4

testing the effect of species

identity, soil conditioning, Species 1,11 52.21 <0.001 0.65 0.433 29.70 <0.001

type of soil biota (soil filtrate Soil conditioning [soil] 1,89  0.04 0.843 21.10  <0.001 4.07 0.047

vs whole-soil inoculum), Type of soil biota [biota type] 1,88 047 0492 3099 <0.001 18.19  <0.001

conditioning of soil biota L . .

(from unconditioned vs Conditioning of soil biota [biota cond.] 1, 82 3.85 0.050 4.13 0.045 0.60 0.439

self-conditioned soil), and Species X soil 1,89 3.72 0.054 0.29 0.594 17.03 0.009

their interactions on seedling Species X biota type 1,8  0.09 0.767 0.53 0469 0.16 0.692

establishment, plant biomass Soil x biota type 1,85 905  0.003 0.8 0672 127 0263

and root—shoot ratio . .
Species X biota cond 1,82 1.19 0276  5.60 0.020 4.23 0.043
Soil X biota cond 1,89  0.01 0936 4.81 0.031 1.28 0.261
Biota type X biota cond 1,83 233 0.127 11.44 0.001 16.28 <0.001
Species X soil X biota type 1,85  3.68 0.055 0.94 0334 1.77 0.187
Species X soil X biota cond 1,88  2.00 0.157 2.50 0.117 0.15 0.700
Species X biota type X biota cond 1,83  2.68 0.102 0.19 0.665 2.35 0.129
Soil X biota type X biota cond 1,84  0.08 0.778 0.04 0.841 1.76 0.188
Species X soil X biota type X biota cond 1, 84 1.44 0.230 415 0.044 4.65 0.034

Significant results (p <0.05) are in bold, marginally significant (p <0.1) in italic. Df represent Satterthwaite
approximation for degrees of freedom. The analyses are based on a subset of data excluding the sterilized
and the whole soil treatments. Results of the analyses of a full dataset are shown in Table S3

Soil conditioning (i.e. conditioning of the background
soil) negatively affected plant biomass, with no differences
between the two species (Table 2, Fig. S4). Type of soil
biota (i.e. soil filtrate, whole-soil inoculum, or whole soil)

had a significant effect on plant biomass and root-shoot ratio
(Table 2). In both cases, the values were the highest in soil
filtrate treatments, lower in whole-soil inoculum and the
lowest in whole soil (Fig. 3). The values were decreasing
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Fig. 3 Effect of type of soil biota on a plant biomass and b root-shoot
ratio across the two species. Bars and error lines represent mean + SE.
Bars that share the same letter do not significantly (p>0.05) differ
from each other after Tukey post-hoc tests. Dashed line represents

Type of soil biota

mean value in the sterilized treatment, signs above the bars indicate
whether the values differ from the sterilized treatment (***p <0.001,
*#p<0.01, ns p>0.05)
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roughly by 25% per treatment for biomass and by 15% for
root-shoot ratio. The effects did not differ between the two
species (Table 2).

Effect of conditioning of soil biota, i.e. whether the biota
(filtrate or inoculum) originated from unconditioned or self-
conditioned soil, on biomass and root-shoot ratio differed
between the two species (Table 2). When considering both
filtrate and inoculum together, the non-invasive species had
nearly by 30% higher biomass when grown with self-con-
ditioned biota compared to biota from unconditioned soil,
while the invasive species performed similarly with both
self-conditioned and unconditioned biota (Fig. 4a). The root-
shoot ratio of the non-invasive species did not differ when
grown with self-conditioned and unconditioned biota, while
the invasive species slightly, but significantly decreased its
root-shoot ratio when grown with self-conditioned biota.

The interaction of species, type of soil biota and con-
ditioning of soil biota was not significant for any of the
measures of plant performance (Table 2). The interaction
of species and treatment (comprising type and conditioning
of soil biota) was significant for seedling establishment in
the analysis using all treatments (Table S3). For the invasive
species, seedling establishment in presence of unconditioned
soil filtrate was approximately 10% higher (corresponding
roughly to one extra seedling emerged) than in self-condi-
tioned filtrate as well as the sterilized soil, but no differences
in seedling establishment among the treatments were found
for the non-invasive species (Fig. S5).

The interaction of species, soil conditioning, type of
soil biota, and conditioning of soil biota was significant
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for biomass and root-shoot ratio (Table 2). In presence of
self-conditioned soil filtrate, the non-invasive species had
higher biomass than in the unconditioned soil filtrate in
self-conditioned but not in unconditioned soil. The inva-
sive species had higher biomass with self-conditioned fil-
trate than with unconditioned filtrate in unconditioned but
not in self-conditioned soil (Fig. 5a). Root-shoot ratio was
lower in plants grown with self-conditioned soil inoculum
than with unconditioned soil inoculum in both uncondi-
tioned and self-conditioned soil for the invasive species,
but only in unconditioned soil for the non-invasive species
(Fig. 5b).

Determinants of plant performance

Structural equation models (Fig. 6) showed that the deter-
minants of plant performance in the whole soil treatment
differ between the invasive and the non-invasive species.
The non-invasive species responded negatively to bacte-
rial biomass and positively to fungal biomass and soil
nutrients levels, while the invasive species responded
positively to bacterial biomass and was not significantly
affected by fungal biomass or soil nutrients. While both
species responded negatively to AMF biomass, only the
invasive species significantly increased the AMF biomass
as it depleted soil nutrients (Fig. 6).
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Fig.4 Effect of conditioning of soil biota on a biomass and b root-shoot ratio of the two study species. Bars and error lines represent mean + SE.
Bars that share the same letter do not significantly (p > 0.05) differ from each other after Tukey post-hoc tests
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Discussion

In the present study, we compared plant—soil interac-
tions in the native range of two congeneric plant species
native to Europe that differ in their invasive status outside
their native range — invasive Cirsium vulgare and non-
invasive C. oleraceum. We showed that compared to its
non-invasive congener, the invasive C. vulgare more rap-
idly depleted nutrients from the soil, was less influenced
by availability of soil nutrients, and responded less posi-
tively / more negatively in terms of biomass and root-shoot
ratio to presence of self-conditioned soil biota compared
to unconditioned biota. The invasive species also had sig-
nificantly higher seedling establishment, which increases
its chances for successful invasion regardless of plant—soil
interactions. Our results suggest that plant—soil interac-
tions may play a role in the invasive potential of C. vulgare
and highlight that experimental PSF studies in the native

invasive

that share the same letter do not significantly (p>0.05) differ from
each other after Tukey post-hoc tests

range of species can improve understanding of processes
that regulate invasive plant populations.

According to our expectations, soils conditioned by the
invasive species had lower levels of soil nutrients, particu-
larly of available P, than soils conditioned by the non-inva-
sive species (Fig. 2). This is in line with previous research
showing that invasive species often exploit soil nutrients
more efficiently than non-invasive species (Dassonville
et al. 2008; Funk and Vitousek 2007; Sardans et al. 2017),
allowing them to gain competitive advantage over other
species. Importantly, the observed nutrient depletion in
soils conditioned by the invasive species did not lead to
a decrease in performance of the species (Fig. 5a, non-
significant difference between performance in self-con-
ditioned sterilized soil and unconditioned sterilized soil).
In line with that, the structural equation models showed a
lower sensitivity of the invasive species to soil nutrients
than the non-invasive species (Fig. 6). This means that the
invasive species copes better with altered nutrient levels,
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non-invasive species
R2=73%

bacterial biomass

AMF biomass

0.42

Fig.6 Structural equation models (path analysis) of soil characteris-
tics influencing biomass of the non-invasive (panels on the left-hand
side) and the invasive species (panels on the right-hand side). Red
arrows indicate negative relationships, blue arrows positive rela-

indicating its higher plasticity in response to nutrients, a
common feature of successful invaders (Burns 2004; Dae-
hler 2003; Funk 2008).

Biomass of both plant species decreased with increasing
richness of soil biota (i.e. biomass was lower in presence of
full soil biota from whole-soil inoculum than in presence
of partial biota from soil filtrate Fig. 3a), showing that the
negative effects of soil biota prevail over the positive effects,
as has been shown in previous research (van de Voorde et al.
2012; Wang et al. 2019b). The invasive species responded
more negatively to self-conditioned soil inoculum compared
to the unconditioned inoculum than the non-invasive spe-
cies (Fig. 5). This provides more opportunities for the inva-
sive species to benefit from enemy release when introduced
to the secondary range. These results are in line with the
finding of Zuppinger-Dingley et al. (2011) that potentially
invasive species are in their native range held in check by
more negative response to self-conditioned soil biota com-
pared to native species that do not become invasive else-
where. Interestingly, both species in our study benefited
from growth with self-conditioned soil filtrate compared to
the unconditioned filtrate (Fig. 5a), and this was more pro-
nounced for the non-invasive species. This result also helps
with explaining the differences in success of the two species
when introduced into a secondary range. When moving to
the secondary range, the plants are supposed to leave their
specialized soil biota behind and be mainly affected by the
local, less specialized biota. The invasive C. vulgare seem
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tionships. Solid arrows indicate significant relationships (P <0.05),
dashed arrows non-significant relationships (P> 0.05). Standardized
path coefficients are shown

to profit less from the specialized biota and thus has higher
chance to profit from the non-specialized one.

Root-shoot ratio of both species decreased with increas-
ing richness of soil biota (i.e. root-shoot ratio was lower in
presence of full soil biota from whole-soil inoculum than in
presence of partial biota from soil filtrate, Fig. 3b). In addi-
tion, the invasive species decreased its root-shoot ratio in
presence of self-conditioned inoculum compared to uncondi-
tioned inoculum (Fig. 5b), pointing to its greater sensitivity
to self-conditioned biota and possibly greater plasticity in
biomass allocation compared to the non-invasive species.
Since the size of root system determines the intensity of
interactions between plants and soil biota (Aldorfova and
Munzbergova 2019; Bergmann et al. 2016; Cortois et al.
2016), reducing allocation into root biomass in presence of
detrimental soil biota may serve as a protective mechanism
for the plants, minimizing the negative effects of soil biota
on plant growth. On the other hand, reduced allocation to
roots may have negative effect on plant growth in the long
term via reduced ability to absorb nutrients, in case nutrients
are limiting, and more research is thus needed to understand
the relationship between allocation to roots and plant—soil
interactions.

Seedling establishment was overall higher for the inva-
sive species and did not differ between whole-soil inoculum
treatment and sterilized soil for either species. Presence
of unconditioned soil filtrate, however, increased seedling
establishment of the invasive species (Fig. S5) compared to
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sterilized soil. This suggest that unconditioned biota from
the filtrate, i.e. biota that is not effectively specialized to the
species and is thus more likely to be encountered by the spe-
cies in the secondary range, benefit plant performance of the
invasive species in early stages of their life, but their positive
effect is counterbalanced by soil pathogens when grown with
self-conditioned biota from the native range. This, combined
with the high overall seedling establishment, may be another
factor contributing to the invasiveness of C. vulgare. How-
ever, our seedling establishment data were based only on 10
seeds sown per pot, so the results are not robust and should
be interpreted with this limitation in mind.

While we cannot say exactly which groups of soil biota
drive the changes in plant performance under individual
treatments (see Methodological constrains below), some
patterns were indicated by the structural equation models
(Fig. 6). The models showed that bacterial biomass had an
overall negative effect on the biomass of the non-invasive
species, but positive on the invasive species, suggesting that
the invasive species was less affected by bacterial patho-
gens and benefited more from bacterial mutualists. There
is a large chance that the species benefits from presence of
bacterial mutualists in the secondary range as well since
most mutualists are quite generalist (Bronstein 2003) and
invasive plants can often form mutualisms as effective or
even more effective in the new ranges than in the old range
(Parker and Gilbert 2007; Richardson et al. 2000).

The structural equation models (Fig. 6) further showed
that AMF had a net negative effect on both plant species.
Most studies find net positive effects of AMF on plants,
however, several other studies have reported negative effects
of AMF on plants (Janos 2007; Johnson et al. 1997), par-
ticularly in nutrient-rich soils such as the soil used in our
experiment. For the invasive species, biomass of AMF was
negatively correlated with level of soil nutrients (Fig. 6).
Since the invasive species depleted nutrients from soil more
efficiently than the non-invasive species, it also accumulated
more AMF (Fig. 2), which had net negative effect on its
further growth. Even though AMF have relatively low host
specificity, host preference in natural ecosystems has been
identified (Sanders 2003). Because AMF composition dif-
fers between world regions (Sturmer et al. 2018), chances
are that the invasive species leaves behind some of the AMF
when moving to the secondary range, which would further
contribute to its invasion success. However, since we do not
have data on AMF species composition or on the effect of
AMF on the species in its secondary range, this explanation
remains purely hypothetical.

Methodological constrains

Using our experimental design allowed us to assess changes
in soil chemistry and soil biota following soil conditioning

by the two species as well as to evaluate the effects of condi-
tioning the soil or its fractions on subsequent plant growth.
However, our approach had its limitations. For example, we
cannot say whether the differences in plant performance in
unconditioned and self-conditioned soil were due to the dif-
ferences in composition of the self-conditioned biota (i.e.
more specific enemies) or just their abundance since both are
likely to differ. We quantified the effects of overall bacterial,
fungal and AMF biomass on plant growth in the conditioned
soils and we compared plant performance in multiple treat-
ments including sterilized soil and soil with unconditioned
and self-conditioned filtrate or inoculum. However, we do
not know which groups of soil biota contributed the most to
the differences in performance under individual treatments,
since we did not study composition of soil biota in soil fil-
trate and soil inoculum separately.

A possible limitation of our approach is also that we did
not inoculate the soil with soil collected at natural localities
of the study species as usually done in PSF studies. Our soil,
therefore, included non-specific soil biota in the beginning
of the experiment which was transitioned into more species-
specific communities during the conditioning phase. How-
ever, even these more specific communities were still only
a subset of biota originally found in the mixture of topsoil
and sand and may thus not reflect soil microbial community
of either species in natural conditions. On the other hand,
the approach simulates the introduction of the species into
a new environment, which is what both our study species
commonly experience when colonizing disturbed habitats or
invading new sites, and use of the soil is therefore justified
in context of our study.

Conclusions

By comparing plant—soil interactions of globally invasive
Cirsium vulgare and its non-invading congener C. olera-
ceum, we showed that plant—soil interactions in their native
range may help to explain the differences in the invasive
success of the species. This invasive species is able to reduce
nutrients to lower levels but maintain its high performance
regardless of soil nutrient levels. While soil bacteria in
general have more positive effect on the invasive species,
the invasive species benefits less from growth with self-
conditioned biota transferred by soil filtrate compared to
unconditioned biota. On the other hand, it is relatively more
harmed by self-conditioned biota transferred by soil inocu-
lum. Since the self-conditioned biota is likely more special-
ized and, therefore, less likely to be present in the second-
ary range than the unconditioned biota, our results suggest
that the invasive species may benefit more from pathogen
release and at the same time suffer less from loss of spe-
cialized mutualists when transferred to the secondary range
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than the non-invasive species. Further studies considering
more complex interactions — such as experiments includ-
ing heterospecific plant—soil interactions (Bever et al. 1997)
along with conspecific plant—soil interactions studied here
or experiments combining plant—soil interaction treatments
with intra- and/or inter-specific competition treatments
(Dostalek et al. 2022; Lekberg et al. 2018; Shannon et al.
2012) — are needed to account for context dependency of
PSF studies and to provide a deeper insight into environmen-
tal constraints limiting performance of both species in their
native and secondary ranges.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-023-05329-6.
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