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Abstract Plant-soil feedback responses for native
and invasive plant species are well documented, but
little is known about how feedback effects from the
soil biota community affect plant interactions with
herbivores. Here we examine whether changes of the
soil biota community by the successful invader
Solidago canadensis influence growth and herbivore
susceptibility of two coexisting native plant species
(Tanacetum vulgare, Melilotus albus). Root zone soil
from two different habitat types (‘urban’ and ‘subur-
ban’) was collected and used as inocula in a plant-soil
feedback study. Each plant species was grown either
in its own soil biota community or with the commu-
nity with a history from the competitive invasive or
native plant species. To identify potential drivers of
responses to the different soil biota communities, we
analyzed root colonization by arbuscular mycorrhizal
fungi and dark-septate endophytes (DSE), and the
community composition of soil inhabiting nematodes
at the end of our experiment. Results show that S.
canadensis and M. albus were not affected by soil
history. In contrast, 7. vulgare showed increased plant
growth in ‘foreign’ soil derived from S. canadensis
root zone compared with its ‘home’ soil suggesting a
growth promotion by the soil biota community of S.
canadensis. From the examined drivers, the

C. Schittko (<) - S. Wurst

Dahlem Center of Plant Sciences, Freie Universitit Berlin,
Konigin-Luise-Str. 1-3, 14195 Berlin, Germany

e-mail: conrad.schittko@fu-berlin.de

abundance of DSE explained the growth response
of T vulgare to the S. canadensis soil biota commu-
nity best. However, shoot herbivory by banded snails
(Cepaea nemoralis, C. hortensis) was not affected by
soil history, but by the habitat type where the soil
inocula originated. Our study shows that a native
plant species may profit from the presence of an
invasive competitor mediated by changes in the soil
biota community.
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Introduction

The consequences of species invasions are of various
kinds, but they are generally recognized as a major
environmental problem which can change ecosystem
functioning and influence biodiversity on local and
global scales (Vitousek et al. 1996; Vila et al. 2007).
Plenty of theories are proposed to better understand the
mechanisms of the successful establishment and
spread of exotic plant species in native communities
(Catford et al. 2009). More recent work suggests that
interactions between plants and soil biota may play an
important role in the invasion process (Klironomos
2002; Wolfe and Klironomos 2005; Wurst et al. 2011).

The concept of plant-soil feedback has become
widely recognized and was also incorporated in the

@ Springer



1466

C. Schittko, S. Wurst

research on plant species invasions (Klironomos
2002; Callaway et al. 2004; Van Grunsven 2007).
The basic theoretical background of plant-soil feed-
back experiments is that plants first influence their
soil environment by affecting the composition of the
soil biota community and/or soil nutritional proper-
ties, which is called soil conditioning (Brinkman
et al. 2010). Then, effects of the previous condition-
ing are measured by assessing the soil effects on
subsequent plant growth. Most studies indicate that
native plant species show a negative soil feedback (i.
e. they perform better in soils that were not condi-
tioned by themselves), whereas exotics exhibit a
positive feedback (i.e. they perform better in soils
that were conditioned by themselves) (Klironomos
2002) or a less negative feedback than natives (Van
Grunsven 2007; Engelkes et al. 2008; Morrién et al.
2011). But there are also studies which found no
difference in the effect strength of plant-soil feedback
between native and exotic species (Dostdl and
Paleckova 2011), and studies which documented
negative soil feedbacks for successful invaders (Nij-
jer et al. 2007). By considering the numerous
examples of impacts of exotic plant species on soil
biota communities in their new ranges (Belnap and
Phillips 2001; Kourtev et al. 2002; Callaway et al.
2004), the idea of linking the plant-soil feedback
concept with the expansion of exotic plants becomes
obvious.

The majority of studies on exotic plant invasions
and interacting organisms have been conducted in a
strictly bi-trophic framework involving plants and
their respective antagonists or symbionts (Harvey
et al. 2010). Experimental studies with a multitrophic
perspective involving both, the above- and the
belowground compartment, are lacking in this field,
although a growing body of research highlights the
importance of interactions between above- and
belowground biota for plant performance (van der
Putten et al. 2001; Wardle et al. 2004; Soler et al.
2005; van Dam et al. 2005; Wurst and Rillig 2011).
As far as we are aware, only one study (Morrién et al.
2011) has looked at consequences of plant-soil
feedback for a higher trophic level, i.e. the interaction
of native and range-expanding plant species with
aboveground insect herbivores. The authors did not
find a correlation between the strength of above-
ground herbivory and the feedback from the soil. This
does not mean that plant-soil feedback effects and
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aboveground herbivory may not affect each other. A
recent study by Bezemer et al. (2013) showed that
herbivore presence during the soil conditioning phase
has an influence on the soil feedback effect in the
subsequent phase.

The present study links research on plant species
invasions with the plant-soil feedback approach by
integrating both below- and aboveground biotic
interactions. We investigated whether plant-soil
feedback effects facilitate the invasion of an exotic
plant by using one of the most dominant exotic
species in disturbed urban areas—Solidago canaden-
sis—and two of its native competitors as target plant
species. We used a natural experimental approach by
collecting field soil samples of known plant species
and using them as inocula for the feedback phase. A
strength of this approach is that it uses soils
conditioned by plants for long periods of time under
natural field conditions (Kulmatiski and Kardol
2008). Some studies have shown that interactions
between plants and soil microorganisms depend on
soil conditions (Marrs et al. 1991; Marschner et al.
2004; Bezemer et al. 2006). Even within a single soil
type, the biomass and activity of the soil microbial
community generally depends on soil fertility condi-
tions (Bardgett et al. 1999). In order to assess whether
the plant-soil feedback effects are persistent over the
range of different habitats in which S. canadensis is
able to become abundant, we took the soil samples at
sites of two different habitat types (‘urban’ and
‘suburban’). Besides assessing the effects of soil biota
history on plant biomass production (i.e. the classical
plant-soil feedback approach), we investigated the
effects of soil history on plant susceptibility to leaf
herbivory by snails, the only herbivores we regularly
found feeding on both S. canadensis and the two
native target plant species at the study sites. As far as
we are aware, only two studies have investigated
plant-mediated effects of soil biota on snails (Thomp-
son et al. 1993; Wurst and Rillig 2011), although
molluscs have been reported to be the second most
important herbivores after rodents in grasslands
(Hulme 1996).

To elucidate which component of the soil biota
community could have affected plant growth and leaf
herbivore attack we focussed on arbuscular mycor-
rhizal fungi (AMF) and dark-septate endopyhtes
(DSE) as two wide-spread root associated groups of
fungi, and on soil nematodes as potential drivers of
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the feedback effects. AMF may affect interactions
with aboveground herbivores, but investigations have
shown that there is a large amount of specificity and
context dependency in the outcome of these interac-
tions, reflecting the influence of fungus and host
plant, their genotypes, the insect species used, and
environmental factors (Hartley and Gange 2009). Not
much is known about the ecological role of DSE and
to which extent they interact with plants and other
plant colonizing fungi like AMF and fine endophytes
(Jumpponen 2001; Postma et al. 2007). They may act
as mutualists with positive effects on plant perfor-
mance (Newsham 2011). But because of the high
variability of their effects on plants, which may also
range from neutral to negative, it is assumed by some
authors that they stretch a continuum from mutualism
to antagonism (Jumpponen and Trappe 1998; Jump-
ponen 2001; Tellenbach et al. 2011). Impacts of root-
feeding nematodes on aboveground insect herbivores
are varying as well, depending for example on the
insect feeding guild (Wurst and van der Putten 2007;
Kaplan et al. 2009).

With a full factorial greenhouse study we aimed to
answer thus three major questions: (1) whether plant-
soil feedback effects facilitate the invasion of an exotic
plant in its new range and whether these effects are
persistent in two different invaded habitat types, (2)
whether feedback effects may cascade up to higher
trophic levels (i.e. shoot herbivores) and (3) if any of
the observed soil organisms (AMF, DSE and nema-
todes) may have contributed to the feedback effects.

Methods

We applied a method that differed from the known
approaches of plant-soil feedback experiments con-
ducted in other studies (Klironomos 2002; Callaway
et al. 2004; Van Grunsven 2007; see Brinkman et al.
2010 for a comparison). One approach (e.g. Kliron-
omos 2002) consists of a conditioning phase in the
greenhouse with the experimental plant species
growing twice in succession in pots and a subsequent
feedback phase with every plant species growing
either in ‘home’ treatment (plants growing in soil
with their own respective soil history) or ‘foreign’
treatment (soil with history of other plant species).
Other researchers obtained the soil directly from the
rhizosphere of the target plant species in the field

(Callaway et al. 2004; Van Grunsven 2007), sterilized
half of the soil volume and used the sterile and the
unsterile half as inocula for sterile background soil to
compare plant growth with sterile and unsterile
inoculation. The approach applied in our study is as
follows: soil sampling from the root zone of the
experimental plant species took place in the field; and
in a subsequent feedback phase in the greenhouse we
grew every plant species in sterilized background soil
inoculated with field soil with a history of its own
(‘home’) or of other plant species (‘foreign’). By
obtaining soil samples from the root zones of the
plant species in the field and using them for
inoculation, we assume that the conditioning phase
has already taken place in the field, thus a conven-
tional conditioning phase in the greenhouse is
unnecessary in our study.

Plant species

We tested the effects of plant-soil feedback on plant
growth and leaf herbivory by snails on three plant
species, specifically S. canadensis L. (Asteraceae),
Tanacetum vulgare L. (Asteraceae), and Melilotus
albus Medik. (Fabaceae). The Canada goldenrod S.
canadensis is a successful worldwide invader of
North American origin where it is a characteristic
species of tall-grass prairies, abandoned farmland,
infrequently grazed pastures, and waste land (Werner
et al. 1980). Introduced in the eighteenth century in
Europe, it began to spread in the nineteenth century
in Central Europe where it may become a highly
abundant species in a variety of habitats like aban-
doned fields and disturbed habitats in urban areas
(Kowarik 2003). Here it typically co-exists with
dense stands of 7. vulgare (tansy) and the more
dispersed occurring M. albus (white sweet-clover).
Both plant species are suggested to be native to
Eurasia (Turkington et al. 1978).

Soil sampling and site description

In July 2010, soil samples were collected for each
species at six sites across Berlin, Germany. Accord-
ing to the site surroundings, adjacent vegetation and
former land-use, the sites were classified as either
‘urban’ or ‘suburban’ sites. The three ‘urban’ sites
can be characterized as highly disturbed habitats with
a huge impact of human activity. The sites were used
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mainly as storage areas for building material during
the construction of nearby buildings or railroad
stations and have been abandoned at least 5 years.
The three ‘suburban’ sites were former agricultural
fields located in the middle of a forest (Grunewald)
on the outskirts of Berlin and thus remained free from
a tree layer unlike the surrounding forest vegetation.
The three ‘suburban’ sites have been abandoned at
least 10 years. It was relevant that sites of one habitat
type did not differ considerably among each other in
terms of environmental variables which may influ-
ence the composition of the soil biota community.
Therefore we took plant species composition as a
proxy for site environmental characteristics and,
eventually, selected three sites per area type that
did not differ evidently in plant species composition
and used them as replicate sites for the habitat type.
Only sites where all three target plant species
occurred with a population size of at least ten patches
of clonal colonies (in terms of S. canadensis and T.
vulgare) or ten individuals (in terms of M. albus)
were taken into account.

At each site we sampled soil from the root zone of
more than six different plant individuals or six
colonies of each focal plant species. Samples were
taken with a shovel to a depth of 30 cm while trying
to ensure that the sampling locations were only
impacted by the target species. To avoid interference
caused by the two other target species we only took
soil samples from locations with at least 5 m distance
to the two other target species. The soil was then
transferred to the lab, thoroughly homogenized
within sites and species, and then sieved through a
4 mm mesh to remove stones, coarse roots, and other
particles. For abiotic soil characterization pH was
determined on a subsample of each soil sample with a
pH meter. Another subsample was ground (Mill MM
2, Retsch, Germany) and the N and C content were
determined with a CN analyzer (Euro EA, HEKAtech
GmbH, Germany). An ANOVA detected no differ-
ences in pH between root zone samples of the three
plant species or the two habitat types (P > 0.05). The
C:N ratio did not differ between the root zone
samples of the different plant species, but it differed
significantly between the two habitat types
(P < 0.05), i.e. the soil inocula from the ‘suburban’
sites had a lower C:N ratio (on average 14.50 + 0.62
SE) than the soil inocula from the ‘urban’ sites (on
average 24.85 £ 3.17 SE).
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Experimental set-up

To keep abiotic soil conditions homogenous we used
steamed soil as background (steamed at 90 °C for at
least 3 h) and inoculated it with the collected root
zone soil samples. As background soil we used a
sandy loam soil (pH 7.1, C:N ratio 15.58) that was
collected from an old field located in Berlin-Dahlem.
Experimental 2 L plastic pots were filled with
1,840 £ 0.5 g of this mixture (1,405 g background
soil + 435 g inoculum). The experimental plants
were grown from seeds (Appels Wilde Samen GmbH,
Hesse, Germany) germinated on sterilized soil.

In August 2010 seedlings of the three target plant
species were transplanted into the pots with the
following treatment configuration. Native plant species
T vulgare and M. albus were growing in ‘home’ (sterile
background soil with soil inocula from 7. vulgare or M.
albus, respectively) and ‘foreign’ soil, where the sterile
background soil was inoculated with root zone soil of S.
canadensis, the invasive plant species. S. canadensis
itself grew respectively in ‘home’ soil (sterile back-
ground soil inoculated with root zone soil of S.
canadensis) or ‘foreign’ soil where the sterile back-
ground soil was inoculated with a 1:1 mixture from root
zone soils of both native plant species. By using that
mixture, we attained that S. canadensis had just one
‘foreign’ soil treatment (instead of two), because we
were interested in the difference between ‘home’ soil
versus native conditioned ‘foreign’ soil and not in pair-
wise species comparisons.

Soil of each of the 6 sites was inoculated to 10
individuals per plant species that were grown indi-
vidually in pots. Five out of these ten individuals
were grown in ‘home’ treatment and five in ‘foreign’
treatment, respectively, resulting in 60 pots per plant
species and 180 pots in total. During the whole
experiment the pots were kept in a greenhouse with
16 h light a day (~150 pE m > *"' PAR) and 22/18 °C
day/night temperature. Their position was completely
randomized twice a week.

Leaf herbivores

To examine how plant-soil feedback may cascade up
to higher trophic levels we used grove snail Cepaea
nemoralis (Linnaeus 1758) and white-lipped snail
Cepaea hortensis (O. F. Miiller, 1774) as leaf
herbivores. Individuals from both land snail species
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were collected in September 2010 on one of the
‘urban’ sites (Berlin-Siidkreuz). Both species are
native to Europe and among the most dominant
generalist herbaceous snail species in ruderal plant
communities in Berlin (personal observation). Both
species were selected after herbivore surveys on our
three target plant species. It turned out, that C.
nemoralis and C. hortensis were the only observed
herbivores on shoots of S. canadensis at the field
sites. After collection, snail individuals were kept in
plastic boxes at room temperature for 4 weeks and
fed with lettuce and cucumber. Nine weeks after
seedling transplanting the shoots of the experimental
plants were covered with perforated plastic bags and
two snail individuals (one from each species) were
added to the plants according to the following
pattern: Within each plant species and each habitat
type 12 pots (out of 30) received snail addition. Six of
these treated 12 plant individuals grew in ‘home’ soil
and the other 6 in ‘foreign’ soil, respectively. Before
the transfer, snails were starved for 3 days and
weighed afterwards with a precision balance. During
snail application plants were sprayed with water
every second day to increase humidity inside the
plastic bags. This was done to ensure that snails did
not fall in an inactive state in the greenhouse due to a
lack of air humidity. One day before harvesting the
aboveground biomass of the plants we removed the
snails and weighed them.

Harvest

Six weeks after snail addition shoots were harvested
at ground level and oven-dried at 50° C for 3 days.
The roots were carefully washed to remove soil
particles and oven-dried at 50° C. After drying,
shoots and roots were weighed with a precision
balance to determine dry weight. Hereafter we
performed statistical analysis on growth data (see
section below for details). In the case of any
detectable significant differences (P < 0.05) as a
response to our ‘home’ and ‘foreign’ soil biota
treatments within one of the three plant species, we
went on with analyses of the soil nematode commu-
nity composition and the percentage root colonization
with AMF and DSE. This was done in order to
investigate if one of these soil biota components
could have played a role in achieving the observed
feedback effect.

Nematode extraction

At harvest, 50 g soil were sampled from every pot
and stored at 4° C for a maximum of 6 days.
Nematodes were extracted from soil using Cobb’s
decanting and sieving technique (Flegg 1967). The
soil samples used for the extraction contained also
root material for the inclusion of root associated
nematodes into the analysis. After the extraction,
nematodes were preserved in 4 % formaldehyde
solution and kept at 4° C. They were counted, and
100 individuals per sample were classified to func-
tional groups according to feeding types (plant
feeders, fungal feeders, bacterial feeders and preda-
tors) after Yeates et al. (1993) by using a microscope
(400x magnification).

Root associated fungi

Root subsamples randomly collected from the total
root biomass were put in 10 ml 10 % KOH and
heated for 30 min to 90° C in a water bath.
Afterwards, the KOH was decanted, the roots were
rinsed with demineralized water and placed in 1 %
HCI for 5 min. After removing the HCL the roots
were covered with Trypan Blue staining solution and
heated again to 90° C for 15 min. For destaining the
roots were placed in lactoglycerol at room temper-
ature (Phillips and Hayman 1970). The roots were
checked for percentage root colonization by fungi at
200 times magnification using the magnified inter-
section method, by checking 100 intersections
(McGonigle et al. 1990). Hyphae associated with
arbuscules or vesicules, with irregular or none cross-
wall septation, and branching typically not at a right
angle were noted as AMF hyphae (Rillig et al. 1998).
Corresponding AMF structures (arbuscules, vesicles)
were counted as well. Darkly-pigmented, septate
hyphae together with clusters of inflated, rounded,
thick-walled cells (the sclerotia) within the root
cortical cells (Jumpponen and Trappe 1998) were
associated with DSE. Fungal structures that did not
follow these morphological traits were not noted.

Statistical analysis
Due to the imbalance of our experimental design and

the circumstance that we incorporated fixed and
random predictors that were also nested in each other,
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we used linear mixed-effects models for data ana-
lysis. All analyses were done in R (R Development
Core Team 2011) with addition of the ‘nlme’
package. We performed the full model with the fixed
factors being habitat type, soil history and leaf
herbivory. The sites were entered as a random factor
and were nested into the factor habitat type. The
model was performed on individual plant species
growth data (root, shoot, and total dry weight), AMF
data (% -AMF root colonization, arbuscules, vesi-
cules), DSE data (%-DSE root colonization), the
nematode data (total number and numbers of fungiv-
orous, bacterivorous, herbivorous, and predatory
nematodes) and on the weight gain of the snails.
Independent from the model we also performed a
single ANOVA to check for differences in total
biomass production between the three focal plant
species. If there was a matching pattern between the
plant biomass data and the colonization data of root
or soil associated organisms, we checked for a
relationship between them by performing a simple
linear regression with plant growth data as the
dependent variable.

Results
Growth of the experimental plant species

A significant difference in total biomass production in
‘home’ treatment compared to ‘foreign’ treatment
was only detected for native 7. vulgare. Plants
growing in soil inoculated with S. canadensis soil
biota performed better than plants growing in soil
inoculated with soil biota from the own root zone
(Figs. 1, 2b; Table 1). Besides the significant effect of
soil history on growth of 7. vulgare there was a
significant interaction between habitat type and snail
addition on shoot and total biomass production
(Fig. 2b; Table 1), i.e. the effect of snails depended
on the area where the soil was collected. Snails
affected the plants growing with soil inocula from
‘urban’ sites positively, but negatively when the
plants were growing with soil biota from the ‘sub-
urban’ sites.

Exotic S. canadensis treated with inocula from
‘suburban’ sites produced more aboveground biomass
(Fig. 2a; Table 1) than plants inoculated with biota
from ‘urban’ sites, while there was no difference in
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Fig. 1 Total biomass of S. canadensis, T. vulgare and M. albus
plants grown either in a ‘home’ or in a ‘foreign’ soil history
treatment (mean &+ SE, n = 15 per bar). ‘Suburban’ and ‘urban’
indicate the origin of the soil inocula that were used for the
experiment. P values for main and interaction effects are
derived from linear mixed-effects models

total biomass (Fig. 1). There were no effects of the
soil history (‘home’ vs. ‘foreign’), snail addition or
interaction effects between the three factors on the
growth of S. canadensis (Fig. 2a; Table 1).

There were also no significant effects of the habitat
type, the soil biota history or snail addition on the
growth of the native legume M. albus (Fig. 2c,
Table 1). In general, total biomass production of the
legume M. albus was 32.4 and 28.2 % higher than
total biomass production of S. canadensis and T.
vulgare, respectively (F = 27.20, P < 0.001, Fig. 1).

Herbivore performance

At the end of the experiment 141 of 144 snails were
recovered alive. Snail biomass on S. canadensis, T.
vulgare and M. albus plants increased on average by
0.53 % (SE = 1.41), 7.84 % (SE = 2.32) and 2.89 %
(SE = 1.67), respectively. Neither effects of the
habitat type or soil history were detected on the
weight gain of the snails.

Drivers of the soil feedback effect

There were no significant effects of the habitat type,
the soil biota history or snail addition on the
colonization rates of the different AMF structures
(hyphae, arbuscules and vesicles) of 7. vulgare plant
roots (Table 2). However, the root colonization by
DSE was significantly higher when plants were
inoculated with their own soil biota community than
when grown with the community of S. canadensis
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(Fig. 3, Table 2). Linear regression analysis indicated
that there was a significant negative relationship
between DSE colonization and shoot growth

<« Fig. 2 Shoot biomass production (mean £ SE) of invasive
plant species a Solidago canadensis and native plant species b
Tanacetum vulgare and ¢ Melilotus albus grown either with
their own soil biota (‘home’) or with soil biota from other
species (‘foreign’) and with or without snail addition (n = 9
without snails, n = 6 with snails). ‘Suburban’ and ‘urban’
indicate the origin of the soil inocula that were used for the
experiment. P values for main and interaction effects are
derived from linear mixed-effects models

(P < 0.01, R*> = 0.17) and total plant growth
(P < 0.01, R? = 0.12), but no relationship between
DSE colonization and root growth (P > 0.1,
R? = 0.01).

There were no significant main effects on the total
numbers of nematodes in soils from the 7. vulgare
pots at the end of the experiment. However, there was
a significant three-way interaction between habitat
type, history and snails on total nematode numbers,
and a significant interaction between habitat type and
history on the abundance of plant feeding nematodes
(Table 3). When plants were inoculated with soil
biota from the ‘suburban’ sites there were more plant
feeding nematodes in ‘home’ soil compared to the
‘foreign’ soil at the end of the experiment (344 + 98
individuals/100 g soil in ‘home’ compared to
150 + 33 in ‘foreign’ soil). With inoculation of
‘urban’ site soil biota the numbers of plant feeders
did not differ significantly between ‘home’ and
‘foreign’ soil (on average 206 =+ 35 individuals/
100 g soil).

Also snail addition to 7. vulgare plants signifi-
cantly affected the abundance of plant feeding
nematodes in the soil (Table 3). When plants
encountered snails the abundance of plant feeding
nematodes was lower (215 £ 45 individuals/100 g
soil) compared to the soil of plants without snails
(282 =+ 50 individuals/100 g soil).

Discussion

Despite the growing number of studies that highlight
the importance of a combined aboveground-below-
ground perspective on plant performance, little is
known about how plant-soil feedback affects plant-
herbivore interactions above the ground and the
invasion of an exotic plant into a native plant
community. We found that soil from the root zone
of the dominant invader S. canadensis facilitates the
growth of a native competitor plant species, which is
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Table 1 Results of linear mixed-effects models showing the
effects of habitat type (‘suburban’ and ‘urban’), soil history
(‘home’ and ‘foreign’) and snail addition (no snails added and

snails added) and their interaction on shoot and root biomass of
the three plant species

S. canadensis T vulgare M. albus

Shoot Root Shoot Root Shoot Root

F P F P F P F P F P F P
Habitat (A) 8.45 0.044 0.12 0.746 0.96 0.382 2.43 0.194 0.00 0.975 0.41 0.557
History (H) 0.88 0.352 0.83 0.367 4.92 0.032 1.18 0.283 0.86 0.360 1.04 0314
Snails (S) 0.00 0.961 0.54 0.464 0.07 0.788 0.06 0.806 0.32 0.572 0.03 0.856
A xH 0.29 0.590 0.72 0.400 3.45 0.070 0.40 0.530 1.69 0.201 0.16 0.691
A xS 0.29 0.591 0.23 0.630 4.81 0.034 1.26 0.268 0.93 0.339 1.89 0.176
HxS 3.11 0.084 3.14 0.083 2.53 0.119 1.30 0.261 1.24 0.272 1.01 0.320
AxHxS 0.07 0.790 1.15 0.289 0.53 0.472 0.28 0.596 2.99 0.091 0.00 0.956

Significant effects (P < 0.05) are in bold and marginally significant (P < 0.10) effects are in bold and italics

Table 2 Results of the linear mixed-effects models showing
the effects of habitat type (‘suburban’ and ‘urban’), soil history
(‘home’ and ‘foreign’) and snail addition (no snails added and

snails added) and their interaction on the colonization of AMF
hyphae, AMF arbuscules, AMF vesicles and DSE of 7. vulgare
roots

AMF-hyphae AMF-arbuscules AMF-vesicles DSE

F P F P F P F P
Habitat (A) 6.06 0.070 3.68 0.128 0.52 0.510 2.81 0.169
History (H) 0.03 0.863 0.00 0.982 0.08 0.772 4.63 0.037
Snails (S) 0.03 0.856 0.38 0.543 0.42 0.519 2.61 0.114
A xH 0.03 0.865 0.02 0.876 0.38 0.540 1.90 0.175
A xS 0.06 0.811 0.09 0.771 0.05 0.820 2.84 0.099
HxS 1.14 0.292 1.07 0.308 1.99 0.166 2.23 0.143
AxHxS 0.01 0.904 0.05 0.822 2.82 0.100 3.34 0.075

Significant effects (P < 0.05) are in bold and marginally significant (P < 0.10) effects are in bold and italics

a type of feedback that has been described as
heterospecific positive feedback (Perkins and Nowak
2013). However, the feedback effect from the
belowground compartment had no effect on the
herbivore interaction in the aboveground compart-
ment. Concerning the question which soil biota
fraction may be responsible for the plant-soil feed-
back effect, we found that the not well studied DSE
might carry over that part. In the following para-
graphs the aforementioned results will be discussed in
detail.

Soil feedback and plant growth

The native plant species 7. vulgare had a negative
growth response to its own soil biota community,
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while the exotic S. canadensis showed a slightly
positive soil feedback, though not significant. These
results agree with the general findings of other studies
(Klironomos 2002; Callaway et al. 2004; van Gruns-
ven et al. Van Grunsven 2007; Morrién et al. 2011)
which suggest that exotic plant species tend to exhibit
a positive or a less negative feedback than native
plant species. The better performance of 7. vulgare
with soil biota that were conditioned by S. canadensis
compared to growth with its own soil biota commu-
nity suggests that a native plant species may benefit
from the presence of a dominant exotic invader.
Personal observations of plant species abundance and
spatial occurrence on our study sites are consistent
with our experimental findings. The multi-stemmed
clonal colonies of both species occur frequently in
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Fig. 3 Effects of soil history (‘home’ and ‘foreign’) on the
dark-septate endophyte (DSE) colonization of 7. vulgare plants
grown in soil either with ‘suburban’ soil biota inoculation or
‘urban’ soil biota inoculation (mean £ SE, n = 15 per bar). The
P value for the soil history effect is derived from linear mixed-
effects models

immediate vicinity to each other and collectively
cover a high percentage of area on abandoned and/or
disturbed urban fields.

Potential facilitative effects mediated by changes
in the soil biota community among an exotic and a
co-occurring native plant species are rarely reported.
A meta-analysis by Suding et al. (2013) showed that
the growth responses of native species were often
greater in soil conditioned by native species than in
soil conditioned by exotic species. Further, the
majority of studies on S. canadensis deal with its
direct and indirect negative impacts on other plants
(Meiners et al. 2002; de Groot et al. 2007), soil
microbial communities (Zhang et al. 2009, Zhang
et al. 2010), pollinators (De Groot et al. 2007; Moron
et al. 2009), soil nematodes (Xu et al. 2011), and
generalist predators like carabid beetles (De Groot
et al. 2007). Positive aspects related with the
integration of S. canadensis to the Middle European
flora may be present as well, but are sparsely
reported. It is discussed, for example, whether its
opulent flowerage in late season increases the avail-
ability of nectar for honey bees in autumn (Kowarik
2003).

The lesser magnitude of the feedback effect
strengths detected in our study compared to others
could be attributed to differences in the methods

used. Generally the designs of plant-soil feedback
experiments can be distinguished by whether the
whole soil or a soil inoculum is sterilized and plants
grow thus with or without living soil biota (‘steril-
ization approach’), or whether plants grow in ‘home’
or ‘foreign’ soils with living soil biota derived from
other plant species (‘conditioning approach’). Com-
parative studies showed that the ‘sterilization
approach’ produces bigger effect sizes and is more
likely to yield significant results (Kulmatiski and
Kardol 2008; Brinkman et al. 2010), but the ecolog-
ical relevance is in our opinion less clear. Also the
treatment and origin of the inoculum seems to
influence the experimental outcome: A meta-analyt-
ical review by Kulmatiski et al. (2008) documented
that studies using soils conditioned under controlled
conditions showed stronger feedback effects than
studies using field-collected soils. Abiotic conditions
are likely to be different in the greenhouse compared
to natural field conditions, which might lead to
exaggerated feedback effects of soil biota on plant
growth, but may not reflect effect strengths appearing
in the field (Brinkman et al. 2010).

Influence of soil feedback on aboveground
herbivore interaction

We further were interested if plant-soil feedbacks
may cascade up to higher trophic levels above the
ground. However, soil history did not affect the
impact of snails on plant growth for all three plant
species. Thus, plant tolerance or resistance to above-
ground herbivores was not modified by feedback
effects caused by soil organisms. As far as we are
aware there are only two studies that have investi-
gated the individual and combined effects of
belowground organisms on plant growth and foli-
age-grazing snails (Thompson et al. 1993; Wurst and
Rillig 2011). Both studies focused on effects of
individual soil biota fractions (earthworms and
earthworms plus AMF in case of Thompson et al.
1993 and Wurst and Rillig 2011, respectively) on the
productivity, structure and diversity of experimental
grassland communities which makes the comparabil-
ity to the present study that focuses on plant-soil
feedback effects on individual plant species quite
low.

Consistent with the results of the present study,
Morrién et al. (2011), who investigated the impact of
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Table 3 Abundances (means and SE) of nematodes in 100 g
soil from pots with 7. vulgare plants (upper part) and results of
the linear mixed-effects models showing the effects of habitat

type (‘suburban’ and ‘urban’), soil history (‘home’ and
‘foreign’) and snail addition (no snails added and snails added)
and their interaction on the nematode abundances (lower part)

Habitat History  Snails Total PF BF FF P
Mean SE Mean SE Mean SE Mean SE Mean SE
Suburban  Home No 772.2 192.7 290.8 119.1 424.5 149.0 30.7 13.1 26.2 8.3
Yes 881.5 334.7 398.0 192.5 433.3 161.3 6.7 39 43.5 154
Foreign No 602.7 84.1 195.8 49.9 319.5 56.6 20.4 73 67.1 16.5
Yes 540.0 86.5 82.4 15.0 371.9 83.8 454 329 40.3 13.6
Urban Home No 667.2 85.4 234.0 79.4 264.3 63.9 15.3 7.5 153.5 55.8
Yes 519.8 156.4 89.0 35.1 261.0 82.9 19.1 13.1 150.6  50.0
Foreign No 872.0 131.6 291.6 69.8 426.8 55.5 26.7 7.7 1269 383
Yes 628.4 133.8 186.7 55.9 332.6 85.7 6.5 22 1026 244
Total PF BF FF P
F P F F P F P F P
Habitat (A) 0.01 0.922 0.07 0.811 0.56 0.495 0.75 0.437 12.88  0.023
History (H) 0.67 0.417  398.0 0.187 0.09 0.766  0.42 0.523 0.10  0.755
Snails (S) 0.00 0.981 6.62 0.014 0.88 0354  0.02 0.888 024  0.629
A x H 0.31 0.581 7.01 0.011 2.66 0.110  0.36 0.550 1.37  0.248
A xS 0.00 0.970 0.04 0.852 0.05 0.831 0.51 0.481 0.01 0.935
Hx S 1.43 0.237 0.41 0.525 0.57 0.453 0.23 0.632 037  0.548
AxHxS 4.29 0.044 0.01 0.925 2.20 0.146  3.16 0.083 0.03 0.859

Displayed are abundances and effects on the total numbers of nematodes and on the four different functional groups (PF plant
feeders, BF bacterial feeder, FF fungal feeders, P predatory nematodes)

Significant effects (P < 0.05) are in bold and marginally significant effects (P < 0.10) are in bold and italics

plant-soil feedbacks on aboveground insect herbi-
vores (aphids and locusts), found no correlation
between the strength of soil feedback and the effect
size of insect shoot herbivory using 15 plant species
in a greenhouse experiment. The authors argued that
the lack of any correlation may have resulted from
the independence and contrasting effects of the two
main plant defence pathways involved, i.e. the
jasmonic acid pathway and the salicylic acid pathway
(Beckers and Spoel 2006). In our study, the non-
significant interaction between soil history and snail
herbivory could also have been resulted from the
relative low effect size of the plant soil feedback
effects compared to other feedback studies (see
discussion above). Although effects of belowground
organisms on aboveground herbivores are well doc-
umented, the soil history did not modify plant
tolerance or resistance to aboveground herbivores in
the two studies on consequences of plant soil
feedbacks on higher trophic levels (our study and
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Morrién et al. 2011). This inconsistency may be due
to the fact that the soil feedback approach investi-
gates interactions of the soil biota community as a
whole and does not focus on individual components
of the soil biota community separately. The presence
of soil biota fractions with different ecological roles
(i.e. antagonism or mutualism) and their interactions
among each other may outweigh their individual
effects in the complex entity of a soil community
(Ladygina et al. 2010; Wurst et al. 2012).

Drivers of the soil feedback effect

In this study we aimed to investigate which soil biota
fraction may have been a causal driver of the detected
feedback effect. We suspected a group supposed to be
symbiotic (AMF), another one known to be patho-
genic and/or parasitic (plant feeding nematodes), and
a third one (DSE) with so far rather unclear
consequences on plant performance. Callaway et al.
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(2004) and MacKay and Kotanen (2008) showed that
symbionts were the dominant drivers of plant-soil
feedback, Agrawal et al. (2005), (Van Grunsven
2007) and Dostal and PaleCkova (2011) suggested in
contrast that pathogens might play the most important
role. Klironomos (2002), who studied effects of both
symbionts and pathogens in a series of experiments,
found that plants may benefit from positive feedback
with symbiotic AMF, which may be counteracted by
a negative feedback with soil pathogens. Since the
root colonization of 7. vulgare by AMF did not differ
between the ‘home’ and ‘foreign’ treatment in our
experiment, we have no indication that AMF played a
major role for the observed feedback effect, because
AMF root colonization and plant growth responsive-
ness are often positively related in non-leguminous
plant species (Wilson and Hartnett 1998). In contrast
to the study by Klironomos (2002), we used the
whole soil biota community and not isolates of AMF
and pathogens; therefore a potential positive effect of
AMF might have been counteracted by other soil
biota present in our set-up. Further, effects of AMF
on plant performance depend on the specific combi-
nation of AMF and plant species (Klironomos 2003)
and on the abiotic soil context in which the plant-
AMF interactions take place (Hoeksema et al. 2010).

In terms of soil nematode abundance and commu-
nity composition, we also have no indication that
nematodes were the responsible driver for the
detected feedback effect on 7. vulgare. No significant
differences in total nematode numbers and numbers
within the four functional nematode groups (plant
feeders, fungal feeders, bacterial feeders, predators)
between the ‘home’ and ‘foreign’ treatment were
detected at the end of our experiment. However, in
agroecosystems, the accumulation of plant species-
specific soil nematodes is a well-known phenomenon
and it is a crucial factor for the implementation of
crop rotation in agricultural practices (Agrios 2005).
In natural systems, negative plant-soil feedback
effects associated with nematode accumulation have
been described for sand dune communities (van der
Stoel et al. 2002). However, these effects were only
detected in absence of other soil organisms, i.e. not in
natural soil with a variety of interacting organisms.
The above-mentioned results suggest that soil nem-
atodes may have only minor impacts on the
development of plant-soil feedback effects in natural

soils, but existing data is still insufficient to draw
proper conclusions.

Based on the results of our study we suggest that
the worse performance of 7. vulgare in its own soil
compared to S. canadensis soil may be caused by
DSE. The colonization by this group of ascomycetous
anamorphic fungi, that colonize root tissues intracel-
lularly and intercellularly (Jumpponen 2001), was
significantly higher in ‘home’ soil compared to
‘foreign’ soil at the end of our experiment which
reflected the observed soil feedback effect on shoot
biomass. Consistently, data of an experimental
greenhouse study by Camenzind (2010) showed that
the individual root colonization of ten naturally
derived DSE isolates negatively affected growth of
T vulgare in four cases and neutrally in the other six
cases. The higher root colonization rates by DSE of 7.
vulgare grown with ‘home’ soil biota can either
indicate that the density of these fungi is suppressed
in the root zone of S. canadensis or enhanced in root
zone soil of Tvulgare. The first assumption is
supported by the findings of Zhang et al. (2009)
which show that S. canadensis can suppress soil
borne pathogenic fungi (Pythium ultimum and Rhi-
solani) through exudation of
allelochemicals. The second assumption—which pre-
dicts an accumulation of pathogens in the rhizosphere
of T. vulgare—is also possible but less likely, because
two other independent plant-soil feedback studies
(Petermann et al. 2008 and a yet unpublished study
by ourselves) whose set of plant species also
contained 7. vulgare documented a positive soil
feedback for this species. In both experiments the
‘foreign’ treatment soil of 7. vulgare was influenced
by other plant species than S. canadensis.

However, it is necessary to notice that it is still
poorly understood what ecological role DSE play and
to which extent they interact with plants and other
plant colonizing fungi like AMF and fine endophytes
(Jumpponen 2001; Postma et al. 2007). Because their
impacts on plant performance are highly variable—
even differing between different fungal strains and
isolates—it is assumed that they stretch a continuum
from mutualism to antagonism (Tellenbach et al.
2011). Future research on this relatively unknown
root colonizing fungi should include questions about
their role in plant-soil feedback, plant invasions, and
also in plant community composition.

zoctonia
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Herbivore effects on plant growth and soil biota

Interestingly, snail addition tended to increase shoot
biomass production of 7. vulgare (significantly) and M.
albus (marginally significantly) when plants were
growing with the S. canadensis soil community, but
only when the soil was inoculated with biota collected
from ‘urban’ sites. Compensatory growth following
herbivory is often reported as an indicator of tolerance
and plant response after tissue damage (Noy-Meir
1993; Wise and Abrahamson 2007; Ruiz-R et al. 2007).
The direction and magnitude of the net effect of
grazing on plant growth is assumed to depend on
conditions such as amount of green leaf area, number
of meristems, amount of stored nutrients and assimi-
lates, availability of soil resources, length of growing
season, and frequency and intensity of defoliation
(Noy-Meir 1993). The results of our study indicate that
soil biota history may be added to this list of influential
factors. Soil biota history dependent compensatory
shoot growth in response to snail herbivory was
detectable in 7" vulgare and M. albus with inoculation
from the ‘urban’ sites and in S. canadensis independent
of soil origin, respectively.

We found that when T vulgare encountered
aboveground snail attack the abundance of root
feeding nematodes in the soil was lower at the end
of the experiment compared to plants without snails.
Responses of soil nematode abundances to above-
ground herbivory have been also described by Fu
et al. (2001) in agroecosystems. They found that
numbers of bacterivorous and fungivorous nematodes
were affected by aboveground feeding by grasshop-
pers, but not the numbers of root feeding nematodes
as in our experiment.

Influence of habitat type

Although soil history did not affect snail herbivory, our
results show that soil biota communities from different
habitat types may differently influence plant interac-
tions with aboveground herbivores. Snails positively
affected 7. vulgare plants growing with soil inocula
from ‘urban’ sites, but had negative effects on shoot
biomass when the plants were growing with soil biota
from ‘suburban’ sites. This and the enhanced shoot
growth of S. canadensis with soil communities from
‘suburban’ sites indicate that the soil biota communi-
ties from ‘urban’ and ‘suburban’ sites differed in their
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abundance and/or composition. It is also possible that
the abiotic soil properties of the field-collected inocula
had an effect in our experiment, although we added it to
the same background soil to correct for differences in
abiotic conditions. The C:N ratio did not differ between
the root zone samples of the different plant species but
it differed significantly between the two habitat types.
The ‘suburban’ soil inocula had alower C:Nratio as the
‘urban’ soil inocula, which might explain the higher
shoot growth of S. canadensis with ‘suburban’ soil
inoculation due to higher availability of nitrogen.
However, there was no main effect of the habitat type
on the other two plant species. The interaction of
habitat type and snail herbivory on shoots of T_ vulgare
promotes the hypothesis that compositions and/or
abundances of soil biota differed between the two
habitat types. Bezemer et al. (2006) showed that effects
of soil biota communities on feedback effects are not
only plant species-specific but also may vary in
different soils.

Conclusion

Our plant-soil feedback study found evidence for the
impact of the history of the soil biota community on
the biomass production of one out of three experi-
mental plants. However, we could not show that this
effect cascades up to another trophic level by
affecting plant interactions with aboveground herbi-
Nevertheless, our study revealed two
interesting issues that should be taken into account
by future research: On the one hand we found that a
native plant species (7. vulgare) may benefit from the
presence of a dominant co-occurring exotic invader
(S. canadensis) mediated by changes in the soil biota
community. On the other hand our study puts a
relatively unknown group of soil organisms—the
DSE—in perspective to be a potential driver for
plant-soil feedback effects, and thus also for plant
competition and community composition.

vores.
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