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Abstract

Background and aims Naturalized alien and native
plants can impact each other directly when they grow
next to each other, but also indirectly through their
soil legacies. These alien-native interactions can also
be modified by the presence of a third alien or native
species. However, it is unknown how the performance
of co-growing alien and native species is affected by
their soil legacies and by the presence of an addi-
tional species.

Methods In our two-phase plant-soil-feedback
experiment, soils were first conditioned by eight her-
baceous species, four of which are naturalized and
four of which are native to Germany. We then grew
all 16 pairwise alien-native species combinations on
soil conditioned by the respective alien or native spe-
cies, on a mixture of soils conditioned by both species
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or on control soil. Each pair of test plants was grown
on these soils without or with an additional alien or
native species.

Results  Soil conditioning, and particularly conspe-
cific soil conditioning, reduced growth of the alien
and native test plants. The addition of another species
also reduced growth of the test plants. However, the
negative conspecific soil-legacy effect on alien test
plants was reduced when the additional species was
also alien.

Conclusion The negative conspecific plant-soil
feedback for alien and native plants in our study
could promote their coexistence. However, as partial
alleviation of negative conspecific effects on alien
plants occurred with an additional alien species, the
chances of coexistence of alien and native species
might decrease when there are multiple alien species
present.

Keywords Coexistence - Competition - Exotic -
Invasional meltdown - Plant invasion - Soil-legacy
effect

Introduction

Humans have accidentally or intentionally trans-
ported and introduced thousands of species from their
native regions into regions novel to those alien spe-
cies (Hulme et al. 2008). The number of alien species
that have now established self-sustaining populations
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in the wild (i.e. have become naturalized) has dra-
matically increased over the past centuries (Dawson
et al. 2017; Seebens et al. 2017). For plants, already
more than 13,000 species have become naturalized
(van Kleunen et al. 2015), and this number is likely to
continue to increase (Seebens et al. 2021). Plant inva-
sions result in a global floristic homogenization (Yang
et al. 2021), and may threaten native species (Pouteau
et al. 2023; Vila et al. 2011). Therefore, many studies
have focused on how alien and native species interact
and whether they can coexist. Moreover, as more and
more alien species naturalize and increase in domi-
nance, alien species are increasingly likely to not only
interact with native species but also with other natu-
ralized alien species. Therefore, an important ques-
tion is how alien and native co-growing plant species
and their interactions are affected by the presence of
other alien plant species.

Plant-soil interactions play a major role in deter-
mining plant growth and species coexistence (Calla-
way et al. 2004; Fahey et al. 2020; Wolfe and Kli-
ronomos 2005). Plants alter the biotic and abiotic
properties of the soil, and thereby they leave a soil
legacy that can affect the performance of subsequent
plants, a phenomenon frequently referred to as plant-
soil feedback (Bever et al. 1997; van der Putten et al.
2013). Soil-legacy effects are frequently negative,
and those of conspecifics are usually more negative
than those of heterospecifics, most likely due to the
accumulation of species-specific enemies. When
conspecific plant-soil feedback is more negative than
heterospecific plant-soil feedback, this should result
in negative frequency-dependent population dynam-
ics that favour species coexistence (Mangan et al.
2010). However, because alien species are likely to be
released from some of their specialist root herbivores
and pathogens (Blumenthal et al. 2009; Keane and
Crawley 2002; Mitchell and Power 2003), they may
be less negatively affected by soil legacies than native
species. Furthermore, secondary metabolites, such
as those in root exudates, of species can also shape
their soil legacies, and it is thought that the novelty of
these chemicals produced by alien species can allow
them to become dominant over native plants (Calla-
way and Ridenour 2004). While multiple studies have
found evidence that conspecific plant-soil feedback
effects are less negative for alien than for native spe-
cies (Dostalek et al. 2016; Van Grunsven et al. 2007),
this is not always the case (Chen et al. 2024; Meisner
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et al. 2014), and most of these studies tested the
effects on single plants and not on co-growing alien
and native species.

Through their soil legacies, alien plant species can
benefit the growth of other alien plant species that
arrive later (Chen and van Kleunen 2022). Moreover,
differences in soil-legacy effects of alien species on
alien and native species that subsequently grow on the
soil could drive the outcome of competition (Zhang
et al. 2020b). So, when an additional alien plant spe-
cies enters a native community that includes already
another alien, its growth might indirectly be pro-
moted, which would be in line with the predictions of
the invasional meltdown hypothesis (Simberloff and
Von Holle 1999). However, as many naturalized alien
plants, at least the invasive ones, usually have a high
competitive ability, the addition of another alien spe-
cies could also result in a reduced growth of the alien
species that was already present due to more intense
competition (Haeuser et al. 2019). Therefore, how
a third species generally influences soil-legacy and
competitive effects remains unknown.

Here, we conducted a two-phase plant-soil-feed-
back experiment to test whether and how soil lega-
cies of alien and native plants, and the presence of
an additional species affect the growth of co-growing
alien and native species. We first grew eight herba-
ceous species, four of which are naturalized and four
of which are native to Germany, separately in pots to
condition the soil. In the second phase, we then grew
all 16 pairwise alien-native species combinations
on unconditioned control soil or soils conditioned
by the respective alien species, the respective native
species or a mixture of both, and with or without an
additional alien or native species. We tested whether
the growth of the alien and native test species was
affected by (1) the different soil legacies, (2) the pres-
ence of an additional alien or native species, and (3)
the interaction between soil legacies and the presence
of an additional species.

Materials and methods
Study species and seed material
As study species (Table S1), we selected four her-

baceous plant species that are widely naturalized
aliens in Germany (Bidens frondosa L., Lepidium
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virginicum L., Lolium multiflorum Lam. and Soli-
dago canadensis L.) and four that are widely distrib-
uted natives (Bromus sterilis L., Centaurea jacea L.,
Daucus carota L. and Plantago lanceolata L.). The
eight species are typically found in ruderal or grass-
land habitats (FloraWeb database; www.floraweb.
de, accessed March 2021), and are from five families
(Table S1). Seeds of three of the eight species were
ordered from Rieger-Hofmann GmbH, and seeds of
the other five species came from the seed collection
of the Botanical Garden of the University of Kon-
stanz (Table S1).

Experimental set up
Soil-conditioning phase

From 12 to 21 April 2021, we sowed each of the eight
species for the soil-conditioning phase separately into
trays (18 cm X 14 cm X 5 cm) filled with potting soil
(Topferde; Einheitserde Co., Sinntal-Altengronau,
Germany). To make sure that all seedlings would
be in a similar developmental stage at transplanting,
seeds were sown on different dates (Table S1) based
on prior knowledge about the time required for germi-
nation. The pre-cultivation was done in a greenhouse
of the Botanical Garden of the University of Kon-
stanz, Germany (47°41'32"N, 9°10'41"E), and the
temperature was maintained between 18 and 25 °C.
To make sure that the substrate used in the soil-
conditioning phase contained live soil organisms, on
26 April 2021, we collected field soil from a native
grassland site near the greenhouse where at least
three of the four native study species but none of the
alien study species occurred (Table S7). To remove
large pebbles and plant fragments, we sieved the field
soil using a metal grid with a mesh width of 1 cm. We
then filled 2-L pots (14 cm X 14 cm X 14.5 cm) with
a substrate consisting of a mixture of 25% field soil,
37.5% sand and 37.5% vermiculite (by volume). We
used sand and vermiculite to facilitate removal of the
roots at the end of the conditioning phase. On 3 May
2021, we transplanted one seedling into the center
of each pot. To obtain sufficient amounts of condi-
tioned soil, we had 96 replicate pots for each of the
eight species (i.e. 768 pots). In addition, we had 256
pots of substrate without any plant as a control treat-
ment, resulting in a total of 1024 pots in the soil-con-
ditioning phase. Seedlings that died within two weeks

after transplanting were replaced. All pots were indi-
vidually placed on plastic saucers (@ = 17 cm) and
randomly allocated to positions in three greenhouse
compartments (24 °C/18°C day/night temperature,
16 h/8 h day/night). We watered all pots every 2-3
days, and fertilized them four times (13 May, 30 May,
18 June and 7 July 2021) with a water-soluble fer-
tilizer (1%o0 m/v, Universol Blue with an NPK ratio
of 3:2:3) to reduce negative effects due to nutrient
depletion in the next phase (Brinkman et al. 2010). To
reduce potential effects of environmental heterogene-
ity within and among the greenhouse compartments,
we re-randomized the positions of the pots five weeks
after the start of the soil-conditioning phase.

As it is generally thought that the soil-conditioning
phase should last at least two months (van der Heijden
2004), we harvested the plants and soils on 19 July
2021 (11 weeks after the start of the soil-condition-
ing phase). The soil of each pot was sieved through a
5-mm mesh to remove the roots. After each pot, the
mesh was sterilized with 70% ethanol. The sieved soil
was stored at 4 °C until use in the test phase.

Test phase

From 12 to 19 July 2021, we sowed the eight
species to produce seedlings for the test phase
(Table S1). The pre-cultivation conditions were the
same as for the soil-conditioning phase. We filled
0.5-L pots (9 cm X 9 cm X 8 cm) with soil from
the conditioning phase. To test the effects of the
variously conditioned soils on each of the 16 alien-
native species pairs, we used four soil-conditioning
treatments in the test phase (Fig. 1): (1) soil con-
ditioned without a plant (Control), (2) soil condi-
tioned by the alien species of the respective species
pair (Alien), (3) soil conditioned by the native spe-
cies of the respective species pair (Native), and (4)
a 1:1 mixture of soils conditioned by the alien and
native species of the respective pair (Mixed). So, in
the Mixed treatment, we mixed soil from one pot
conditioned by the alien species and from one pot
conditioned by the native species. Alternatively, we
could have included pots with both the alien and
native species in the conditioning phase, but then
each of those pots would have had one more indi-
vidual than the single-species pots. As mixing soils
from different pots could increase the diversity of
soil biota (Reinhart and Rinella 2016; Rinella and
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Bidens frondosa J
Lepidium virginicum |

Lolium multiflorum
Solidago canadensis

Bromus sterilis )
' Centaurea jacea A

Daucus carota '
| Plantago lanceolata

Soil-conditioning phase
Test Phase

;f'Qﬁ 6 species pairs |

Without additional plant
With additional plant

- Additional species
-\ (3 alien + 3 native)

Alien

Fig.1 Overview of the experimental design. In the soil-con-
ditioning phase (from 3 May to 19 July 2021), the soil was
conditioned separately by each of the four alien and four native
species, or without any plants. In the test phase (from 2 August
to 4 October 2021), pots were created for each of four soil-leg-
acy treatments by filling them with soil without plant condi-
tioning (Control), soil conditioned by an alien species (Alien),

Reinhart 2018), we also mixed soils from two soil-
conditioning-phase pots for the Control, Alien and
Native treatments. For example, for a test-phase pot
in the Alien treatment of the species pair Solidago
canadensis - Bromus sterilis, we mixed soils condi-
tioned by S. canadensis from two pots. Zhang et al.
(2020a) found that such soil mixing did not affect
performance of the test-phase plants. Each of the
soil-conditioning-phase pots, including the controls,
was used only once, so that all the pots in the test
phase were independent from one another.
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soil conditioned by a native species (Native), or a mixture of
soil conditioned by an alien species and soil conditioned by
a native species (Mixed). The alien and native test plants that
were planted corresponded to the species that had been used to
condition the soil. For pots in the additional species treatment,
a plant of one of the other six alien or native species was also
planted

On 2-3 August 2021, we transplanted seedlings
into the test-phase pots. For each of the 16 alien-
native species pairs, we had 32 pots; eight for each of
the four soil-conditioning treatments (Control, Alien,
Native, Mixed). In each of these pots, we planted one
seedling of each of the two species. Six of the eight
pots per soil-conditioning treatment of a species pair
received one additional seedling (i.e. a third plant) of
one of the other six species (3 native and 3 alien spe-
cies). Each of those other species was used only once
per soil-conditioning treatment of a species pair, so
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that we effectively had three replicates (n=3) with an
additional alien species and three replicates with an
additional native species. The two remaining pots per
soil-conditioning treatment of a species pair served
as controls for the effects of the presence of an addi-
tional species (n=2). In these pots without additional
species, the two seedlings were planted 6 cm apart:
3 cm to the left and 3 cm to the right of the center
of the pot. In the pots with an additional species, the
three seedlings were also planted 6 cm apart but in a
centrosymmetric equilateral triangle. In total, we had
512 pots in the test phase.

All pots were individually placed on plastic sau-
cers (@ = 15 cm) and randomly allocated to posi-
tions in a greenhouse compartment (24 °C/18°C day/
night temperature, 16 h/8 h day/night). We watered
the pots every 2-3 days and fertilized them two times
(16 August and 13 September 2021) with 80 mL of
a water-soluble fertilizer (1%o0 m/v, Universol Blue).
Positions of all pots were re-randomized four weeks
after the start of the test phase.

Measurements

On 4-5 August 2021, at the start of the test phase,
we measured the length and width of the largest
leaf on each seedling, and counted the number of
leaves. The initial size of each seedling was then esti-
mated as length of the largest leaf X width of larg-
est leaf X number of leaves. On 4 October 2021, nine
weeks after the start of the test phase, we harvested
the aboveground biomass of each plant separately.
Because it was impossible to separate the roots of
the different species in each pot, the belowground
biomass was not harvested. The plant materials from
both the soil-conditioning and test phases were dried
at 70 °C to constant weight, and were then weighed.

Statistical analysis

To test whether the soil-legacy and the additional-
species treatments affected the performance of the
alien and native species in the test phase, we fitted
a linear mixed effect model with the /me function in
the R package ‘nlme’ (Pinheiro et al. 2019). Biomass
of each individual test plant (i.e. one native and one
alien plant per pot) was included as the response vari-
able. The origin of each individual test plant (alien,
native), soil-legacy treatment (Control, Alien, Native,

Mixed), the additional-plant treatment (without,
with alien, with native) and their interactions were
included as fixed effects. We additionally ran three
orthogonal hierarchical contrasts (Casella 2008) for
the soil-legacy treatments (SL). First, to test the aver-
age effect of soil conditioning by a plant, we com-
pared Control vs. the average of Alien, Native and
Mixed (SLconirolConditioned): S€cond, to test whether
the effects of soils conditioned by both species of a
species pair differ from those conditioned by only one
of the two species, we compared Mixed vs. the aver-
age of Alien and Native (SLyjixeq/single)- Third, to test
whether the effects of soils conditioned by the alien
species of a species pair differed from those condi-
tioned by the native species, we compared Alien vs.
Native (SLajien/Naive)- We also ran two orthogonal
hierarchical contrasts for the additional-plant treat-
ment (AP). First, to test the average effect of the pres-
ence of an additional species, we compared the treat-
ment without an additional species vs the average of
the treatments with an additional alien or native spe-
cies (APyimouywitn)- Second, to test the effect of the
status of the additional species, we compared the
treatment with an additional alien species vs. the treat-
ment with an additional native species (APyjien/Native)-
To account for nonindependence of test species
belonging to the same family and of plants belonging
to the same test species, family and species identity of
the test plant were used as random effects. To account
for the identity of the additional species, it was also
included as a random effect. Furthermore, to account
for nonindependence of the two test plants (one alien
and one native) that were in the same pot, identity
of the test-phase pot was also included as a random
effect. Finally, to account for differences in initial
sizes of the test plants, we included our estimates of
initial size as a fixed covariate.

In addition to analysing the individual biomass of
each alien and native test plant, we also tested whether
the soil-legacy and additional-species treatments
affected the biomass proportion of the alien test plants
in the pots. Therefore, we fitted a model including the
proportional biomass of the alien test plant in each pot,
calculated as biomass,;.,/(biomass ., + biomass,..),
as a response variable. We included the soil-legacy
and additional-species treatments and their interaction
as fixed effects. Species identities of the alien, native
and additional plants were included as random effects,
and proportional initial size of the alien test plant was
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included as a covariate. In addition, to test whether the
total aboveground biomass (also including the third
plant, if present) per pot was affected by the treat-
ments, we ran a similar model for total biomass per pot.
Here, we used the combined initial size estimates of all
plants in a pot as a covariate. Furthermore, because the
soil-condition effect on plants in the test phase might
depend on the biomass produced by the plants that
conditioned the soil (as e.g. larger plants might have
depleted more nutrients), we also ran a model for total
aboveground biomass per pot after excluding the Con-
trol treatment. In this model, the average aboveground
biomass of the two conditioning plants used to produce
the soil in the respective test-phase pot (for soil mixing)
was added as a covariate.

To additionally test whether the soil-legacy treat-
ment affected the additional plant, we also fitted a
model using the subset of pots with additional plants.
In this model, we included proportional biomass of
the additional plant, calculated as biomass,ygiional’
(biomass,giionas + biOMass,;., + biomass,,;..), as the
response variable. We included the origin of the addi-
tional species (alien or native), soil-legacy treatment
(included as three orthogonal hierarchical contrasts:
SLComrol/Conditioned’ SLMixed/Single and SLAlien/Nalive) and
their interactions as fixed effects. Species identities of
the alien, native and additional plants were included as
random effects, and proportional initial size of the addi-
tional species was included as a covariate.

In all models, to improve homoscedasticity of
residuals, we allowed the variance to vary among
the test species and among the additional spe-
cies by using the varldent and varComb functions
(Table S6). Furthermore, to meet the assumption of
normality of the residuals, biomass of the test plant,
biomass proportion of alien test plant and biomass
proportion of the additional plant were square-root
transformed. We used log-likelihood ratio tests to
assess significance of the fixed effects by comparing
models with and without the effect of interest (Zuur
et al. 2009). All analyses were conducted in R 4.2.2
(R Core Team 2019).
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Results

Effects of soil legacies and additional plants on test
plants

On average, the aboveground biomass of alien and
native test species, as well as the total biomass per
pot, were reduced when plants were grown on soil
conditioned by plants instead of on control soil not
conditioned by any plant (Tables 1 and S2, Figs. 2
and S1). The individual test plants achieved more
biomass in the Mixed soil treatment compared to the
average of the Alien and Native soil treatments when
there was no additional competitor present (+ 14.1%),
whereas the reverse was true in the presence of an
additional competitor (-7.3%; significant APy;ouuwith
X SLyjixedssingte 1 Table 1; Figs. 2 and S4). Further-
more, conspecific plant-soil feedback was more nega-
tive than heterospecific plant-soil feedback, as the
alien test plants produced the least biomass on soil
conditioned by the alien species, and the native test
plants produced the least biomass on soil conditioned
by the native species (significant O X SL . /Native
interaction in Table 1; Fig. 2). As a consequence,
although the alien test plants produced more biomass
than the native plants in most soil-conditioning treat-
ments, this difference almost disappeared when the
plants were grown on soils conditioned by the alien
species. The presence of an additional plant reduced
the biomass of the test species. However, the magni-
tude of this reduction depended on the alien/native
origins of the additional plant, the test plant and the
soil-conditioning species (significant O X AP yco/native
X SL Atien/Native 10teraction in Table 1; Figs. 2 and S5).
More specifically, the negative conspecific soil-legacy
effect on alien test plants was partly alleviated when
an additional alien species instead of an additional
native species was present (Figs. 2 and S5). Conse-
quently, the difference in biomass between alien and
native test plants on soil conditioned by the alien spe-
cies was smaller when the additional plant was native
instead of alien.

Effects of soil legacies and additional species on
proportional biomass of alien plants

The proportional biomass of the alien test plant per
pot (biomass,.,/[biomass,;,, + biomass,;.]) was
lowest when grown on soil conditioned by the alien
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Table 1 Results of a linear mixed model testing the effects the
origin of the test plant (alien or native species), the presence of
an additional species (without, with an alien or with a native),
soil-legacy treatment (Control, Alien, Native or Mixed), and
their interactions on aboveground biomass of the test plants

a  x? P

Fixed effects

Initial size of test plant 62.807 <0.001

1

Origin of test plant (O) 1 1.100 0.294

Additional plant treatment (AP) 2 5.207 0.074
APwithouywith 1 4718 0.030
AP jien/Native 1 0.878 0.349

Soil-legacy treatment (SL) 3 103.601 <0.001
SLcontrol/Conditioned 1 103.201  <0.001
SLMchd/Singlc 1 0.017 0.897
SL ajien/Native 1 0.056 0.814

O x AP 2 2.536 0.281
O X APwihouywith 1 0.675 0411
O X APpjienNaive 1 1.792  0.181

O x SL 3 74.440 <0.001
O X SLontrol/Conditioned 1 0.659 0.417
O x SLMixcd/Singlc 1 0.784 0.376
O X SL A jien/Native 1 72998 <0.001

AP x SL 6 8.247 0.221
APyiipouywith X SLcontroliConditioned 1 0.071 0.789
APyitnourwit X Shmixedsingle 1 6428  0.011
APyithourwith X SLalien/Native 1 0.349  0.555
APyjien/Native X SLcontrol/Conditioned 1 0.080 0.777
AP jienNative X Sixed/Single 1 0752 0.386
APjien/Native X SLatien/Native 1 0.331 0.565

O x AP x SL 6 10.404 0.109
O X APywihouywith X 1 1.291 0.256

SLcontrol/Conditioned
O X APywimourwith X Shtixedssingte 1 0.014  0.906
O X APyitnouywitn X SLAtien/Native 1 2059  0.151
O X APy jien/Native X 1 0.630  0.427
SLcontrol/Conditioned

O X APyjienNative X Shmixedrsingle 1 1.784  0.182
O X APy jien/Native X SLatien/Native 1 4567  0.033

Random effects SD

Family of test species <0.001

Test species 0.124

Additional species 0.036

Pot identity of test phase <0.001

Residual 0.164

The effects of the additional plant treatment and of the soil-
legacy treatment were further subdivided into orthogonal hier-
archical contrasts. The table shows the degrees of freedom (df),
log-likelihood ratios (y?) and P values for fixed effects, and
standard deviations (SD) for random effects. Values are in bold
when P <0.05 and in italic when 0.05<P<0.1

species and highest on soil conditioned by the native
species (Table 2; Fig. 3). However, this difference in
proportional biomass of the alien test plant between
the alien and native soil-legacy treatments tended
to be reduced by the presence of an additional alien
(marginally significant APyjiennaive X Shatien/Native
interaction in Table 2; Fig. 3). In other words, the
presence of an additional alien instead of an addi-
tional native species improved the biomass propor-
tion of the alien test plant when grown on soil condi-
tioned by the alien species (+7.5%) and decreased it
when grown on soil conditioned by the native species
(-8.2%). As a consequence, alien test plants experi-
enced less negative conspecific feedback effects when
grown with an additional alien species.

Discussion

We tested whether and how the performance of co-
growing alien and native plants was affected by soil
legacies of one or both of the two species and by the
presence of an additional (i.e. a third) alien or native
species. As expected, we found that plants produced
less biomass when the soil had been conditioned by
a plant instead of without one, indicating negative
plant-soil feedback. Moreover, plants experienced
more negative plant-soil feedback when the soil
had been conditioned by a conspecific instead of a
heterospecific plant. Consequently, although alien
plants in our study produced overall more biomass
than the co-growing native ones, this difference was
reduced when the soil had been conditioned by the
alien instead of the native species. This indicates that
alien plants, just like the native ones, can also suf-
fer negative conspecific feedback effects. Interest-
ingly, although the presence of an additional species
resulted in a reduction of the biomass of the two test
plants, indicating competition, proportional biomass
of the alien test plants, relative to the joint biomass of
the two test plants, on soil conditioned by a conspe-
cific was slightly increased when there was another
alien species present. This suggests that the presence
of another alien species partly alleviated the negative
conspecific plant-soil-feedback effects on alien plants.

In line with the results of many previous studies
(Crawford et al. 2019; Lekberg et al. 2018), we found
that the test plants experienced negative plant-soil
feedback effects on soils that had been conditioned by
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Fig. 2 Effects of the presence of an additional species on the
aboveground biomass of alien and native test plants in the four
soil-legacy treatments. Shown are modelled means (+SEs).

a previous plant (Fig. 2). This could reflect that the
conditioned soils contained less nutrients than the
control soils. However, although the biomass pro-
duced on the soil during the conditioning phase had
a negative effect on biomass production per pot in the
test phase, this effect was relatively weak (Table S3,
Fig. S3), most likely because we had fertilized the
pots during the conditioning and test phases. Fur-
thermore, if solely nutrient depletion would explain
the effect of soil conditioning, then the test plants
and the additional plant in a pot should be similarly
affected. However, the additional plants had increased
their proportional biomass on the conditioned soils
(Table S5, Fig. S2b). Therefore, the negative plant-
soil feedback is most likely predominantly caused by
the accumulation of herbivorous and pathogenic soil
organisms.

Most previous studies found that biomass pro-
duction is lower on soils conditioned by conspecif-
ics than on soil conditioned by heterospecifics (e.g.
Lozano et al. 2022; MacDougall et al. 2011; Rut-
ten et al. 2016). This was also the case in our study,
as both aliens and natives had the lowest biomass
on soils conditioned by conspecifics. However, the
conspecific plant-soil feedback was less negative
for the alien plants (-39.5%) than for the native
plants (-48.5%; Fig. 2). This could reflect that the
soil inoculum used in the conditioning phase came
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Density ridgelines indicate the distribution of modelled values.
The underlying statistical model is shown in Table 1, and sig-
nificant contrasts are visualized in Fig. S4

from a site in which the majority of our native study
species occurred naturally (Table S7). This field soil
was used to increase the chance that specialist herbi-
vores and pathogens of the native test species would
be present, and to avoid that the results would be
dominated by generalists that would attack both the
native and alien species equally. Our results are thus
in line with the predictions of the enemy-release
hypothesis, i.e. that alien species have been released
from some of their species-specific natural enemies
(Keane and Crawley 2002; Klironomos 2002; Mac-
Dougall et al. 2011; Mitchell and Power 2003).
Although averaged across the three soils con-
ditioned by plants (i.e. Alien, Native, Mixed) the
biomass of test plants was lower than when grown
on the control soil, the biomass production of test
plants on the soils conditioned by heterospecifics
was actually not much lower than on the control
soils (Fig. 2). This may suggest that there was no
heterospecific plant-soil feedback. However, in our
experimental setup, soil that was heterospecific for
one of the two test plants in a pot was conspecific
for the other one. Therefore, if one of the two test
plants in a pot suffered from negative conspecific
plant-soil feedback, the other test plant in the same
pot most likely benefited from the reduced growth
of the other test plant (Lekberg et al. 2018). This
indirect effect might have compensated any direct
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Table 2 Results of a linear mixed model testing the effects of
the presence of an additional species (without, with an alien or
with a native), soil-legacy treatment (Control, Alien, Native or
Mixed), and their interactions on proportional biomass of the
alien test plants

df X2 P

Fixed effects

Proportional initial size of alien plant 35.839  <0.001

1

Additional plant treatment (AP) 2 0.750 0.687
APyithouywith 1 0.015 0.903
AP lien/Native 1 0.731 0.393

Soil-legacy treatment (SL) 3 66.715 <0.001
SLcontrol/Conditioned 1 0.156 0.693
SLmixed/Single 1 1.326 0.250
SL pjien/Native 1 65407 <0.001

AP x SL 6  10.769 0.096
APyinouswith X SLconto/Conditioned 1 1.012 0.314
APyitnouywith X SLtixed/single 1 0.917 0.338
APyithourwitn X SLAtien/Native 1 2.467 0.116
APpjicnNative X SLcontrolConditioned 1 0.558 0.455
AP jien/Native X SLixed/singte 1 2.113 0.146
APy ien/Native X SLAtien/Native 1 3.657 0.056

Random effects SD

Alien test species 0.098

Native test species 0.036

Additional species 0.014

Residual 0.114

The effects of the additional plant treatment and of the soil-
legacy treatment were further subdivided into orthogonal hier-
archical contrasts. The table shows the degrees of freedom (df),
log-likelihood ratios (5°) and P values for fixed effects, and
standard deviations (SD) for random effects. Values are in bold
when P <0.05 and in italic when 0.05 <P <0.1

negative heterospecific plant-soil feedback effects in
our experiment.

Like in many other studies (Vila and Weiner 2004;
Wang et al. 2017), we found that the alien plants pro-
duced on average more biomass than the native plants
(Fig. 2). The inherently faster growth of many natu-
ralized alien plants may increase their competitive
ability (Zhang and van Kleunen 2019), and thus may
contribute to their invasion success. Here, however,
we found that the negative conspecific plant-soil feed-
back resulted in a smaller biomass difference between
the alien and native plants on the soils conditioned by
the alien species (Fig. 2). Consequently, the propor-
tional biomass of the alien plants was lowest on soils
conditioned by the alien species and highest on soils

conditioned by the native species (Fig. 3). This find-
ing suggests that the advantage that the alien species
may have over the native species when they start to
invade a community —and when the soil is thus con-
ditioned by natives only— might disappear over time,
increasing the likelihood of coexistence.

On soils conditioned by both the alien and native
species (i.e. the Mixed treatment), the proportional
biomass of the alien plant was intermediate, as
expected. This was the case both with and without
additional species, but, without additional species, the
biomass of the test plants in the mixed soils exceeded
the average of the biomass on each of the separate
soils (+14.1%; Fig. S4). This suggests that the test
plants experienced relatively weak negative plant-soil
feedbacks on mixed soils. It has been suggested that
the mixing of soils conditioned by different species
can increase the diversity of soil legacies and thus
increase the probabilities that the test plant will inter-
act with them (Thakur et al. 2021; van der Heijden
et al. 2008). However, species-specific pathogens and
secondary metabolites, such as allelochemicals, in the
soils will also be diluted during this process, and the
same applies if each species would have depleted dif-
ferent specific nutrients. These dilution effects should
reduce the negative effects of the mixed soils on plant
growth. In addition, soil physical and chemical prop-
erties, such as soil pH and electric conductivity, could
also change during the formation of soil legacies.
Future studies on plant-soil feedbacks should con-
sider these soil properties.

When an increase in the number of species coin-
cides with an increase in plant density, as was the
case in our experiment, this usually results in more
intense competition (Grace and Tilman 1990; Weigelt
and Jolliffe 2003). Consistent with this, we found that
growth of the alien and native test plants was reduced
in the presence of the additional (i.e. third) species.
Although the alien plants in our study were generally
larger than the native ones, the effect of the additional
species did not significantly depend on its origin. This
suggests that in our study, the intensity of competition
was more strongly affected by the density of individu-
als than by the origin of the additional species. How-
ever, the reduction in biomass advantage of the alien
over the native test plants on soils conditioned by the
alien species was smaller when the additional species
was an alien instead of a native species (Figs. 3 and
S5). Consequently, the proportional biomass of the
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Fig. 3 Effects of the pres-
ence of an additional spe-
cies on the biomass propor-
tion of alien test plants in
four soil-legacy treatments.
Proportional biomass of
alien test plants was calcu-
lated as biomass,;.,/(bio-
mass,;.,, + biomass,,;..)-
Shown are modelled means
(+ SEs). Density ridgelines
indicate the distribution of
modelled values. Colors
indicate the treatment with
the absence (grey) and the
presence of alien (orange)
or native (purple) additional
species. The underlying

1.21

1.01

0.8+

0.6

Proportional biomass of alien test plants

Treatment of additional species:

Without Alien Native

statistical model is shown
in Table 2

alien test plant, when grown on soils conditioned by a
conspecific, was highest when the additional species
was also an alien. Plants usually experience stronger
competition from tall than from small plants (Dostél
2011; Feng et al. 2016). Therefore, a possible expla-
nation for our finding could be that the native test
species, which were overall smaller than the alien
species, suffered more from the additional alien com-
petitor than the alien test species did. This is in line
with results of a meta-analysis that invasive alien
plants had stronger negative effects on natives than on
aliens (Kuebbing and Nuifiez 2016). So, while over-
all, the presence of an additional alien species had a
direct negative effect on the biomass of the alien test
plants, it had indirectly —through its negative effect
on the native test plants— a positive effect of the
alien test plants. Such a positive indirect effect is one
of the possible mechanisms that may underlie inva-
sional meltdown (Simberloff and Von Holle 1999).
Although the alien test plants, when grown on con-
specific soil, benefited from the presence of another
alien species, the additional alien species neither
benefited nor incurred a cost from growth on soil
conditioned by the alien test species (Tables S4-
S5, Fig. S2). Invasional meltdown, however, does
not require that the alien species are mutually ben-
eficial to one another (Simberloff and Von Holle
1999). Indeed, unidirectional positive effects for just
one of the alien species are common (e.g. Flory and
Bauer 2014; Jager et al. 2009; Relva et al. 2010). As
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Native Mixed

Soil-legacy treatment

plant-soil-feedback-mediated invasional meltdown is
a temporal one-way process (i.e. from earlier to later
in time), it is more likely that only the subsequent
alien species benefits from the soil legacies of a pre-
vious alien species. Indeed, Chen and van Kleunen
(2022) found that subsequent alien plants experienced
less negative soil-legacy effects on soils conditioned
by heterospecific alien plants. Furthermore, Zhang
et al. (2020b) found that the soil legacies of alien
plants benefited later alien plants when growing in
competition with native plants. In our study, although
the additional alien plants did not benefit from the soil
conditioned by the other alien plant (i.e. the test alien
plant), it was not at a competitive disadvantage either.
As a consequence, despite the combined effects of
competition and soil legacies, the subsequent alien
plants, irrespective of whether they were test or addi-
tional plants, had overall an advantage over the native
plants. Exploring the specific mechanisms behind this
would be worthy of consideration in future research.
In conclusion, we found that soil legacies and the
presence of an additional species negatively affected
the biomass of co-growing native and alien plants. In
the absence of an additional species, test plants grew
better on soil conditioned by both test species than
on soils conditioned by only the native or the alien
test species. Moreover, both alien and native plants
grew worse on soil conditioned by conspecifics than
on soils conditioned by heterospecifics, and native
plants were more negatively affected by this than
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alien plants. The negative conspecific plant-soil feed-
back of the alien plants might promote coexistence
(van der Putten et al. 2013), and thereby prevent the
alien plants from driving the native plants to extinc-
tion. However, as the negative conspecific plant-soil
feedback experienced by alien test plants was partly
alleviated by the presence of another alien species,
the chances of coexistence of the alien and native
species might decrease when there are multiple alien
species present.
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