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Abstract
Invasive plants may outcompete and replace native plant species through a variety of mechanisms. Recent evidence indi-
cates that soil microbial pathways such as pathogen accumulation may have a considerable role in facilitating competition 
between native and invasive plants. To assess microbe-mediated pathways of invasion, we tested the impacts of invaded and 
non-invaded field soils on plant establishment using naturally occurring populations of the common Eurasian invader Cir-
sium arvense (Canada thistle) in Southern Ontario, Canada. Linked field and greenhouse experiments were used to quantify 
differences in the germinability and early growth rates of native plant species, depending on exposure to the microbial com-
munity in invaded or non-invaded soils. The invaded microbial community significantly reduced early growth rates for two 
of the seven native species surveyed, and decreased seed germination for another. In contrast, the germination and growth 
of invasive Cirsium were not affected by its own soil microbial community. These results demonstrate that the invasion of 
C. arvense can reduce the performance of some native plant species through changes to the soil microbial community. Dif-
ferent effects on different species suggest that this invader may also change the relative importance of certain natives in the 
invaded community. If these effects influence plant abundance in the field, microbially mediated interactions in the soil may 
aid the invasion of C. arvense and facilitate the disruption of invaded communities.
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Introduction

All plant species cultivate a unique community of soil organ-
isms (Bever et al. 1997; Bezemer et al. 2006), and, in turn, 
soil communities influence plants through complex networks 
of association that range along a continuum from mutualist to 
pathogenic (Johnson et al. 1997; Dickie et al. 2017). These feed-
backs between plants and soil biota have an important influence 
on plant success (Bever 1994; Bever et al. 1997; Kulmatiski 
et al. 2008; van der Putten et al. 2013; Kulmatiski et al. 2016) 

and can moderate interspecific competition (van der Putten and 
Peters 1997; Bever 2003) as well as alter plant community com-
position, diversity, and succession (Klironomos 2002; van der 
Heijden et al. 2008; Bever et al. 2012; Li et al. 2014). Such feed-
backs can also influence the success of invasive plant species: 
recent research indicates that interactions with soil microbes 
can both facilitate and inhibit plant invasions (Inderjit and van 
der Putten 2010; Dunn et al. 2012; van der Putten et al. 2013; 
Bardgett and van der Putten 2014; Dickie et al. 2017).

As well as directly affecting the invader itself, changes in 
soil biota caused by the introduction of a species may alter 
interactions between invasive and native plant species (van der 
Putten et al. 2007; Rodríguez-Echeverría et al. 2009; Inderjit 
and van der Putten 2010; Gibbons et al. 2017). Such changes 
in soil microbial communities in response to invaders may 
represent a critical, but still poorly known, impact of invasive 
species (Wolfe and Klironomos 2005). For instance, invasive 
plants may inhibit competitors through the accumulation and 
spread of pathogens to which native plants are susceptible 
(Eppinga et al. 2006). The influence of pathogen accumula-
tion on competition in plant communities is well-documented 
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(e.g., van der Putten and Peters 1997; Packer and Clay 2003; 
Reinhart and Callaway 2006), and an increasing number of 
studies have provided evidence for the importance of such 
effects in invasive plant systems (e.g., van Grunsven et al. 
2007; Mangla et al. 2008; de la Peña et al. 2010; Meng et al. 
2014—but see Del Fabbro and Prati 2015). The impacts of 
shared pathogens are also dependent on host susceptibility: if 
exotic plants are more susceptible to a given pathogen, accu-
mulation may instead limit their abundance via biotic resist-
ance (Nijjer et al. 2007; Diez et al. 2010). Invaders may also 
affect the soil communities upon which natives depend by 
disrupting native mutualisms (Stinson et al. 2006; Hale et al. 
2011; Dickie et al. 2014; Grove et al. 2017) or by promot-
ing their own (Callaway et al. 2004; Richardson et al. 2000; 
Moeller et al. 2015). Given the complex role of soil ecology 
in plant invasions (Dickie et al. 2017) and the limited number 
of systems in which ecologists have tested this (Li et al. 2014; 
Preston et al. 2016), the influence of soil microbial processes 
in many major plant invasions is unknown.

In this study, we test whether an abundant invader, Can-
ada thistle (Cirsium arvense (L.) Scop.—Asteraceae), may 
facilitate its own invasion by promoting a soil community 
detrimental to the regeneration of co-occurring natives. We 
focused on establishment characters, because in many cases, 
the population and community impacts of soil microbes are 
strongest during the critical early development stages of 
plants (Templeton and Levin 1979; Blaney and Kotanen 
2001; Packer and Clay 2003; Rasmussen et al. 2015; Crocker 
et al. 2016). We combine field and greenhouse experiments 
to investigate whether soils conditioned by Cirsium arvense 
reduce germination of competitors’ seeds or inhibit the 
growth of seedlings following germination.

Materials and methods

Study site and species

Field components of our experiments were conducted in 
old fields at the University of Toronto’s Koffler Scientific 

Reserve (KSR; 44°02′N 79°32′W), in King Township, ON, 
Canada. Greenhouse components were conducted at the Uni-
versity of Toronto, Mississauga, ON, Canada.

Our focal invader, the perennial herb Cirsium arvense 
(hereafter referred to as Cirsium) is a Eurasian native now 
present in most temperate regions globally (Moore 1975; 
Cripps et al. 2011; Guggisberg et al. 2012), and is consid-
ered one of the most damaging invasive plant species world-
wide (Tiley 2010). Cirsium has been present in North Amer-
ica for hundreds of years (Moore 1975; Holm et al. 1977) 
and is common at our study site. The effects of Cirsium on 
soil biota have received minimal attention, besides dated 
evidence indicating potential allelopathic effects (Bendall 
1975; Wilson 1981); however, Nunes and Kotanen (2018) 
have recently demonstrated that Cirsium is susceptible to 
negative soil feedback in the field.

The other species selected for study (Table 1) are common 
Ontario natives that frequently occur in habitats invaded by 
Cirsium, including old fields at our study site (though Lac-
tuca biennis is more typical of shaded sites, and Eutrochium 
maculatum occurs in wet areas). Due to the increased likeli-
hood of shared symbionts between closely related species 
(Parker et al. 2015), these natives were selected to span a 
range from phylogenetically distant to closely related Aster-
aceae confamilials of Cirsium. In summer and fall 2016, 
seeds were collected from multiple wild populations of these 
species across Southern Ontario, Canada. For each species, 
seeds from different populations were air-dried and mixed 
into one combined seed pool.

Soil sampling

In October 2016, field soil was sampled from eight sites 
(20 m × 20 m) at KSR. Sites were separated by at least 90 m 
as well as physical barriers such as streams, forests, wet-
lands, or roads. Within each site, soil was sampled to a depth 
of 15 cm from four points within 1 m2 plots, both inside 
(> 40 stems  m−2) and outside (zero stems within 2 m radius) 
Cirsium populations. These soil samples were, respectively, 
classified as either “invaded” or “non-invaded”. To reduce 

Table 1  Plant species used in 
experiments to assess the effect 
of growing in soil isolated from 
the invader Cirsium arvense on 
the germination and growth of 
co-occurring competitors

Species Family Status in Ontario Common name Experiment

Asclepias syriaca Asclepiadaceae Native Common milkweed Germination
Cirsium arvense Asteraceae Introduced Canada thistle Both
Erigeron canadensis Asteraceae Native Horseweed Growth
Eutrochium maculatum Asteraceae Native Spotted Joe Pye weed Growth
Lactuca biennis Asteraceae Native Tall blue lettuce Both
Monarda fistulosa Lamiaceae Native Wild bergamot Both
Poa pratensis Poaceae Native and introduced Kentucky bluegrass Both
Solidago canadensis Asteraceae Native Canada goldenrod Both
Symphyotrichum puniceum Asteraceae Native Purple-stemmed aster Both



621Oecologia (2019) 190:619–628 

1 3

contamination by wild seeds, the top centimetre of each 
sample was discarded. Samples were stored separately in 
ambient, outdoor conditions until use. Prior to immediate 
use, soil samples were sieved to remove rocks and large plant 
material.

Experiment 1: seed germination

A seed burial field experiment was used to investigate how 
Cirsium may impact the emergence of competitors from 
the seed bank. The survival of seeds in invaded and non-
invaded soils was assessed across eight sites, with a factorial 
soil fungicide treatment to test whether any effects could be 
explained by soil fungi. In addition to Cirsium, seven locally 
abundant native species were used: Asclepias syriaca, Lac-
tuca biennis, Monarda fistulosa, Poa pratensis (native in 
part), Solidago canadensis, and Symphyotrichum puniceum 
(Table 1).

In November 2016, recently collected seeds were mixed 
with 20 mL of sieved field soil in bags constructed from 
nylon stockings. Each bag contained 20 seeds from a single 
plant species (visually assessed for viability and not frozen 
before use) and invaded or non-invaded soil (the “invasion” 
treatment) from one of the eight sites. Seed bags were then 
saturated in either an aqueous fungicide solution or a water 
control in a factorial design, resulting in four types of soil 
in seed bags: invaded live, invaded fungicide, non-invaded 
live, and non-invaded fungicide. The fungicide used was 
Captan (2.4 g L−1 50% WP; TreeHelp, Toronto, ON; con-
centration as recommended by the manufacturer for seed and 
soil treatments). Captan is a broad-spectrum fungicide that 
has been successfully used in similar seed-protection experi-
ments (O’Hanlon-Manners and Kotanen 2004; MacKay and 
Kotanen 2008); in a separate trial, this fungicide was not 
found to have any direct, unintended effect on seed germina-
tion rates for any of the plant species used in this experiment 
(Supplement S-1). Although fungicide treatment is unlikely 
to kill all soil fungi (or other microbes), this represents a 
relatively long-lasting treatment for pathogen reduction, 
which is appropriate given the continuous exposure of seed 
bags to soil microbiota throughout this experiment.

These seed bags were then buried in the field to overwin-
ter for 6 months under natural conditions. This timing was 
established to mimic the natural duration of many seeds’ 
post-dispersal exposure to soil fungi. Each bag was buried 
two centimetres below the soil surface at the source of the 
original soil sample. At each site (n = 8), two replicate bags 
(n = 2) of each fungicide treatment (n = 2) were buried in 
both invaded and non-invaded areas. This design resulted 
in a total of 64 bags per species (n = 7), each containing 20 
seeds.

At the end of the 6-month burial period, seed bags 
were recovered from the field, excepting two containing 

Asclepias syriaca which could not be located. The contents 
of bags were spread over sterilized potting mix (Sunshine 
Mix #1, autoclaved for two 50-min cycles at 121 °C) in 
10 cm × 13 cm cells. Seedlings that had already germinated 
in their bags were removed and counted. Over an 11-week 
period, seeds were kept moist in a greenhouse (60% rela-
tive humidity, 14 h daily lighting, and 17/10 °C day/night 
temperature cycle). Emerging seedlings were removed and 
counted daily. The total number of germinated seeds was 
summed for each sample.

Experiment 2: seedling growth

We used soil sampled from field populations of Cirsium to 
estimate the feedback effect caused by natural conditioning 
of the soil (Bever et al. 1997; Kulmatiski et al. 2008; Pernilla 
Brinkman et al. 2010). In this greenhouse study, the growth 
of seedlings grown in soil conditioned by invasive Cirsium 
is compared with that of plants grown in non-invaded field 
soil. Soil sterilization was used to distinguish between biotic 
and abiotic effects of the conditioned soil community.

Seedling growth rates were measured for seven native 
species, plus Cirsium. Species were chosen based on germi-
nability under greenhouse conditions, as well as the criteria 
listed above. In addition to Cirsium, plant species used were: 
Erigeron canadensis, Eutrochium maculatum, Lactuca bien-
nis, Monarda fistulosa, Poa pratensis, Solidago canadensis, 
and Symphyotrichum puniceum (Table 1). Seeds from each 
of these species were surface-sterilized using 95% ethanol, 
cold stratified (4 °C) on moist filter paper for 5 weeks, and 
planted on sterilized potting soil. They were kept in spring-
like greenhouse conditions (60% relative humidity, 14 h 
daily lighting, and 17/10 °C day/night temperature cycle) 
which were maintained for the duration of the experiment.

Upon germination, seedlings at the cotyledon stage were 
individually transplanted into conical tubes (SC10L Super 
cells, 250 mL, Stuewe & Sons). To account for initial size 
differences, cotyledon leaf length was measured (mm) prior 
to transplanting. Any seedlings that died within 3 days of 
transplanting were replaced. Each container was filled with 
230 mL of sterilized potting soil and 10 mL of sieved field 
soil inoculum from a single site. This proportion of inocu-
lum represents about 4% of container volume; larger vol-
umes are more likely to introduce unwanted changes in soil 
composition (Vandegehuchte et al. 2010). Each inoculum 
was (1) derived from soil either invaded or not-invaded by 
Cirsium (the “invasion” treatment) and (2) either live or ster-
ilized by autoclaving (the “sterilization” treatment). Cross-
ing invasion × sterilization treatments resulted in four soil 
treatments: invaded live, invaded sterile, non-invaded live, 
and non-invaded sterile. These tests for both the soil-medi-
ated effects of invasion, and, by sterilizing half of each field 
soil treatment, for whether the observed impacts are biotic 
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or abiotic. Since beneficial mycorrhizae can be suppressed 
in relatively rich media such as potting mix (Schroeder and 
Janos 2004; Treseder 2004; Balzergue et al. 2013), these 
methods may underestimate their importance, but should be 
correspondingly sensitive to detecting effects of pathogens.

For each plant species tested, each combination of inva-
sion × sterilization treatments was replicated by field soil 
source (n = 6) and by blocks within the greenhouse (n = 10). 
Individuals were randomized within blocks at the time of 
transplanting, and blocks were re-arranged weekly within 
the greenhouse for the duration of the 45-day experiment. 
This design resulted in a total of 60 replicate seedlings per 
soil treatment (n = 4), per species (n = 8), for a total of 1920 
experimental units, each containing a single seedling.

Throughout the experiment, seedling height (mm) was 
measured every 10 days. At the end of the 45-day growth 
period, above- and belowground plant biomass were sepa-
rately harvested, dried at 60 °C for 48 h, and weighed (mg). 
Above- and belowground biomass measures were made 
twice for each individual seedling. Any individuals whose 
repeated biomass measurements varied by > 2 mg were 
re-weighed. All measurements were made blind to soil 
treatment.

Statistical analysis

Analyses were performed in R (version 3.4.1; R Core Team 
2017). In both experiments, plant performance measures 
were independently analyzed for each plant species.

Germination data

Prior to analysis, we assessed the normality and homosce-
dasticity of germination rate data and their residuals. Since 
germination data departed marginally from normality, log 
and square-root transformations were tested, but ultimately, 
the non-transformed data were closest to meeting model 
assumptions. Results should, therefore, be interpreted with 
some caution, although statistical analyses using alternative 
transformations and links (e.g., poisson, binomial, and log-
normal) produced similar results.

To test variation in germination rates between soil 
treatments, we applied generalized linear mixed models 
(GLMMs) for each species using restricted maximum like-
lihood (lme4 package, version 3.4.1; R Core Team 2017). 
Models contained four independent variables, with soil 
invasion status and fungicide treatment as fixed effects, and 
sample nested within site as hierarchical random effects. 
GLMMs were fit to germination data using the lmer function 
with a normal distribution and identity link. This model esti-
mates the size and direction of effect. Maximum likelihood 
ratio (LR) tests were then used to determine the significance 
of main effects and interactions.

Growth data

Due to a close linear relationship between above- and below-
ground biomass, we used total biomass as our primary meas-
ure of size. To meet assumptions of homoscedasticity and 
normality of residuals, total biomass data were square-root 
transformed. Results for S. canadensis growth should be 
interpreted with some caution, as square-root-adjusted bio-
mass still did not meet homogeneity of variance assumptions 
in this species.

Between-treatment differences in total biomass were 
assessed for each plant species using GLMMs with restricted 
maximum likelihood (lme4 package). Similar to the germina-
tion experiment, soil invasion status and sterilization treat-
ments were included in the model as fixed effects. Random 
effects were greenhouse blocks, soil sampling site, and initial 
size at transplanting. Data were again fit to the model using 
the lmer function (lme4 package) with a normal distribution 
and identity link, and ANOVA-based maximum LR tests 
were used to determine the significance of main effects and 
interactions.

Results

Seed germination

Both soil invasion status and fungicide treatment influenced 
germination; however, there were differences in responses 
among species (Fig. 1). Asclepias syriaca emergence was 
higher in fungicide-treated soil ( �2

1
 = 4.35, p < 0.05; fixed 

effect = 2.14 seeds), but not significantly affected by soil 
invasion status ( �2

1
 = 0.31, p = 0.58) or the interaction of 

fungicide and invasion treatments ( �2

1
 = 1.75, p = 0.19). In 

contrast, germination rates for Solidago canadensis were 
significantly higher in live soil ( �2

1
 = 4.43, p < 0.05, fixed 

effect = 2.38 seeds), and in invaded soil ( �2

1
 = 7.71, p < 0.01, 

fixed effect = 3.19 seeds). The interaction of fungicide and 
invasion treatments did not influence germination in this 
species ( �2

1
 = 0, p = 1). Soil invasion ( �2

1
 = 0.12, p = 0.73) 

and fungicide treatment ( �2

1
 = 2.03, p = 0.15) did not have 

significant main effects on germination of Lactuca bien-
nis; however, these treatments did significantly interact 
( �2

1
 = 5.21, p < 0.05; Fig. 1). Invasion status did not influ-

ence this species’ germination in live ( �2

1
 = 2.98, p = 0.08) 

or fungicide treatments ( �2

1
 = 1.73, p = 0.19). Similarly, in 

non-invaded soils, fungicide treatment did not influence ger-
mination ( �2

1
 = 0.58, p = 0.45). However, in invaded soils, 

L. biennis seedling emergence was significantly higher in 
samples treated with fungicide ( �2

1
 = 7.81, p < 0.01; fixed 

effect = + 4.63 seeds; Fig. 1). For Cirsium arvense, Monarda 
fistulosa, Poa pratensis, and Symphyotrichum puniceum, 
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invasion and fungicide soil treatments had no effect on ger-
mination rate (all p > 0.09; Fig. 1).

Seedling growth

Biomass data were square root transformed to meet assump-
tions of residual normality and homogeneity of variance in 
the analysis; however, for the reporting of results, these data 
have been back-transformed for clarity and interpretability.

Total plant biomass was significantly higher in sterilized 
soil for all species tested (p < 0.001; Fig. 2). However, the 
effects of random factors (soil sampling site, size at trans-
planting, and greenhouse block) differed among species 
(Supplement).

In four species, soil invasion positively affected biomass 
(Fig. 2). Relative to plants grown in non-invaded soil, the 
biomass of Cirsium plants grown in invaded soil was 20.4% 
higher ( �2

1
 = 7.03, p < 0.01) on average. Similar increases 

were observed in invaded soil treatments for species E. 

canadensis, E. maculatum, and L. biennis, where biomass 
increased by 17.5% ( �2

1
 = 6.06, p < 0.05), 29.2% ( �2

1
 = 5.79, 

p < 0.05), and 20.8%, respectively ( �2

1
 = 8.31, p < 0.01). This 

increase was not dependent on sterilization, as shown by the 
non-significant interaction of sterilization and invasion sta-
tus for these species (Cirsium: �2

1
 = 1.52, p = 0.22; Erigeron: 

�
2

1
 = 0.56, p = 0.46; Eutrochium: �2

1
 = 0.02, p = 0.89; Lac-

tuca: �2

1
 = 0.24, p = 0.62).

In contrast, for M. fistulosa and S. canadensis, soil inva-
sion status had no general influence on biomass (Monarda: 
�
2

1
 = 0.28, p = 0.60; Solidago: �2

1
 = 0.33, p = 0.57), but did 

significantly interact with sterilization treatments (Monarda: 
�
2

1
 = 10.29, p < 0.01; Solidago: �2

1
 = 5.13, p < 0.05). The 

effects of sterilization were, therefore, assessed inde-
pendently in both invaded and non-invaded soils using 
GLMMs and LR tests. Given the strong sterilization-asso-
ciated increase in biomass across all species and treatments 
(Fig. 2), it is unsurprising that sterilization significantly 
affected biomass in both invaded (Monarda: �2

1
 = 82.41, 

p < 0.001; Solidago: �2

1
 = 114.90, p < 0.001) and non-invaded 

Fig. 1  Effects of soil invaded by 
Cirsium arvense on seed germi-
nation of a Asclepias syriaca, 
b Cirsium arvense, c Lactuca 
biennis, d Monarda fistulosa, 
e Poa pratensis, f Solidago 
canadensis, and g Symphyotri-
chum puniceum. Germination 
was measured as the number 
of seeds that emerged out of 
20 seeds per sample. Bars 
display means (± SE; n = 16 per 
treatment combination) for the 
crossed effects of soil invasion 
status and fungicide treatment. 
Significant effects and their 
interactions, as indicated by 
generalized linear mixed mod-
els, are listed for each species
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soils (Monarda: �2

1
 = 22.25, p < 0.001; Solidago: �2

1
 = 60.52, 

p < 0.001). However, the magnitude of this positive steriliza-
tion effect appears to be larger in invaded soils (fixed effect: 
Monarda = + 170.5%; Solidago = + 255.0%) compared to 
that in non-invaded soils (fixed effect: Monarda = + 59.8%; 
Solidago = + 131.2%; Fig. 2).

The effects of invasion status were assessed indepen-
dently in both sterilized and live soils for these species. 
When the inoculum was sterile, plants grown in invaded 
soils had significantly (Monarda: �2

1
 = 7.53, p < 0.01; Soli-

dago: �2

1
 = 4.65, p < 0.05) higher biomass than those grown 

in non-invaded soils (fixed effect: Monarda = + 20.0%; 
Solidago = + 11.4%). However, when inoculum was live, 
there was a non-significant difference between biomass 
in invaded and non-invaded soils (Monarda: �2

1
 = 3.74, 

p = 0.053; Solidago: �2

1
 = 3.12, p = 0.077). This may sug-

gest contrasting impacts of invasion in live and sterilized 
soil (Fig. 2). Notably, if these marginally non-significant 

effects were significant, the impact of invasion on bio-
mass would be negative in live soils (fixed effect: 
Monarda = − 35.0%; Solidago = − 27.5%), which remains 
in contrast to the effect of invasion in sterilized soil.

Finally, soil invasion status did not significantly alter bio-
mass in P. pratensis ( �2

1
 = 2.57, p = 0.11) or S. puniceum 

( �2

1
 = 0.85, p = 0.36), nor did the interaction between inva-

sion and sterilization (Poa: �2

1
 = 2.39, p = 0.12; Symphyotri-

chum: �2

1
 = 1.72, p = 0.19).

Discussion

Recent evidence indicates that interactions between inva-
sive plants and soil biota have the potential to facilitate 
competition, alter native plant communities, and influ-
ence invasion (Dunn et al. 2012; Bardgett and van der 
Putten 2014; Dickie et al. 2017). Here, we demonstrate 
that the soil microbial community associated with invasive 

Fig. 2  Biotic effects of soil 
invaded by Cirsium arvense 
on seedling growth, measured 
as total dry biomass in plant 
species a Cirsium arvense, b 
Erigeron canadensis, c Eutro-
chium maculatum, d Lactuca 
biennis, e Monarda fistulosa, 
f Poa pratensis, g Solidago 
canadensis, and h Symphyotri-
chum puniceum. Bars display 
means (± SE; n = 60 per 
treatment combination) for the 
crossed effects of soil invasion 
status and sterilization treat-
ment. Significant effects and 
their interactions, as indicated 
by generalized linear mixed 
models, are listed for each 
species, except for the positive 
effect of soil sterilization which 
was significant (p < 0.001) for 
all test species
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Cirsium arvense negatively influences the germination and 
seedling growth of some native plant species, but not the 
invader itself. We also found evidence that the physical or 
chemical changes in Cirsium-invaded soils may positively 
impact certain species. Together, these differential effects 
on co-existing plant species have the potential to alter 
the composition of invaded communities, and possibly to 
increase abundance of thistle relative to more vulnerable 
competitors.

Effects of Cirsium on seed germination

Germination of L. biennis seeds was significantly reduced 
by the fungal soil community, as indicated by the improved 
germination of fungicide-treated seeds. This effect only 
occurred in invaded soils, implicating Cirsium-associated 
fungi as the cause. In contrast, germination of the other 
five native species tested (A. syriaca, M. fistulosa, P. prat-
ensis, S. canadensis, and S. puniceum), and of Cirsium 
itself, apparently was not altered by Cirsium-associated 
fungi. The reduction in L. biennis seed germination may 
be due to the accumulation of fungal pathogens in habitats 
invaded by Cirsium: the role of fungal pathogens in seed 
death is well-documented (Schafer and Kotanen 2004; 
Kotanen 2007; Mangla et al. 2008), and invader-induced 
changes to seed pathogen populations have also been 
shown (Orrock et al. 2012). Any such Cirsium-associated 
pathogens evidently did not affect germination of the other 
species tested; however, co-occurring plant species can 
differ strongly in their susceptibility to seed pathogens 
(Schafer and Kotanen 2004). L. biennis may be espe-
cially poorly defended, or may be particularly vulnerable 
to attack by a host- or habitat- specific fungus. L. bien-
nis is less likely than most of our experimental species to 
occur in old fields; possibly, it is less adapted to pathogens 
occurring there. In contrast with the habitat-dependence 
exhibited by L. biennis, germination of A. syriaca was 
improved by fungicide treatment in all habitats, not just 
sites dominated by Cirsium. This may indicate susceptibil-
ity to widespread pathogens not associated with Cirsium. 
Finally, germination of S. canadensis seeds was signifi-
cantly higher in invaded soils. This result was not influ-
enced by fungicide addition, suggesting that it may be due 
to abiotic effects such as greater soil nutrient availability 
in invaded areas (discussed further below), or possibly 
the effects of non-fungal soil biota (Nunes and Kotanen 
2018). Regardless of mechanism, the selective suppression 
or promotion of different plant species has the potential to 
alter the composition of invaded communities.

In this experiment, the measured impacts of soil fungi 
may have been conservative for a number of reasons. First, 
although Captan is a broad-spectrum fungicide (Torgeson 

1969), it is unlikely to be equally effective against all fungi. 
Second, seed bags were buried for a period of 6 months. 
Over this period, the concentration of fungicide likely 
declined as it leached from the seed bags or was degraded, 
though Captan can maintain efficacy even at low concentra-
tions (Gupta 2010). Third, the Captan concentration used 
was lower than in similar experiments (e.g., O’Hanlon-
Manners and Kotanen 2004; MacKay and Kotanen 2008), 
though it was the concentration recommended by the manu-
facturer for seed and soil treatments. For all of these reasons, 
the treatment used is unlikely to have completely excluded 
fungal pathogens, reducing the magnitude of observed 
effects. Finally, some of the seeds that failed to emerge may 
have been dormant rather than dead. We analyzed species 
separately to control for any interspecific variation in seed 
dormancy rates; nonetheless, any dormant seeds counted 
as non-emergent would make intraspecific treatment effects 
less pronounced.

Effects of Cirsium on seedling growth

Seedlings of all species tested grew significantly larger in 
sterilized soil, including those of Cirsium itself; there was no 
suggestion that the one exotic in our data set (Cirsium) was 
less susceptible to pathogens than its native competitors, in 
contrast with some other studies (e.g., van Grunsven et al. 
2007; Engelkes et al. 2008). The reduced growth in live soil 
treatments, observed for inoculum from both invaded and 
non-invaded sites, may be due to an overall negative effect of 
the soil microbial community. Negative effects such as these 
are common under natural conditions (van der Putten et al. 
1993; Bever et al. 1997; Klironomos 2002). It is worth not-
ing that soils with high nutrient concentrations can reduce 
plants’ mycorrhizal dependence (Schroeder and Janos 2004; 
Treseder 2004; Balzergue et al. 2013). Since nutrient-rich 
potting mix (Supplement) comprised 96% of growth soil 
volume in this experiment, the observed feedbacks may 
understate the positive impacts of mycorrhizal associations 
in live field soils, instead enhancing the detection of patho-
gens. However, Nunes and Kotanen (2018) have previously 
demonstrated negative effects of field soil biota on Cirsium 
arvense at this site. In principle, the observed effect of soil 
sterilization could also reflect unintended by-products of 
the autoclaving process, such as altered soil structure or 
increased nutrient availability (Berns et al. 2008); we added 
only a small amount (4%) of sterile or non-sterile inoculum 
to each pot to guard against this possibility.

Invasion by Cirsium had unexpected consequences for 
several species. Seedlings of four species (E. canadensis, 
E. maculatum, L. biennis, as well as Cirsium) grew slightly 
larger in treatments inoculated with Cirsium-invaded soil 
regardless of sterilization; this effect was small compared to 
the effect of sterilization, but still significant. Interestingly, 
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all four of these species are in the same family (Asteraceae), 
perhaps suggesting some phylogenetically conserved trait 
contributed to this response. This result is inconsistent with 
dated evidence that Cirsium can negatively affect neigh-
bours by allelopathy (Bendall 1975; Wilson 1981; Tiley 
2010). Instead, this suggests that invasion positively affects 
growth through an abiotic pathway. In principle, one pos-
sibility might be changes in the nutrient availability of Cir-
sium-invaded soils. Invasive species can alter soil nutrients 
by organic inputs such as leaf litter (Allison and Vitousek 
2004), or by altering the community of microbial decompos-
ers (Wolfe and Klironomos 2005); in either case, the abiotic 
legacy of these soil changes might persist despite soil steri-
lization. Alternatively, these results might indicate thistles 
preferentially grow in richer sites that provide more nutrient-
rich inocula: there is evidence that Cirsium prefers nutrient-
rich soils (Fairbairn and Thomas 1959; but see Locket 1946; 
Moore 1975). Nunes and Kotanen (2018) did find evidence 
in the field that Cirsium grows slightly better in proximity 
to conspecifics despite increased herbivore pressure, per-
haps indicating better soil quality in invaded sites. However, 
both these explanations seem unlikely in view of the small 
amount of inoculum used, and the close proximity and simi-
larity of the invaded and uninvaded sites sampled. Two plant 
species also showed evidence of a biotic effect of Cirsium 
invasion. Growth of M. fistulosa and S. canadensis seedlings 
depended on an interaction between sterilization and soil 
source: sterilization improved growth more in soils sam-
pled from invaded sites than it did in soils from uninvaded 
sites. This suggests that Cirsium may accumulate pathogens 
harmful to these competitors, as has been proposed for other 
invaders (Eppinga et al. 2006; Mangla et al. 2008).

Implications of invasion‑altered soil effects

The regeneration phase is critical for the population biol-
ogy of many plants, for which seed and seedling death 
often comprise the bulk of mortality (Harper 1977; Craw-
ley 2000). Together, our experiments found evidence of 
negative effects of soil biota on the germination of some 
species, and on the seedling growth of all. We also found 
evidence that these biotic effects were enhanced by the 
presence of soil conditioned by Cirsium for the germi-
nation of one species (L. biennis) and for the growth of 
two others (M. fistulosa and S. canadensis). Other species 
showed other responses, but in no case were the effects of 
soil biota improved by the presence of soil conditioned by 
Cirsium. For species that were not negatively affected by 
Cirsium-associated soil biota, we often found evidence of 
an unexplained abiotic benefit of invaded soils on growth. 
Even this effect may ultimately be the result of physical 

or chemical changes to soil caused by Cirsium-associated 
decomposers or mutualists.

Given the specificity of many plant–microbe asso-
ciations (Klironomos 2003; Aleklett et al. 2015; Lebeis 
2015), it is unsurprising that invasion-induced changes in 
soil biology affect plant species differently. Although we 
found evidence of an effect of Cirsium on only some of its 
potential competitors, this still implies that soil changes 
induced by this invader may impact the composition of 
communities it invades by differentially affecting differ-
ent species. Many other species in these diverse old-field 
communities may be impacted in ways that are similar 
to the effects observed in this study. In addition, one of 
the species that did experience a negative biotic effect, 
Solidago canadensis, is an extremely important matrix-
forming plant in these communities. Suppression of this 
species by Cirsium-associated microbes could significantly 
alter the character of these old-field communities.

Soil microbial changes might also affect invasion by 
Cirsium, both directly and indirectly. Although the micro-
bial community cultivated by Cirsium negatively affected 
at least some plant species, including the potential domi-
nant Solidago canadensis, Cirsium’s own performance was 
not reduced by its associated soil organisms. This could 
lead to a competitive advantage for Cirsium through appar-
ent as well as direct competition, consistent with models of 
disease-mediated invasion (Dunn et al. 2012). This study, 
therefore, contributes to the growing recognition of the 
potential importance of soil-mediated effects in plant inva-
sions (Callaway et al. 2004; Mangla et al. 2008; Dickie 
et al. 2017).
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