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Soil legacies are typically examined for individual plant species, and we poorly
understand how soil legacy effects created by entire plant communities influence plant
growth. We used soils collected from a biodiversity field experiment to examine how the
soil legacy effects of plant diversity influence the growth of a focal plant species. In the
field, we experimentally assembled and maintained grassland communities (0, 1, 2, 4,
or 9 species) for two years. We collected soil from all plots and examined the growth
of Jacobaea vulgaris in these soils under controlled conditions, and compared this to
the performance of individuals that were planted directly in the plots. J. vulgaris was
not part of the species pool used in the biodiversity experiment, but commonly occurs
in the area. To disentangle different components of the legacy effects (soil nutrients
vs. soil biota), in the pot experiment we tested the effects of plant growth in pure field
soil and in sterilized background soil inoculated with live or with sterilized field soil. We
found a weak positive legacy effect of plant diversity on J. vulgaris root biomass, but
only in pure field soil and not in the inoculated treatments. Interestingly, for individuals
planted in the field plots, plant biomass was negatively related to the diversity of the
surrounding plant community but this was mainly due to high biomass in bare plots.
In the pot experiment, plant biomass also varied among soils collected from different
monocultures. Soil fungal community composition was not affected by the diversity of
the plant community, but the biomass of the plants grown in pots with pure field soil
correlated with fungal composition. The biomass of plants grown in pure field soil was
also positively correlated with nitrogen availability in the soil, and negatively with the
cover of three plants species in the communities. In conclusion, our study does not
provide strong evidence for an important role of plant diversity on soil legacy effects on
J. vulgaris, and shows that for this plant species, performance is related to both the
biotic and abiotic characteristics of the soil in which it grows.

Keywords: biodiversity, Jacobaea vulgaris, plant-soil feedback, soil biota, plant species richness, soil
fungi, T-RFLP

INTRODUCTION

Plants can alter the biotic and abiotic conditions in the soil, and this can affect other plants that
grow later in this soil. Most studies that examine these plant-soil interactions have examined the
impacts of an individual species, via its effect on the soil, on the performance of another plant in
pot experiments (Kulmatiski et al., 2008). In natural communities such as grasslands, plants do not
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grow in isolation but interact with other plants. An important
caveat in our understanding of the role of plant-soil interactions
in natural plant communities is that we poorly understand how
entire plant communities influence the soil, and, in turn, how
these soil legacies influence plants that grow later in this soil
(Bever, 2003; Petermann et al., 2008; Bever et al., 2010; van der
Putten et al., 2013; Bennett et al., 2019).

Plant species vary greatly in how they influence the soil. In
mixed plant communities the impact of a plant species on the
soil will depend on how strongly this species influences the soil,
but also on the abundance of this plant species in the community,
on the identity of the other species that also influence the soil, as
well as on the characteristics of the soil. Hence, it is very difficult
to predict how soil legacy effects created by different plant
communities will influence the growth of other plants in the soil.
It is well known though, that different plant communities harbor
unique soil communities (e.g., Bezemer et al., 2010; Heinen et al.,
2018), and that these soil communities can differentially affect
plants that grow later in the soil (e.g., Kardol et al., 2006).
Whether this also depends on the number of species that make
up the plant community is less well-understood. Most studies
that examine the relationship between plant diversity and soil, so
far, focus on the role of soil biota in driving diversity-ecosystem
function patterns (e.g., Kulmatiski et al., 2012; but see Wurst
et al., 2015). Various plant biodiversity experiments have shown
that the number of species in a plant community is related to
the diversity, composition and functioning of organisms in the
soil (e.g., Wardle et al., 2003; Eisenhauer et al., 2010; Lange
et al., 2015). Several studies have also shown that soil pathogens
build up in soil of monospecific plant communities resulting in
conspecific legacy effects (e.g., Maron et al., 2011; Schnitzer et al.,
2011). Likewise, accumulation of pathogens that are less species-
specific could give rise to heterospecific soil legacy effects. These
changes in soil biota can result in positive relationships between
the richness of the plant community and the performance of a
plant when it grows in the soil of that community (Wurst et al.,
2015; Luo et al., 2016). The opposite may be true for beneficial
soil organisms such as mycorrhizal fungi.

While soil biota are a common mechanism of soil mediated
effects between plants (e.g., Wardle et al., 2004; van der Putten
et al., 2013), changes in nutrient availabilities, allelochemicals or
other soil abiotic properties can also be a mechanism (Reynolds
et al., 2003; Ehrenfeld et al., 2005; Perkins and Nowak, 2013;
Bennett and Klironomos, 2018). Such negative effects could
be strongest in monocultures and be diluted in mixed plant
communities and hence also changes in abiotic soil conditions
could result in a positive relationship between the plant diversity
of a plot and the performance of plants that grow in the soil
collected from these plant diversity plots.

Jacobaea vulgaris is a native plant species in the Asteracaea
family. It occurs in varying densities in natural grasslands in
Western Europe and is an important nectar source for numerous
insects (Harper and Wood, 1957). For plants grown in pots
we have previously shown that this species is highly sensitive
to soil legacies created by other plant species (van de Voorde
et al., 2011). Typically growth of J. vulgaris is reduced in soils
conditioned by other species, compared to growth in sterile soil

(Jing et al., 2015). Interestingly, these negative species-specific
legacy effects are reduced when the soil is mixed with soil from
other plant species, probably due to diluting the effects of e.g.,
soil pathogens, or allelopathy caused by specific plant species (van
de Voorde et al., 2011). Hence, we may expect a positive effect
of plant diversity on the overall negative soil legacy effects that
influence this species (sensu Luo et al., 2016).

In this study we examine legacy effects of soils collected from
grassland plots in which the diversity of the plant community was
manipulated and maintained at levels of 0, 1, 2, 4, or 9 species
per plot. The legacy effects were assessed using the phytometer
plant J. vulgaris. This species was not present in any of the plots
in which we maintained plant diversity and hence we tested how
soil legacy effects of plant diversity influence the performance of
a new species that colonizes the community. To evaluate to what
extent the potential legacy effects were caused by soil biota we
examined J. vulgaris performance in a pot experiment with pots
filled with soil collected from the field plots and in pots filled with
a standard sterilized background soil and inoculated with 20%
live or sterilized soil from the field plots. After establishment of
the plant communities in the field, in each plot we also planted
J. vulgaris seedlings, and measured their performance in the field.
This enabled us to compare the soil-mediated diversity effect on
J. vulgaris observed in pots and the performance of this species in
the field inside the diversity plots. Finally, to gain further insight
on soil biota in comparison with soil abiotic properties as drivers
of legacy effects, we measured the fungal community and we
determined abiotic characteristics such as nutrient availability,
organic matter and pH in the soil from each plot.

Specifically we examine:

(i) the soil legacy effect of plant diversity on the growth of
J. vulgaris

(ii) the relationship between the abundance of plant species in
the community and the soil legacy effect on J. vulgaris

(iii) whether the diversity-soil legacy relationship depends on
the sterilization or inoculation treatments and how this is
related to soil biotic and abiotic characteristics

(iv) how plant growth of J. vulgaris in pots filled with field soil or
in pots inoculated with field soil is related to plant growth
in the soils in the field.

MATERIALS AND METHODS

Plant Species
Jacobaea vulgaris Gaertn. is a biannual or short-lived perennial
plant that commonly occurs in natural and semi-natural areas
throughout Europe and Asia. As is characteristic of Jacobaea
(Senecio) species J. vulgaris contains pyrrolizidine alkaloids
known to deter generalist insect herbivores (Cheng et al., 2011).
Pot experiments carried out in our lab have shown that J. vulgaris
exhibits a strong negative conspecific plant–soil feedback but
that plant growth also responds to soil legacy effects created by
other plant species and that these effects range from positive
to strongly negative (van de Voorde et al., 2011). Experimental
J. vulgaris plants for this study were grown from seeds collected
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from a single natural plant population from the area surrounding
the grassland site in which the biodiversity experiment was
carried out (Mossel, Ede, The Netherlands). J. vulgaris naturally
occurs in this area.

Biodiversity Experiment
To study how the diversity of the plant community influences
soil legacy effects we used an established biodiversity field
experiment. For a detailed description of the experiment
see Kostenko et al. (2012). In brief, in the summer 2008,
seventy plots (3 × 3 m) separated by 1-m-wide paths were
established in a fenced area within a former arable field that was
restored to natural grassland (Mossel, Ede, The Netherlands). In
September 2008, the plots were sown with a single plant species
(monocultures) or with mixtures of 2, 4, or 9 species randomly
chosen from a pool of 12 local grassland species that naturally
co-occur in the studied area (Supplementary Table S1). Jacobaea
vulgaris was not sown. Plots with the same species composition
were replicated twice using a complete randomized design.
There were 12 monocultures (one for each plant species), nine
combinations of two species, 11 combinations of four species,
and three combinations of nine species. One legume (Trifolium
arvense), one forb (Tripleurospermum maritimum), and two
grass species (Agrostis capillaris and Anthoxanthum odoratum)
established poorly in monocultures, although these species were
present in the mixed communities. The monocultures of these

four species were therefore excluded from the analyses. Four plots
were kept free of all plants. In the sown plots, the sowing density
was 4,000 seeds per m2. The sown species composition was
maintained by hand weeding from the beginning of the growing
season (late April) until the end of the growing season (late
August) and paths between plots were regularly mown during
each growing season. The experimental site was fenced to exclude
large vertebrate herbivores.

At the end of August 2009, one year after sowing and after the
different plant diversity treatments had established for one entire
season, 25, 8-week-old J. vulgaris rosettes (5 cm diameter) were
planted in a regular grid of 0.3 × 0.3 m in the central 1.2 × 1.2
m square of each plot. The rosettes were grown from surface-
sterilized seeds (1 min in 2% sodium hypochlorite solution and
rinsed with water) germinated on glass beads and transplanted
into seedling trays filled with sterilized potting compost in a
greenhouse (21/16◦C day/night, 16 h photoperiod). The resident
plant community around the rosettes of the J. vulgaris plants
was not removed in order to test the effects of the surrounding
community on the establishment of J. vulgaris seedlings. In bare
plots, no other plants than the 25 J. vulgaris plants were present.

Soil Collection
In each plot, 25 soil cores (15 cm deep, 5 cm diameter)
were collected in a regular rectangular grid 2 years after the
establishment of the experiment. The soil cores were not taken

FIGURE 1 | Schematic overview of the experimental setup. Soil was collected from field plots that differed in plant diversity (0, 1, 2, 4, 9 species) and the legacy effect
of these soils on J. vulgaris was determined in a pot experiment (pure field-conditioned soil; sterilized background soil mixed with live inoculum; sterilized background
soil mixed with sterilized inoculum). The effects were compared to the performance of J. vulgaris planted in the plots (left photo shows J. vulgaris in a bare plot).
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underneath or in direct vicinity of the J. vulgaris plants. The
soil collected from each plot was stored individually in a plastic
bag and transported to the laboratory 1 h after collection. In
the laboratory, the soil samples were pooled per plot and sieved
through a 0.5 cm mesh. Then, each soil sample was split in three
subsamples: (1) A subsample of 1.0 g homogenized soil. This
subsample was stored at −20◦C for molecular analysis. (2) A
subsample of 100 g soil. This subsample was oven-dried at 40◦C
and sieved (4 mm mesh size) to be used for chemical analysis. (3)
The remaining soil was kept in a 4◦C climate chamber for several
days before using it for the soil legacy bioassay.

Soil Legacy Bioassay
Seeds of J. vulgaris plants were surface sterilized (1 min in
2% sodium hypochlorite solution and rinsed with water) and
germinated on glass beads. Pots (800 ml) were filled with: (1)
800 mg of field-conditioned soil (“Field soil” treatment); (2) 160 g
of field-conditioned soil mixed with 640 g (1:4 inoculation ratio)
sterilized background field soil (“Live inoculum” treatment);
(3) 160 g of sterilized field-conditioned soil mixed with 640 g
sterilized background field soil (“Sterilized inoculum” treatment).
Additionally, 10 pots were filled with 800 mg of sterilized
background field soil (“Sterilized background soil” treatment;
Figure 1). Background soil was collected from the grassland area
surrounding the experiment (Mossel, Ede, The Netherlands).
Sterilization of soils was achieved using gamma irradiation
(>25 KGray, Isotron, Ede, The Netherlands). The difference
between the live inoculum treatment and the sterilized inoculum
treatment is an indication for the biotic soil legacy effect.
The field soil treatment shows the overall legacy effects of
plant diversity, while the comparison of the live and sterilized
inoculum treatment with the 100% background soil treatment
shows the effects of inoculation (Figure 1). The soil collected
from each plot was kept separate and was used to fill two
pots for each of the three treatments, resulting in 420 pots (70
plots × 3 treatments × 2 replicates per plot). One J. vulgaris
seedling was transplanted into each pot. Seedlings that died
during the first week of the experiment were replaced. Pots
were randomly located within a greenhouse (21/16◦C day/night,
relative humidity 50–60%, 16 h photoperiod). Natural daylight
was supplemented by 400 W metal halide lamps (225 µmol
m−2 s−1 PAR). Plants were watered three times per week and
randomly rearranged within the greenhouse once a week. After
8 weeks of growth, shoots were clipped; roots were carefully
removed from the soil and rinsed. Shoot and root biomass of
each pot was then oven-dried (70◦C for 3 days) and weighed.
Two root samples from the “live inoculum” treatment were lost
during this process. These samples were not included in the
statistical analyses.

Plant Measurements in the Field
In August 2010, all J. vulgaris plants were at the rosette stage. To
estimate the size of the J. vulgaris plants in the field, we collected
two random plants per plot and measured their shoot and root
biomass and the number of rosette leaves and the length of the
longest leaf. For all remaining J. vulgaris plants we recorded the
number of rosette leaves and the length of the longest leaf. Then,

based on the number of rosette leaves, the length of the longest
leaf and the biomass of the collected plants, we constructed a
model to predict the aboveground plant biomass (g) of all field-
grown plants (for details see Kostenko et al., 2012). Furthermore,
in August 2010 we determined the cover of all sown species
in three squares (1 × 1 m) along a diagonal transect in each
experimental plot.

Molecular Analysis of the Soil Fungal
Community
The composition of the fungal community in the soil collected
from each experimental plot was determined by T-RFLP
(Terminal restriction fragment length polymorphism) analysis.
Total DNA was extracted from 0.5 g frozen soil (−20◦C) with a
Power Soil DNA isolation kit (MOBIO laboratories, Inc.) using
a bead beating system. DNA quantity was checked using 1.5%
agarose gel electrophoresis. The ITS region of the fungal rDNA
was amplified by PCR using the primers ITS1F (White et al.,
1990) and ITS4 (Gardes and Bruns, 1993), which were labeled
with FAM and NED respectively. The PCR reaction contained
13.8 µl Milli-Q, 2.5 µl 10× Fast Start High Fidelity Reaction
Buffer (Roche Diagnostics), 2.5 µl DNTP Mix (2mM each), 2.5 µl
ITS1F-6FAM primer (10 µM), 2.5 µl ITS4-NED primer (0.2
µM), 0.2 µl Fast Start High Fidelity Enzym Blend (5 U/µl) (Roche
Diagnostics) and 1 µl template DNA. PCR program conditions
were 5 min at 95◦C, 34 cycles of 30 s at 95◦C, 40 s at 55◦C
and 1 min at 72◦C, followed by 10 min at 72◦C before cooling.
PCR product presence and quality were verified on 1.5% agarose
gels prior to restriction digestion. Two restriction enzymes, HhaI
and TaqαI (New England Biolabs, Ipswich, MA, United States),
were used to digest dual end-labeled DNA amplicons. A mixture

TABLE 1 | Effects of plant species richness, soil conditioning treatment, and their
interaction on root and shoot biomass of J. vulgaris plants in the pot experiment.

DF F P

Bare plots included (0–9 species)

Root biomass

Plant species richness 1, 64 2.34 0.13

Soil treatment 2, 128 73.10 <0.0001

Interaction 2, 128 2.67 0.073

Shoot biomass

Plant species richness 1, 64 0.53 0.47

Soil treatment 2, 128 148.08 <0.0001

Interaction 2, 128 0.84 0.44

Bare plots excluded (1–9 species)

Root biomass

Plant species richness 1, 60 0.53 0.47

Soil treatment 2, 120 67.83 <0.0001

Interaction 2, 120 3.06 0.050

Shoot biomass

Plant species richness 1, 60 3.23 0.077

Soil treatment 2, 120 154.74 <0.0001

Interaction 2, 120 0.35 0.70

Analyses were carried out with and without bare plots.
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containing 3.5 µl ddH2O, 1 µl buffer, 0.1 µl Bovine Serume
Albumin, 5 µl PCR product and 0.4 µl restriction enzyme was
incubated at 37◦C (HhaI) or at 65◦C (TaqαI) for 3 h, and
inactivated at 80◦C for 20 min. Restriction products were purified
using ethanol precipitation. Fragment length polymorphism
analysis was performed on an automated 3130 Genetic Analyzer
sequencer (Applied Biosystems) with GeneScan-500 LIZ, Applied
Biosystems as a size standard. Samples which were over- (highest
peak > 80,000 rfu) or under-loaded (highest peak < 1,000 rfu)
were re-run with an adjusted concentration. Peaks were aligned
to TRFs among the samples by applying a clustering threshold of
0.5 bp. Only peaks higher than 0.2% of the sum of all peaks in a
sample were included.

Abiotic Soil Characteristics
Concentrations of plant available mineral nitrogen (NH4

+ and
NO3

−), potassium (K) and magnesium (Mg) in the soil samples
were determined colorimetrically in 1:10 (w/v) 0.01 M CaCl2
using a Traacs 800 autoanalyser (TechniCon Systems Inc.,

Oakland, CA, United States). The C:N ratio in soil samples
was measured on a FlashEA 1112 Series NC soil analyzer
(Thermo Fisher Scientific, Waltham, MA, United States). pH
was measured in 2:5 dry soil:water suspensions. The percentage
organic carbon (C) was determined according to Nelson and
Sommers (1982). Soil organic matter was determined by the loss-
on-ignition method. Approximately 5 g of soil was oven dried
at 105◦C for 16 h and weighed. The sample was then burned
at 550◦C for 5 h and weighed again. Soil organic matter was
calculated as the percentage weight loss between the oven-dried
and burned samples. Total plant available phosphorous (P) was
determined according to Olsen et al. (1954) and absorbance was
measured at 720 nm (Supplementary Table S2).

Data Analyses
To examine the soil legacy effects of plant diversity on the growth
of J. vulgaris plants we used mixed-effects models with plant
community diversity (0–9 species) and soil treatment (field soil,
live inoculum, sterilized inoculum) as fixed effects. Plant diversity

FIGURE 2 | Response of J. vulgaris to plant diversity. Shown are means (± SE) of all diversity levels (left panels) of shoot biomass (top panels) and root biomass
(bottom panels) of J. vulgaris plants growing in pure field soil, in sterilized background soil mixed with live or sterilized inoculum; and for each diversity level (right
panels). The solid black line with dashed lines represents the biomass (mean ± SE) of plants grown in sterilized background soil.
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was transformed as log2(species richness + 1). We included plot
identity as a random effect to incorporate that multiple pots
were filled with soil collected from the same plot. Individual
comparisons within each soil treatment were based on a Tukey
HSD test. We repeated this analysis by excluding the bare plots.
The effect of plant diversity on soil nutrients was analyzed using
a general linear model with plant diversity as a log-linear factor
[log2(species richness + 1)] and bare plots included or excluded
from the model for all plots. Monoculture plots were compared
using a general linear model with plant identity as a fixed variable.
Univariate analyses were performed in R statistical language, ver.
3.4.3 (R Core Team, 2017).

The presence/absence matrix of T-RFLP fingerprints
was analyzed using correspondence analysis and canonical
correspondence analysis (CA and CCA) and the combined
abiotic soil characteristics with principle component and
redundancy analysis (PCA and RDA, centered and standardized
data) in CANOCO version 5.03 (Šmilauer and Lepš, 2014).
Significances in multivariate analyses were inferred by Monte
Carlo permutation tests (999 permutations).

The association between the performance of the plants grown
in the field-conditioned soil and plants grown in the field
plots, as well as the relationship between plant growth and
the cover of different species in the plant communities was
analyzed using a Spearman rank-based correlation test. The
association between the performance of the plants grown in
the field-conditioned soil and fungal community composition of
the soil was analyzed using CCA with forward model selection
procedure. Finally, the association between the performance of
the plants grown in the field-conditioned soil and soil nutrient

composition was analyzed using multiple linear regression
analysis with a stepwise model selection algorithm by AIC.
In the latter two tests plant species richness was included as
continuous covariate.

Structural Equation Modeling
Structural equation modeling (SEM, Shipley, 2002) was used
to examine the strength of pathways linking soil legacies of
plant diversity with the performance of J. vulgaris plants in
the greenhouse bioassay. The conceptual model, presented
in Supplementary Figure S1, considered direct effects of
plant species richness on the performance of J. vulgaris
and indirect effects via changes in soil nutrients or changes
in fungal community composition. Plant species richness
was included as a fixed continuous factor to incorporate
the continuity of plant species richness in the analysis. We
examined in separate models the “field soil” treatment, the
“live inoculums” treatment, and the “sterilized inoculums”
treatment and did this separately for root and shoot biomass.
For multivariate variables (soil nutrient composition, soil
fungal TRF composition) the first axis of a Principle
Component Analysis (PCA) or Correspondence Analysis
(CA) respectively was used in the SEM analysis. Plant
biomass was log transformed prior to the SEM analysis.
All variables used in the SEM were observed variables.
Structural equation modeling was carried out using the
lavaan package in R. All final models provided good fit to the
data (Supplementary Table S4). Additional information about
the SEM procedure is presented in the Supporting information
(Supplementary Table S4).

FIGURE 3 | Classified plot diagram (CCA) of soil fungi and soil abiotic characteristics (RDA) depicturing the separation of plots defined by the plant diversity
treatment. For fungi score scaling is focused on T-RFLP scores. Symbols represent the individual plots (blue circles – plots without sown vegetation; purple
squares – one species plots; green diamonds – two species plots; black rectangles – four species plots; red circle – nine species plots). Triangles represent the
average relative composition of plots belonging to individual levels of a plant diversity (0, 1, 2, 4, 9 plant species). The distance between the triangles approximates
the average dissimilarity of the plots with a certain diversity level as measured by their chi-square distance.
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RESULTS

Soil Legacy Bioassay
There was a significant effect of the three soil treatments on
shoot (Table 1 and Figure 2) and root biomass of J. vulgaris
(Table 1 and Figure 2). Plants produced least shoot biomass
when grown in field soil and the highest shoot biomass in
sterilized background soil inoculated with sterilized inoculum
independent of the plant diversity treatment (Table 1 and
Figure 2). Root biomass was also lowest in pure field soil
(Table 1 and Figure 2). When bare plots were excluded from
the analyses, root biomass was higher in the soil of high diverse
plant communities but this was only true for the pure field soil
treatment (significant interaction; Table 1 and Figure 2). Shoot
biomass also tended to increase in soils originating from plots
with higher plant diversity but this effect was not significant
(p = 0.077; Table 1 and Figure 2). Biomass of J. vulgaris did
not differ significantly between soils from different monocultures
(Supplementary Figure S2 and Supplementary Table S2). Root

and shoot biomass of the potted plants was larger in legume soils
than in grass or forb soils but only in pots with pure field soil
(Supplementary Figure S3).

Soil Characteristics
The composition of the fungal community was not affected
by the diversity of the plant community growing in the soil
(pseudo-F = 1.1, P = 0.141; Figure 3). However, there was a
clear discrimination of the fungal community composition
of the bare plots, the fungal community composition of the
low diversity plots (with one and two plant species), and the
fungal communities of the highest diversity plots (with four
and nine plant species; Figure 3). The fungal composition
varied between monocultures (pseudo-F = 1.1; P = 0.004;
Supplementary Figure S4). Individual soil abiotic characteristics
did not vary significantly between the diversity treatments or
among monocultures (Figure 3 and Supplementary Table S3).
Multivariate analyses (RDA), however, showed that the
composition of the soil abiotic characteristics varied significantly

TABLE 2 | Relationship between the performance of plants (root and shoot biomass) from the three soil treatments (field soil; live inoculum; sterilized inoculum), and
performance of plants grown in the field experiment, fungal community composition, and soil nutrient composition.

Field soil Live inoculum Sterilized inoculum

Shoot Root Shoot Root Shoot Root

Bare plots included

Biotic variables

Field-grown plants 0.45*** – 0.22 – 0.12 –

Fungal community 2.6*** 1.9 – – – –

Abiotic variables

pH – – ↑5.13* – – –

P (mg·kg−1) 3.17 2.68 ↑3.23 ↓4.73* 2.45 –

K (mg·kg−1) – – – – – –

Mg (mg·kg−1) – – 2.26 – 2.73 –

Mineral N (mg·kg−1) ↑15.94*** ↑46.85*** – – – –

Nitrogen (%) – – 2.56 – – –

Carbon (%) – 2.70 – – – –

Organic matter (%) – 3.19 – 2.10 – –

Bare plots excluded

Biotic variables

Field–grown plants 0.50*** – 0.22 – 0.13 –

Fungal community 2.8*** 2.1 – – – –

Abiotic variables

pH – – ↑5.93* – – –

P (mg·kg−1) 3.21 2.42 – ↓4.40* – –

K (mg·kg−1) – – – – 2.05 –

Mg (mg·kg−1) – – 2.46 – ↓6.07* –

Mineral N (mg·kg−1) ↑17.64*** ↑51.32*** – – – –

Nitrogen (%) – – – – – –

Carbon (%) – 3.53 – 2.00 – –

Organic matter (%) – ↑4.07* – – – –

F-values are shown of the final models based on CCA with the forward selection procedure for fungal community and multiple linear regression with a stepwise model
selection algorithm by AIC for soil characteristics; and Spearman’s rank correlation rho’s for shoot biomass of the field grown J. vulgaris plants. Analyses are carried out
with and without bare plots. Asterisks indicate significant relationship at ***P < 0.001; *P < 0.05; the absence of asterisks indicates no significant relationship; – indicates
that the variable was not included in the final model. ↑ indicates positive relationship and ↓ negative relationship.
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between monocultures (F = 1.80; P = 0.019), but not between
diversity levels (Supplementary Figures S5, S6).

Relationship Between J. vulgaris
Performance in Field Plots and in Pots
Shoot and root biomass of field-grown plants generally declined
with increasing plant diversity but this was mainly due to the large
size of plants in the bare plots where there was no competition
with other plants (Supplementary Figure S7). The shoot biomass
of J. vulgaris plants grown in field soil in the greenhouse positively
correlated with the shoot biomass of the plants grown in the field
(Table 2 and Figure 4), but this correlation was not significant for
plots with the highest level of diversity (Figure 4). There was no
relationship between the biomass of field-grown plants and plant
growth in pots with inoculated field soil (Table 2).

Direct and Indirect Effects of Biotic and
Abiotic Soil Characteristics on Plant
Growth
The shoot biomass of potted plants grown in pure field-
conditioned soils significantly correlated with the fungal
community composition and with soil nutrients (Table 2). The
SEM analysis revealed that soil abiotic and biotic characteristics
were related. In the field soil treatment, shoot biomass of potted

plants was related to plant diversity and fungal community
composition (Figure 5). Root biomass of potted plants grown
in field soil, instead, was only influenced by soil abiotic
characteristics (Figure 5). Plant biomass in the inoculated soils
was not influenced by abiotic or biotic soil characteristics nor by
plant diversity, except for an unexpected relationship between
soil fungal composition and shoot biomass in the sterilized
inoculum treatment (Supplementary Figure S8).

Relationship Between J. vulgaris
Performance in Pots and Cover of Sown
Species in the Field
The biomass of potted J. vulgaris plants grown in field soil
negatively correlated with the cover of several plant species in
the plots from which the soil was collected (particularly, Achillea
millefolium, Hypochaeris radicata, and Leucanthemum vulgare),
but this relationship was not significant for plants grown in
inoculated soils (Supplementary Figures S9, S10).

DISCUSSION

In this study, we examined the soil legacy effects of plant diversity
on the focal plant J. vulgaris. With our design, we tested the biotic
and the overall soil-mediated effects of plant diversity on plant

FIGURE 4 | Relationships between shoot biomass of plants grown in the field soil treatment and plants grown in the field in the biodiversity plots, for the different
levels of diversity (1, 2, 4, or 9 plant species). R is the Spearman rank correlation coefficient, p-values are based on a Spearman rank correlation test.
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FIGURE 5 | Structural equation model testing the direct and indirect effects
(mediated by the changes in soil abiotic characteristics or soil fungal
community composition) of plant diversity on J. vulgaris root and shoot
biomass in pots with pure field soil. Soil was collected from the field
experiment with plots with plant communities that differed in diversity (0, 1, 2,
4, 9 species). Plant species richness was included as fixed continuous factor.
For soil abiotic and fungal communities we included the first axis of a
multivariate analysis of all soil abiotic characteristics or fungal TRF peaks
respectively. The arrows show significant relationships (black = positive,
gray = negative), dashed arrows indicate non-significant relationships. The
explained variance is also presented and the significance (∗P < 0.05;
∗∗∗P < 0.001).

growth of J. vulgaris, and compared this to the performance of
J. vulgaris planted in communities with different diversity levels.
We observed that in the pot experiment there was a trend for
a positive legacy effect of the diversity of the plant community
on J. vulgaris root biomass, but this effect was only present in
the field soil treatment. Similar results were observed in a study
where genetic diversity of a single species was manipulated (Luo
et al., 2016). That study focused on effects of inoculated soil and
the authors concluded that dilution of pathogens was the likely
mechanism (Luo et al., 2016). Other studies have shown that
high species diversity reduces the inhibitory effects of soil biota
in plant communities (Hendriks et al., 2013; Yang et al., 2015;
Guerrero-Ramírez et al., 2019).

One of the questions that we set out to examine is how the
diversity-soil legacy relationship depends on the sterilization or
inoculation treatments. The results show that the diversity effect
was only significant in the pure field soil treatment, and not in
the inoculated treatments. Hence, our study provides no support
for the role of soil biota in the legacy effects of plant diversity. It is
interesting to note that sterilization of soil from high diverse plant
communities (nine plant species) did not affect the root biomass
of J. vulgaris while sterilization of soil from the communities with
lower plant diversity (1, 2, or 4 plant species) enhanced J. vulgaris

root biomass (Supplementary Table S5), similar to the results
reported by Luo et al. (2016). This indicates that suppressive
(biotic) effects may have been present in the low diversity soils
but further research is needed to confirm this.

In our study, plant biomass was higher in pots with soil from
plots in which only legumes had grown but this was only true
in pots filled with pure field soil and not in the inoculated soil.
Legumes live in symbiosis with nitrogen fixing rhizobacteria and
we hypothesize that the observed effects were due to nitrogen
availability, even though we did not detect differences in nitrogen
availability in the soil chemical analysis among monocultures.

Soil legacies can be due to a myriad of changes in the
soil that are caused by the first plant or plant community
and then influence a second plant (Kulmatiski et al., 2012;
Wurst et al., 2015). In this study, we examined the plant-
diversity mediated effects on soil fungal composition and soil
chemical properties. We expected that the build-up of species-
specific fungal pathogens would be high in monocultures
and be diluted with increasing plant diversity and that these
pathogenic fungi would also negatively affect J. vulgaris at
high densities in the soil. Hence, we expected a positive
relationship between biomass of J. vulgaris and plant diversity.
Earlier studies have shown that soil legacy effects on J. vulgaris
can be explained by soil fungal composition (Bezemer et al.,
2006; Wang et al., 2019). In our study, soil fungal community
composition was not strongly affected by the diversity of the
plant community but it was significantly related to the biomass
of J. vulgaris when the plants were grown in the pure field
soil. However, plant biomass was also positively related to
nitrogen availability in the soil, highlighting that it is unlikely
that soil legacy effects on plant growth can be explained by
a single factor, and that most likely it is a combination of
many components that change in the soil (e.g., changes in soil
fungi and changes in nitrogen availability). It is important to
note that the abundance of specific fungal species or groups
of fungi in the soil will be much more important for plant
growth than the composition of the entire fungal community.
Future studies, therefore, should examine the effects of different
fungi on plant growth and the absolute abundance of these
fungi in the soil.

The diversity of the plant community can greatly affect plant
performance (Tilman, 1997; Scherber et al., 2003; Agrawal, 2004)
and these effects can be driven by changes in the soil (Maron
et al., 2011; Kulmatiski et al., 2012). Interestingly, and in contrast
to the potted plants, in the field, the growth of J. vulgaris
plants tended to be negatively related to the diversity of the
surrounding plant community, however, this was mainly due to
high biomass in the bare plots. Previous work on J. vulgaris has
shown that this ruderal species is strongly negatively affected by
interspecific plant competition (McEvoy et al., 1993). Clearly, the
J. vulgaris plants in the field were influenced by the effects of
neighboring plants both above- and belowground on light and
space availability, as well as by the changes in soil characteristics
such as nutrient availability or e.g., soil pathogens caused by
these neighbors. Our results indicate that plant diversity may
negatively affect the performance of new colonizing plant species,
i.e., invaders, that establish in these communities, as shown
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by other studies (e.g., Hooper et al., 2005; Maron and Marler,
2008). However, for J. vulgaris this is mainly due to increased
competition with other plants in more diverse communities,
probably due to an increase in overall plant density in more
diverse communities as a result of more complete use of resources
due to niche differences between species (Scherber et al., 2010;
Sun et al., 2014). Evidence from our study suggests that this
diversity effect is not due to soil pathogens. It is important to
note that we measured the performance of J. vulgaris plants
at the rosette stage both in the field and in the greenhouse
experiment and it is possible that the soil legacy effects of plant
diversity will be greater when plants reach the flowering stage
(Dudenhöffer et al., 2018).

An important question is whether soil mediated effects
measured in potted plants can be extrapolated to plant growth
in the same soil under field conditions (Heinze et al., 2016). In
this study, we detected several relationships between growth of
potted and plants that grew in the field plots. While this suggests
that soil factors can explain the growth of J. vulgaris and that
results from potted experiments can be extrapolated to plant
performance in the field, we note that there are many differences
between plants grown in pots and plants grown in field plots and
that comparisons should be made with great caution.

We did not detect differences between the effects of the
monoculture soils on plant performance. Several other studies
carried out with soil collected from the same area have shown
that the performance of J. vulgaris depends greatly on the identity
of the species that grew previously in the soil. Some of these
studies tested this with soil collected from potted plants (e.g.,
van de Voorde et al., 2011), but others have shown such effects
with field collected soil from monocultures (e.g., Kos et al.,
2015). It is possible that the period of 2 years of conditioning
prior to collecting the soil for the current experiment was too
short, so that the plants had not altered the soil sufficiently. The
experimental plots were established in an area with a relatively
homogeneous plant community consisting of roughly 12 species
per m2. The legacy effects of this previous plant community may
still have been present in the soil and this may explain why we
did not observe strong soil legacy effects. However, the analyses of
soil abiotic characteristics and the soil fungi in the monocultural
plots shows that there are clear differences among the soils from
the different plots. Although we did not find strong differences
in performance of J. vulgaris in the different monoculture soils,

we did observe a negative relationship between the abundance of
three of the sown forb species in the field and the performance
of J. vulgaris in the soil legacy bioassay. However, as this effect
was not detected in the monoculture soils, these results should be
interpreted with caution.

In conclusion, our study provides only weak evidence that
plant diversity-mediated soil legacies influence the performance
of J. vulgaris. Hence, the importance of soil legacies in influencing
plants in the field is still debatable.
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