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Naturalized alien plants experience less negative soil-legacy
effects and gain competitive advantages through spatial
heterogeneity
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become of major interest to understand how they can coexist with or even out-
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the strengths of conspecific and heterospecific soil feedbacks, size inequalities
between competing plants might either decrease (i.e. promote coexistence) or

increase. However, how spatial heterogeneity in soil legacies affects individual
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this depends on the plant origins has never been tested.
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3. Soil legacies overall had a negative effect on biomass production, irrespective of
the origins of the competing species. Biomass inequality between the competing
plants was the smallest when they grew on soil conditioned only by the larger one
of the two species. Both alien and native plants suffered strongly from conspecific
soil legacies. However, alien plants could benefit from another co-growing alien
species on homogeneous-conspecific soil, which thus mitigated negative soil-
legacy effects, or benefit from heterogeneous soil conditions to increase the
competitive advantage over native plants.

4. Our findings show that the performance of competing plants may depend on their
origins as well as on soil legacies. This may ultimately affect species competition
and coexistence in natural environments where soil legacies are likely to be

heterogeneous.
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1 | INTRODUCTION

In the last centuries, the numbers of alien species that have es-
tablished self-sustaining populations have dramatically increased
all over the world (Dawson et al.,, 2017; Pysek et al., 2017).
Consequently, a major research question is how these naturalized
alien species can coexist with native ones or even outcompete
them. Moreover, with the continuing increase in the number of
naturalized alien species (Seebens et al., 2021), it also becomes
more likely that alien species interact with other alien species.
Among the few studies on alien-alien interactions in plants,
some found that naturalized alien species might provide resis-
tance against the establishment of other alien species (Haeuser
et al., 2019), whereas other studies suggest that alien organisms
can have positive interactions (Simberloff & Von Holle, 1999), par-
ticularly through soil-legacy effects (Bourgeois et al., 2005; Zhang
et al., 2020). Therefore, more research is needed on how interac-
tions between plant species depend on whether the species are
alien or native.

The interactions between plants and soil are considered to play
a key role in plant competition and coexistence (Fahey et al., 2020;
Wolfe & Klironomos, 2005). Plants alter the biotic and abiotic prop-
erties of the soil, and these soil legacies affect the growth of sub-
sequent plants (Bever et al., 1997; Crawford et al., 2019; Kulmatiski
et al., 2008; van der Putten et al., 2013). Plant-soil feedback usually
becomes stronger and more negative when the former (i.e. the con-
ditioning plant) and later plant (i.e. the test plant) are conspecifics
(Lozano et al., 2022; McCarthy-Neumann & Kobe, 2010). This would
imply that when two species compete on soil conditioned by the
larger of the two species, the size advantage of the larger species
should decrease, thereby diminishing the size inequality and thus
promoting coexistence of the two species. However, size inequality
should increase when the two species compete on soil conditioned
by the smaller of the two species, and could ultimately, through
asymmetric competition for light, result in mortality of the smaller
species.

In nature, plant diversity results in a mosaic of soil patches condi-
tioned by different plant species, and this soil-legacy heterogeneity
should also affect plant coexistence (Brandt et al., 2013). For ex-
ample, heterogeneity in soil legacies could provide refuges in which
the growth of plants is less strongly limited by negative conspecific
plant-soil feedback, thereby favouring species coexistence (Burns
et al., 2017; Hendriks et al., 2015). Indeed, spatially heterogeneous
plant-soil-feedback effects can reduce growth inequalities between
competing species (Xue et al., 2018). However, ultimately, the ef-
fects of heterogeneous soil legacies on plant growth should depend
on whether each species is growing in a patch conditioned by a con-
specific or by the other species, or even in a mixture of both. To

the best of our knowledge, it has not yet been tested how different
homogeneous and heterogeneous soil-legacy scenarios affect the
growth of plant individuals, the competitive balance, and thus spe-
cies coexistence.

Alien plants are, due to the potential release from species-
specific natural enemies (Keane & Crawley, 2002; Mitchell &
Power, 2003), often less negatively or sometimes even positively
affected by conspecific soil legacies (Klironomos, 2002). This should
give the alien plants an advantage over the native plants, resulting
in larger size inequalities, at least if the alien plants are larger than
the native ones, as is frequently the case for invasive aliens (van
Kleunen et al., 2010). Furthermore, as naturalized plants frequently
take more advantage of heterogeneous conditions than native spe-
cies do (Parepa et al., 2013; Wei & van Kleunen, 2022), it could be
that the alien plants will benefit more from heterogeneous soil leg-
acies. On the contrary, if two alien plants compete with each other,
the lack of strong soil-legacy effects for both species may have lit-
tle influence on size inequalities. In this case, invasional meltdown
mediated by soil legacies could happen (Chen & van Kleunen, 2022;
Zhang et al., 2020). Consequently, it should be tested whether ho-
mogeneous and heterogeneous soil legacies affect plant growth and
coexistence differently depending on the origin of the competing
species.

To test how growth and the competitive balance depend on
the sizes and origins of the plant species, and on different homo-
geneous and heterogeneous soil legacies, we conducted a two-
phase plant-soil feedback experiment. We first conditioned soil
by five herbaceous species native to central Europe and another
five that are naturalized aliens. Thereafter, we grew all 45 pairwise
combinations of those species (25 alien-native, 10 alien-alien and
10 native-native species pairs) under four homogeneous and two
heterogeneous soil-legacy conditions (Figure 1). We then mea-
sured biomass production and inequalities of the two competing
plants. We tested the following main questions and hypotheses:
(1) How do different soil-legacy scenarios affect biomass produc-
tion and inequalities of competing plants? We hypothesize that
soil-legacy effects on plant biomass production should be nega-
tive at the pot level. Soil-legacy effects will reduce size inequali-
ties of the competing species when grown on soil conditioned by
the larger of the two species only, and will increase size inequal-
ities when grown on soil conditioned by the smaller of the two
species only. (2) How is the growth of plant individuals affected by
both competitor origins and soil-legacy patches? We hypothesize
that focal plants will experience negative conspecific soil-legacy
effects at the patch level, but alien plants will be less affected than
native ones. For alien focal plants, this negative conspecific effect
will be mitigated when the neighbouring species is also alien or
when the soil-legacy patch mosaic is heterogeneous. (3) How do
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FIGURE 1 Overview of the experimental design. In the soil-conditioning phase, each of the five alien and five native species was
separately planted in pots to condition the soils. The soil without any plant conditioning was used to create unconditioned control soil. In the
test phase, the 10 species were combined into 45 species pairs (25 alien-native, 10 alien-alien and 10 native-native) and were grown as focal
plants and competitors in six soil-legacy treatments created from the soils of the conditioning phase. Pots were divided in half along their
diagonals, and these halves were filled separately with soil from the conditioning phase to create various homogeneous and heterogeneous
soil-legacy environments in which the two plants of the species pair were planted. Note that there was no physical barrier between the

two pot halves. This resulted, from the perspective of a focal species (i.e. the orange species 1 in the figure), in four homogeneous and two

heterogeneous soil-legacy treatments per species pair.

homogeneous and heterogeneous soil legacies alter the coexis-
tence of alien and native plant species? We hypothesize that the
competitive advantage of alien species will be reduced on soil con-
ditioned by conspecifics, but this negative effect will be weakened
in the heterogeneous soil-legacy scenario. As a consequence, alien
plants will have a relatively large competitive advantage over na-

tives in their heterogeneous-conspecific soil legacies.

2 | MATERIALS AND METHODS

2.1 | Study species and pre-cultivation

We selected 10 species from six families to be used in both the
soil-conditioning phase and the test phase (Table S1). Five of the
species are naturalized aliens (Bidens frondosa L., Lepidium virgini-
cum L., Lolium multiflorum Lam., Onobrychis viciifolia Scop., Solidago

canadensis L.), and five species are native to Germany (Bromus steri-
lis L., Centaurea jacea agg., Daucus carota L., Plantago lanceolata L.
and Trifolium pratense L.). All study species are widely distributed in
Germany and can be found in similar habitats (Table S1). Whether a
species is naturalized or native was based on information from the
FloraWeb website (www.floraweb.de, accessed March 2021). Seeds
of the 10 species were either ordered from Rieger-Hofmann GmbH
or taken from the seed collection of the Botanical Garden of the
University of Konstanz (Table S1).

To make sure that all seedlings would be in a similar develop-
mental stage at transplanting, we sowed seeds of the different
species on 12, 19 or 21 April 2021 (Table S1). This was done based
on prior knowledge about the time each species requires for ger-
mination. Each of the 10 species was separately sown into trays
(18cmx 14 cmx 5 cm) filled with potting soil (Topferde; Einheitserde
Co., Sinntal-Altengronau, Germany), and the trays were placed in a
greenhouse with a temperature between 18 and 25°C.
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2.2 | Experimental set-up

2.21 | The soil-conditioning phase

The experiment was conducted in greenhouse compartments of
the Botanical Garden of the University of Konstanz, Germany
(47°41'32” N, 9°10’41"E). On 26 April 2021, we collected field soil
from a native grassland site near the Botanical Garden, where all five
native study species occurred but none of the alien study species.
This ensured that the soil had a shared ecological history with all
native species but reduced the likelihood of specialist enemies of
the alien species already being present. We sieved the field soil by
using a 1-cm metal mesh to remove plant fragments and pebbles.
The substrate used in the soil-conditioning phase consisted of a
mixture of the field soil, sand and vermiculite (v:v:v=2:3:3), and was
then filled into 2-L pots (14cmx14cmx14.5cm). On 3 May 2021,
we transplanted one seedling into the centre of each pot. For each of
the 10 species, we had 115 pots to make sure that we would obtain
sufficient amounts of conditioned soil to be used in the next phase.
As a control (i.e. unconditioned soil), we additionally had 225 pots
without any plants, resulting in 1375 pots in total. Seedlings that
died within 2 weeks after transplanting were replaced. All pots were
randomly allocated to positions in three greenhouse compartments
(24°C/18°C day/night temperature, 16/8hday/night), and each
pot was placed on a separate plastic dish (@=17cm). To reduce
potential effects of environmental heterogeneity within and among
greenhouse compartments, positions of all pots were re-randomized
5weeks after the start of the soil-conditioning phase. We watered
all pots every 2-3days and fertilized them four times with 150 mL of
a water-soluble fertilizer (1%0 m/v, Universol Blue with a NPK ratio
of 3:2:3).

It is generally thought that the soil-conditioning phase should
last at least 8weeks (van der Heijden, 2004); we thus harvested
the plants and soils 11 weeks after the start of the soil-conditioning
phase. From 19 to 23 July 2021, we collected and sieved the soils
from each pot, including pots without any plants, through a 5-mm
mesh to remove the roots. The mesh was sterilized with 70% ethanol
between different pots. The sieved soil was immediately stored at

4°C until use in the test phase.

2.2.2 | The test phase

On 5 and 12 July 2021, we sowed the 10 species again to produce
seedlings for the test phase (Table S1). The pre-cultivation conditions
were the same as for the soil-conditioning phase. From 24 to 27
July 2021, to test the effects of homo- and heterogeneous plant-
soil feedback on each of the 45 pairs of species (i.e. 25 alien-native,
10 alien-alien and 10 native-native interspecific combinations), we
divided each of 1350 pots (1.3-L; 12cmx12cmx13.2cm) in half
along their diagonals using a plastic divider. We then filled the two
halves of the pots with the same (homogeneous soil legacies) or
different (heterogeneous soil legacies) conditioned soils. The divider
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was removed once a pot had been filled and was sterilized with
70% ethanol before using it to fill the next pot. For heterogeneous
pots, one half was filled with soil conditioned by one species of the
species pair that would be planted in the pot and the other half with
soil conditioned by the other species of that pair (Figure 1). To test
whether heterogeneity in soil legacies affects plant growth, we
compared them to the two homogeneous treatments in which both
halves of the pot were filled with soil conditioned by only one of the
two speciesina pair. To test whether the plants responded differently
when soil legacies of both species of a species pair were present in
a homogeneous treatment compared to when only a soil legacy of
one of the two species was present, and whether it differed from
when soil legacies of both species were present in a heterogeneous
treatment, we further conducted a homogeneous treatment with a
1:1 mixture of soils conditioned by the two species. This treatment
was done by randomly mixing the soils from two conditioned
pots, and two diagonal patches of one pot were randomly filled
with mixed soils from different conditioned pots, respectively. In
addition, to test the overall effect of plant-soil feedback, we also
had a homogeneous treatment with unconditioned control soil in
both halves of the pot. To avoid the effects of the heterogeneous
treatments arising simply because the two halves in a test pot
were filled with soils from two conditioning pots, irrespective of
whether they were from two different species or not, the patches
in the homogeneous treatments were also filled with soils from two
replicate conditioning pots, but of the same species.

On 27 July 2021, we transplanted for each of the 45 species pairs
one seedling of each of the two species per pot (Figure 1). So, each pot
half received one seedling. For each species pair, there were four ho-
mogeneous soil-legacy treatments that had in both pot halves (1) un-
conditioned soil (homogeneous-unconditioned), (2) soil conditioned
by the larger of the two species (homogeneous-larger-species), (3)
soil conditioned by the smaller of the two species (homogeneous-
smaller-species) and (4) a mixture of soil conditioned by both spe-
cies (homogeneous-mixed). For homogeneous treatments 2 and
3, the information on which species was larger was based on the
growth of the species in the homogeneous-unconditioned treat-
ment (Figures S3 and S4). For each species pair, there were further-
more two heterogeneous soil-legacy treatments in which either (1)
each species was planted in the pot half filled with soil conditioned
by a conspecific plant (heterogeneous-conspecific) or (2) each spe-
cies was planted in the pot half filled with soil conditioned by the
other species (heterogeneous-heterospecific). Each species pair by
treatment combination had five replicate pots, so, ideally, we would
have had a total of 1350 pots (45 species pairsx é treatmentsx5
replicates). However, because we did not have enough seedlings for
the alien species O. viciifolia, we decreased the number of replicates
for species pairs and treatment combinations that included this spe-
cies but ensured that each had at least three replicates. Therefore,
we finally had 1214 pots in the test phase.

All pots were randomly allocated to positions in two greenhouse
compartments (24°C/18°C day/night temperature, 16 /8 hday/night)
and each of them was placed on a separate plastic dish (@=15cm).
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Positions of all pots were re-randomized 5weeks after the start of
the test phase. We watered all pots every 2-3days and fertilized
them two times with 100mL of a water-soluble fertilizer (1% m/v,

Universol Blue).

2.3 | Measurements

On 28 and 29 July 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 leaf area of each seedling was then
estimated as the number of leaves x length of the largest leaf x width
of the largest leaf. On 4 and 5 October 2021, 10weeks after the
start of the test phase, we harvested the above-ground biomass of
each of the two plants per pot separately. The below-ground bio-
mass was not harvested because it was not possible to separate the
roots of the two plants in each pot. The plant materials were dried at
70°C to constant weight and then weighed.

2.4 | Replication statement
Number of replicates
Scale of Scale at which factor  at the appropriate
inference of interest as applied  scale
Plant Species 10 species
Plant Species origin 5 alien, 5 native
species
Plant Species pair 25 alien-native, 10
alien-alien, 10 native-
native species pairs
Plant Pot 5 replicates for each
pot
2.5 | Statistical analysis

To test whether the various homogeneous and heterogeneous soil-
legacy treatments affected the growth of the alien and native test
plants, we fitted different linear mixed effect models, both at the pot
and patch levels, with the Ime function of the nlme package (Pinheiro
et al.,, 2019) in R 4.2.2 (R Core Team, 2022). To improve the homo-
scedasticity of the model residuals, we allowed the variance to vary
among the test species or species pairs using the varldent and/or
varComb functions. In all models, we used log-likelihood ratio tests
to assess the significance of each fixed effect by comparing models
with and without the effect of interest (Zuur et al., 2009).

2.5.1 | Pot-level analyses

To test whether the four homogeneous and two heterogeneous soil-
legacy treatments affected the biomass production and size inequality

of the two plants in the pots of the test phase, we first fitted two mod-
els to the combined above-ground biomass of the two plants per pot
and to the coefficient of variation (CV) of the biomass values of the two
plants per pot. In these models, soil-legacy treatment (homogeneous-
unconditioned, homogeneous-larger-species, homogeneous-
smaller-species, homogeneous-mixed, heterogeneous-conspecific or
heterogeneous-heterospecific), origin combination (alien-native, alien-
alien or native-native) and their interaction were included as fixed ef-
fects. To account for variation due to the 45 different combinations of
test species, we included the identity of the species pair as a random
effect. Furthermore, to account for the differential response of multi-
ple species pairs to soil-legacy treatments, we included the interaction
of the identity of the species pair and the soil-legacy treatment as a
random effect. To account for differences in initial sizes of the plants
in the test phase, we also included the combined initial leaf area of the
two plants per pot as a covariate.

To test whether the competitive balance between alien and na-
tive plants was affected by the various soil-legacy treatments, we
fitted two models using the subset of pots from the alien-native
competition treatment. In these models, the CV of the biomass
values of the two plants per pot and the proportional biomass
+ bio-
), respectively, were included as the response variable.

of the alien plant, calculated as biomass_, /(biomass

alien alien

massnative
We used soil-legacy treatment as the fixed effect, and we used
the identity of the alien-native species pair and the interaction
of the identity of the species pair and the soil-legacy treatment
as random effects. Most of the soil-legacy treatments were the
same as in the model that included all origin combinations, but
now the two homogeneous soils conditioned by only one species
were defined according to whether the soil was conditioned by
the alien species (homogeneous-alien-species) or the native spe-
cies (homogeneous-native-species), instead of by the larger or
smaller species. The combined initial leaf area of the two plants
per pot was included as a covariate in the first model, while the
proportional initial leaf area of the alien species was included as a
covariate in the second one.

To meet the assumption of normality, plant biomass was square-
root transformed and the CV was box-cox transformed (1=0.63).
Post hoc multiple comparisons for the above models at the pot level
were done separately with the emmeans function of the ‘emmeans’
package (Lenth et al., 2023).

2.5.2 | Patch-level analyses

To test the effects of the various soil-legacy treatments on the alien
and native plant individuals in each patch, we fitted two models using
different subsets of the data and using square-root transformed
above-ground biomass of the individual plants as the response vari-
able. First, using the subset of pots with four homogeneous soil-
legacy treatments, we tested whether individual biomass in patches
was affected by the presence of diverse soil legacies and the origins
of the focal plant and its competitor. Origin of the focal plant (alien
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or native), origin of the competitor (alien or native), soil-legacy treat-
ment of patch (homogeneous-unconditioned, homogeneous-mixed,
homogeneous-conspecific or homogeneous-heterospecific) and their
interactions were included as fixed effects. We also included three
orthogonal hierarchical contrasts for the soil-legacy treatment of a
patch to test (1) the effect of soil legacies (Patch . sitioned/Conditioned)
which compares the unconditioned control soil patch with the aver-
age of the other three soil-legacy patches, (2) the effect of soil mixing
(PatchMixed/Single), which compares the mixed soil-legacy patch with
the average of the conspecific and heterospecific soil-legacy patches,
and (3) the effect of whether the focal plant grew on soil conditioned
by a conspecific or heterospecific plant (PatchConspeciﬂcmeterospeciﬂc),
which compares homogeneous conspecific with homogeneous-
heterospecific patches. We included the identity of the focal species
and the competitor species as random effects. To account for the dif-
ferential responses of multiple focal species and competitors to soil-
legacy treatments in patches, we further included the interactions of
their identities and the soil-legacy treatment in the patch as random
effects. As each plant was used both as a focal plant and as a competi-
tor, we accounted for the nonindependence of the two plants within
the same pot by including pot identity as a random factor. We also
accounted for variation in the initial size of the plants by including
initial leaf area as a covariate.

In addition, we also tested whether individual biomass was af-
fected by the soil legacy of the focal plant's patch, soil-legacy het-
erogeneity of the pot, and whether it depended on the origins of the
focal plant and its competitor. We therefore used the subset of pots
from the homogeneous-conspecific, homogeneous-heterospecific,
heterogeneous-conspecific and  heterogeneous-heterospecific
treatments. Origin of the test species, origin of the competitor, soil-
legacy heterogeneity of the pot (homogeneous or heterogeneous),
soil-legacy of the focal plant's patch (conspecific or heterospecific)
and their interactions were included as fixed effects. Identity of the
focal species and the competitor species, interactions of their identi-
ties and the soil-legacy treatment, and pot identity of the test phase
were included as random effects. We also included the initial leaf

area of focal plants as a covariate.

3 | RESULTS

3.1 | Pot-level effects of soil-legacy treatments on
competing plants

Overall, irrespective of their origins, the competing plants produced
the most biomass per pot on unconditioned control soil (Table S2a,
Figure 2a). Among the five soil-legacy treatments with conditioned
soil, the combined biomass per pot did not significantly differ
(Table S2a, Figure 2a). Averaged across the soil-legacy treatments,
there were no significant differences among the three origin combi-
nations of the species, and there were also no significant differences
in the responses of the three origin combinations to the soil-legacy
treatments (Table S2a).
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Across all soil-legacy treatments, the coefficient of variation in
biomass (CV) between the two plants in a pot was the smallest when
the soil had been conditioned by the largest of the two species only
(i.e. homogeneous-largest-species treatment; Table S2b, Figure 2b).
This reduction in size inequality of this soil-legacy treatment was
the most pronounced for alien-alien species pairs and the least pro-
nounced for native-native species pairs relative to the other soil-

legacy treatments (Figure 2b).

3.2 | Patch-level effects of homogeneous and
heterogeneous soil legacies on individual plants

Across the four homogeneous soil-legacy treatments, there were
no significant differences between the alien and native focal plants
(Table S3). However, the differences in individual biomass of alien
and native focal plants were larger on the homogeneous soil con-
ditioned by a single species (+16.9%) than on the homogeneously
mixed soil from both species (+3.7%; Table S3, Figure S1a), particu-
larly when the competing plants were alien (significant Origin,,,,
XorigincompxPatChMixed/Single interaction in Table S3, Figure S1b).
Furthermore, the negative soil-legacy effects on focal plants were
stronger when the soil had been conditioned by conspecifics in-
stead of heterospecifics (-10.4%; Table S3, Figure 3a). However, in
the conspecific soil-legacy treatment, alien focal plants produced
more biomass when grown with an alien competitor than when
grown with a native competitor (+4.5%), whereas the reverse was
true in the heterospecific soil-legacy treatment (-5.7%; significant
comp X PatChConspecific/Heterospecific
Table S3, Figure 3a). As a consequence, alien focal plants experi-

Origing,, % Origin interaction in
enced weaker negative conspecific soil-legacy effects when they
were in the presence of another alien plant.

In addition, among homogeneous and heterogeneous treat-
ments with conspecific or heterospecific soil legacies, focal plants
grew worse on conspecific than on heterospecific soil patches
(-5.8%; Table S4, Figure S2a). Soil-legacy heterogeneity overall had
no significant effect on the biomass of focal plants across these four
treatments (Table S4). However, the negative conspecific soil-legacy
effect was mainly driven by the homogeneous treatments (significant
Hetero x Patch interaction in Table S4; Figure S2b). Furthermore, in
the heterogeneous soil-legacy treatments, the negative effect of
conspecific soil remained for alien focal plants competing with aliens
(-6.7%), but it disappeared for the native focal plants competing
with natives or aliens, and even reversed for alien focal plants com-
xHet

comp

peting with natives (+12.4%; significant Origin, _, x Origin
ero x Patch interaction in Table S4, Figure 3b, Figure S2).

3.3 | Effects of soil-legacy treatments on
competitive symmetry between alien and native plants

For the subset of pots with alien-native species pairs, the alien bio-
mass proportion and the CV of biomass of the alien and native plants
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dashed lines indicate mean values of the unconditioned control. The underlying statistical model is shown in Table S2. The uppercase letters
indicate the significance (p <0.05) of multiple comparisons among the soil-legacy treatments (irrespective of the origin combination), and
the lowercase letters indicate significances (p <0.05) of multiple comparisons among the soil-legacy treatments for each of the three origin

combinations separately.

varied significantly among the soil-legacy treatments (Table S5). The
alienbiomass proportion was significantly lowerinthe homogeneous-
alien-species treatment (i.e. on homogeneous-conspecific soil of
alien species) than in any of the other soil-legacy treatments and
was highest in the homogeneous-native-species treatment (i.e. on
homogeneous-heterospecific soil; Figure 4a). As a consequence, the
biomass inequality between competing alien and native plants was
lowest on homogeneous-alien-species soil (Table S5b, Figure 4b),
although it was only significantly lower than on heterogeneous-
conspecific homogeneous-mixed soils (Figure 4b).

4 | DISCUSSION

Our study tested how four homogeneous and two heterogeneous
soil legacies and species origins affect the growth and coexistence

of competing plants. We found that all conditioned soils, relative to
the unconditioned soil, negatively affected biomass production of
the competing plants, irrespective of their origins. There was little
variation in biomass production per pot among the five soil-legacy
treatments with conditioned soils. However, the biomass was not
equally partitioned between the two plants per pot. When the two
competing plants grew on soil that had only been conditioned by
the species that was larger in the unconditioned soil-legacy treat-
ment, the inequality in biomass was the smallest. This indicates
that the conspecific soil legacy of the larger-sized plant reduced its
growth advantage relative to the smaller competitor, which should
contribute to the coexistence of the two species. Both alien and
native plants suffered significantly from conspecific soil legacies.
However, this negative effect on alien species was mitigated when
grown on homogeneous soil with another alien plant. Furthermore,
alien-native species combinations had the smallest biomass
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inequality and the lowest proportional alien biomass when grown
on homogeneous-alien-species soil (i.e. homogeneous-conspecific
soil for alien species), suggesting a strong negative conspecific
soil-legacy effect for aliens. However, the biomass proportion
of the alien species was higher when grown on heterogeneous-
conspecific soil than on homogeneous-conspecific soil. This sug-
gests that soil-legacy heterogeneity can mitigate the negative

effects of conspecific soil legacies on alien plants.
4.1 | Plant-growth inequalities in diverse
soil-legacy scenarios

Consistent with numerous plant-soil-feedback experiments (e.g.
Aldorfova et al., 2020; Bennett et al., 2017; Bonanomi et al., 2005;

Mangan et al., 2010) and meta-analyses (e.g. Crawford et al., 2019;
Kulmatiski et al., 2008), we found that conditioned soils over-
all negatively affected plant growth (Figure 2a). This probably
reflects that the pathogens and/or allelopathic secondary me-
tabolites accumulated by the conditioning plants negatively af-
fected the plants in the test phase (Bever et al., 2015; Packer &
Clay, 2000). It could also reflect that the conditioning plants had
depleted the soil of nutrients. However, to allow the conditioning
plants to grow properly, so that they could train the soil and to
avoid soil nutrient depletion, which would result in strong nutrient
limitation for the subsequent plants, we fertilized the pots dur-
ing both the conditioning and test phases. In addition, although
soil nutrient depletion is often associated with plant size, we did
not find a significant correlation between the size of condition-
ing plants and the size of subsequent plants (Figure S5), indicating
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values (+SEs). Density ridgelines indicate the distribution of
modelled values. Vertical dashed lines indicate mean values of the
unconditioned control. The underlying statistical model is shown in
Table S5. The letters indicate the significant difference (p <0.05) of
multiple comparisons among soil-legacy treatments.

that soil nutrient depletion probably played only a minor role in
the test phase.

In line with our expectations, we found that competing plants
had the smallest size inequality (CV) on soils conditioned by the
larger species (Figure 2b). In other words, when a plant of the
species that had a larger size under unconditioned control con-
ditions experienced a conspecific soil legacy, its biomass was
strongly reduced, making it more similar to the biomass of the
competitor. When the soil had been conditioned by the smaller
of the two species, the size inequality was larger than when the

soil had been conditioned by the larger one. However, with the
exception of the alien-native species pairs, size inequality was on
average not increased relative to the unconditioned control treat-
ment. This could reflect that slow-growing species are frequently
better defended than fast-growing, acquisitive species and that
they therefore accumulate fewer soil pathogens and experience
less negative conspecific plant-soil feedback (Lemmermeyer
et al., 2015). Furthermore, the soil-legacy effects on size inequal-
ity were the most pronounced when both plants were alien spe-
cies (Figure 2b). Possibly, this reflects that many of the naturalized
alien species are fast-growing species that are less defended and
might therefore suffer more from soil-legacy effects mediated by

generalist soil pathogens.

4.2 | Interactions between competing plant
individuals mediated by soil legacies

Although growth asymmetries within alien-alien species pairs at
the pot level were most sensitive to soil-legacy effects (Figure 2b),
their reduction in biomass production was dependent on spe-
cific soil-legacy treatments. Specific to the patch level, on aver-
age, individual biomass of alien plants within alien-alien species
pairs was higher than the biomass of native plants on soils with
homogeneous soil legacies except on homogeneous-mixed soils
(Figure 3a, Figure Si1b). It is likely that the mixing of soil legacies
from two alien species has resulted in a greater diversity of al-
lelochemicals (Callaway & Ridenour, 2004). These novel second-
ary metabolites can reduce the individual growth of alien species
and consequently reduce their combined biomass production on
homogeneous-mixed soils. Moreover, compared to competing
with native species, alien plants achieved relatively more biomass
on homogeneous-conspecific soil when competing with alien spe-
cies (Figure 3a). This suggests that there may be positive interac-
tions between co-growing alien species that are mediated by the
soil legacy, thereby mitigating negative conspecific soil-legacy ef-
fects. In contrast, native plants, irrespective of whether they were
competing with alien or native species, experienced strong nega-
tive conspecific soil-legacy effects. Overall, these results suggest
that there may be facilitation among alien plants as posited by the
invasional meltdown hypothesis (Simberloff & Von Holle, 1999).
When alien and native plant species were grown in competition
with one another, we found that biomass reductions of the alien
and native species on their conspecific soils, relative to uncondi-
tioned control soil, were similar (-11.4% vs. -14.0%; Figure 3a).
This was also true when we considered all the conditioned soils
(=9.7% vs. =6.7%; Figure 3a). These findings suggest that alien
plant individuals did not experience weaker soil-legacy effects
than native ones. This finding is surprising as it is frequently as-
sumed that alien species have been released from many of their
species-specific natural enemies (Keane & Crawley, 2002; Mitchell
& Power, 2003), and therefore should experience less negative
plant-soil feedbacks (Klironomos, 2002; MacDougall et al., 2011).
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Possibly, the soil inoculum that we had collected in the field,
where the native study species occurred, contained mainly gener-
alist pathogens, which not only negatively affected the native spe-
cies but also the alien plant species. Furthermore, it has previously
been shown that negative plant-soil feedback effects on invasive
plants decline with time since establishment (Diez et al., 2010).
Therefore, it could be that because the naturalized alien species
used in our study have been in Europe for a relatively long time
(Table S1; Capinha et al., 2023) and have closely related native
species, they may by now have accumulated specialist natural en-
emies to similar degrees as the native species.

4.3 | Effects of soil-legacy heterogeneity on
coexistence of alien and native plants

When we only considered the alien-native species pairs, we found
that size inequality was smallest when the alien and native plants
grew on homogeneous soil conditioned by the alien species only
(Figure 4b). Specifically, homogeneous-alien-species soil, where
aliens thus grew on conspecific soil, reduced the biomass proportion
of the alien species considerably (Figure 4a). As the alien species
tended to be larger overall than the native species (Figure S3), the
reduced growth of the alien species reduced the size inequality
between alien and native species. However, the biomass proportion
of alien species increased on heterogeneous-conspecific soil and, as
a consequence, the growth inequalities between alien and native
speciesincreased again (Figure 4). This suggests thata heterogeneous
soil legacy may reduce the alien species' negative conspecific plant-
soil feedback and thereby increase their competitive advantage
over natives. Conversely, the performance of the native plants did
not differ between the homogeneous-native-species treatment,
where the natives grew on conspecific soil, and the heterogeneous-
conspecific treatment (Figure 3b). Indeed, studies have shown
that soil-legacy heterogeneity can create refuges for plants where
they experience less negative plant-soil feedback effects (Burns
et al., 2017; Hendriks et al., 2015). Possibly, alien plants, due to their
frequently superior plasticity relative to natives (Chen et al., 2019;
Davidson et al., 2011; Keser et al., 2014; Richards et al., 2006), were
likely to take more advantage of this when competing with native
plants. As a consequence, in our study, alien plants achieved a higher
biomass and biomass proportion on heterogeneous-conspecific soil
(Figures 3b and 4a).

In addition, total biomass per pot, individual size inequality and
also proportional biomass of alien plants in the heterogeneous soil-
legacy treatments were similar to those in the homogeneous-mixed
treatment. Possibly, this indicates that the soil microbial commu-
nities in the two halves of the heterogeneous treatments rapidly
mixed so that the resulting microbial communities in the two het-
erogeneous soil-legacy treatments became similar to the one in the
homogeneous-mixed treatment. For proportional alien biomass, the

values in the homogeneous-mixed and heterogeneous treatments
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were intermediate to the ones in the homogeneous-alien-species
and homogeneous-native-species treatments. This is not surprising
because the soil legacy of the individual species was diluted, and
consequently, the abundance of species-specific pathogens was
also reduced correspondingly. Therefore, the competition outcomes
between alien and native species may not change much when they

experience soil legacies of both species.

5 | CONCLUSIONS

Our study showed that soil legacies negatively affected plant
growth, irrespective of their origins. The growth inequalities be-
tween competing plants were smaller when the soil they grew on
had been conditioned by the larger-sized one. Both alien and native
plants suffered significantly from conspecific soil legacies. However,
alien plants benefited from another co-growing alien species on
homogeneous-conspecific soil, which mitigated negative soil-legacy
effects. Moreover, alien plants benefited from heterogeneous soil
conditions, resulting in an increase in their competitive advantage
over native plants. Our findings show that the performance of
competing plants may depend on their relative sizes, origins and
soil legacies. This may ultimately affect the coexistence of the spe-
cies in natural environments where soil legacies are likely to be

heterogeneous.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. (a) Effects of the homogeneous-mixed and homogeneous-
single (i.e. average of homogeneous-conspecific and homogeneous-
heterospecific) soil-legacy treatments on individual aboveground
biomass of the alien and native focal plants at the patch level. (b)
Effects of the homogeneous-mixed and homogeneous-single soil-
legacy treatments on individual aboveground biomass of the alien
and native focal plants at the patch level in the presence of alien or
native competitors.

Figure S2. (a) Effects of conspecific and heterospecific soil patches
on individual aboveground biomass of the focal plants. (b) Effects
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of conspecific and heterospecific soil patches on individual
aboveground biomass of the focal plants in homogeneous and
heterogeneous soil-legacy pots.

Figure S3. Means (+SEs) of biomass of each focal plant species in
unconditioned control soil treatment.

Figure S4. Differences of mean biomass of each species pair in
unconditioned control soil treatment.

Figure S5. Effect of aboveground biomass produced by plants in the
soil-conditioning phase on the aboveground biomass of the test-
phase pots.

Table S1. Plant species used in the experiment.

Table S2.

unconditioned,

Effects of soil-legacy treatment (homogeneous-
homogeneous-larger-species, homogeneous-
smaller-species, homogeneous-mixed, heterogeneous-conspecific
or heterogeneous-heterospecific), origin-combination treatment
(alien-native, alien-alien or native-native) and their interaction on (a)
combined aboveground biomass of the two plants per pot and (b) the
coefficient of variation (CV) of the biomass of the two plants per pot.
Table S3. Effects of the origin of the focal plant (alien or native),
origin of the competitor (alien or native), soil-legacy treatment of
patch (unconditioned, mixed, conspecific or heterospecific) and their
interactions on aboveground biomass of the focal plant in the subset
of pots in the four homogeneous treatments.

Table S4. Effects of the origin of the focal plant (alien or native),
origin of the competitor (alien or native), soil-legacy heterogeneity
(homogeneous or heterogeneous), soil-legacy of patch (conspecific
or heterospecific) and their interactions on aboveground biomass
of the focal plant in the subset of pots with homogeneous and
heterogeneous soil-legacies of conspecifics and heterospecifics.
Table S5.

unconditioned, homogeneous-alien-species, homogeneous-native-

Effects of soil-legacy treatment (homogeneous

species, homogeneous-mixed, heterogeneous-conspecific or
heterogeneous-heterospecific) on (a) proportional biomass of alien
species and (b) the coefficient of variation (CV) in biomass of the
two plants per pot in the subset of pots with alien-native species

combinations.
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