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Abstract
The biodiversity of aboveground plants and belowground microbes is key for plant communities

resisting exotic plant invasion. Whether the soil legacy effects after the invasion are related to

the diversity of the invaded community is less studied. Soils from invaded communities were col-

lected and potted to investigate the effects of the invasive community’s legacy on the biomass allo-

cation of plants that later grew in these soils. The plots where native plants were present had

relatively high nutrient levels (except for available nitrogen) compared to the monodominance

communities invaded by Chromolaena odorata. This also indirectly suggests that the severe invasion

of C. odorata depleted the nutrients in the soil to a greater extent. When soils were from com-

munities with only C. odorata or one native plant, their biotic legacies showed a significantly posi-

tive effect on biomass accumulation of subsequent invasive plants, but this positive effect became

negative when more than two native plants were present in the invaded community. This result

indicated that the effect of biological resistance increases with the number increase of native spe-

cies in the invaded communities. The soil legacy effect of the invaded communities on subsequent

plants depended on the diversity of native plants. This study can provide insights into the mechan-

isms of soil biological resistance to exotic plant invasion and provide a theoretical basis for the

removal of soil legacy effects after the exotic plant invasion.
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Introduction

With increasing global economic integration and human interaction, the invasion of
exotic species has become a growing problem. Invasive exotic plants often occupy
unoccupied ecological niches, and the chances of successful invasion are generally
low in plant communities with high diversity.1–3 Accordingly, Elton proposed the
diversity-resistance hypothesis (DRH), which states that communities with high diver-
sity are more resistant to invasion, while ecosystems with low species diversity and
simple structure are more vulnerable to invasion by exotic plants.4 In plant communi-
ties, the diversity of above-ground plants is closely related to soil microbe diversity,
which indicates that soil microbes play an important role in resistance to exotic
plant invasion.5–7 However, it is not clear whether the resistance effect of above-
ground plant diversity on invasive plants can be transmitted to soil microbes and influ-
ence subsequent plant growth.

When exotic plants are introduced, they often alter the physicochemical and biological
properties of the invaded soil,8,9 which could influence the dynamics of the soil microbe
community and the relationship between plant and soil microbe biodiversity. It has been
shown that in the absence of invasive alien plants, native plant community diversity is sig-
nificantly and positively correlated with soil fungal diversity, whereas when alien plants are
introduced, plant community diversity is more closely related to the α-diversity of fungal
communities, but plant community diversity is not correlated with the β-diversity of
fungal communities.5 The more invasive plant Smooth Brome has invaded, the higher
the bacterial diversity in the soil and the lower the fungal diversity.10 The response of
plant and soil microbe diversity to plant invasion changes with the timing of invasion,11

and it is not clear whether this change could influence subsequent plant growth.
Changes in the biological and physicochemical properties of soil conditioning by

plants continue to affect plants that subsequently grow on the soil. This phenomenon
is known as the soil legacy effect, which is importantly regulated by soil microbes.12

Soil microbes are key factors influencing nutrient uptake, disease defence, phenological
traits and interspecific relationships of aboveground plants.13–16 For example, soil micro-
bial taxa are closely related to the plasticity of plant flowering schedules.13 When
Ipomoea purpurea was inoculated with soil from the original field soil, plants flowered
significantly earlier and more frequently compared to sterile soil.17 The effects of soil
inheritance are mainly influenced by soil fungi rather than bacteria, which redirect
plant community succession.13 Three months after planting the native plant Lasthenia
californica with soil that had been planted with the invasive plant Aegilops triuncialis,
the plant L. californica showed a delay in flowering and a marked reduction in above-
ground biomass.18 Does the resistance of exotic plants to invasive forces persist? To
date, only a few such studies have been published. An in-depth study of the resistance
of soil legacies to invasive alien plants can provide a theoretical basis for uncovering
the soil biological mechanisms underlying the resistance effect of species diversity.

Chromolaena odorata (L.) King & Robinson is native to Central and South America
and has spread to tropical Asia and Africa. It is one of the 100 most damaging invasive
exotic species in the world.19 It has a strong dispersal ability, displaces native species
through strategies such as allelopathy and pathogen enrichment, occupies native
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species’ habitats,20–22 forms large mono-optimal communities and threatens local eco-
logical security. Subtropical China is a region with great biodiversity, but it is also a
region that suffers from serious invasions of exotic plants, seriously threatening native
plant diversity, severely limiting ecological services, and hampering local economic
development. There is an urgent need to decipher the mechanisms of invasive exotic
plants and to develop reliable and effective control methods. The greater the diversity
of plant communities, the more pronounced the effect of resistance to exotic plant inva-
sion. Does plant community diversity, as a legacy of the soil, have a lasting effect on plant
invasion? We hypothesized that (1) soil legacy effects affect subsequent plant biomass
and biomass allocation depending on changes in soil nutrients and biotic properties in
invaded communities and (2) the diversity of invaded communities could alter the sub-
sequent fitness of plants through biotic legacies in the soil.

Materials and methods

Soil sampling and sterilization

This research relied on an artificially constructed platform for long-term monitoring of the
dynamics of invaded communities with varying degrees of invasion. This platform is
located at the Xishuangbanna Tropical Botanical Garden, Chinese Academy of
Sciences (21°41′N, 101°25′E; 570 m elevation). The artificial plots with invasive plant
communities included the following: (i) a single invasive plant community: a single inva-
sive plant, C. odorata; (ii) C. odorata and one native plant; (iii) a combination of C.
odorata and two native plants; and (iv) a combination of C. odorata and three native
plants. The area of each plot is 3 m× 3 m, with three replicate treatments. The topsoil
(0–20 cm) of the above plots was taken and sieved through a 5 cm sieve and the soil
was fumigated with Dazomet sterilizer and covered with foil.

Analysis of soil nutrient contents and pH

Soil nutrient content and pH were determined using routine methods described by Lu.23

Soil pH was measured using a pH meter (FE30, Mettler-Toledo, CH) with a 1:2.5 soil-
water suspension. Soil organic carbon (SOC) was measured by K2Cr2O7-H2SO4 oxida-
tion. Total nitrogen and available nitrogen were determined by the Kjeldahl-N method;
total P and available P were determined by HF-HClO4 digestion and sodium bicarbonate
extraction (Molybdenum Blue method), respectively.

Transplanting and management

A single plant was planted in each pot, including two invasive plants,C. odorata and Bidens
pilosa, and four native plants, Desmodium sequax, Neyraudia reynaudiana, Triumfetta
rhomboidea and Urena lobata, with three replicates for each treatment, totalling 144
pots. Attention was given to regular hoeing and spraying to reduce the impact of pests, dis-
eases and weeds, while the plants were regularly watered to ensure normal growth.
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Phenotypic measurements on the plants

(1) Measurement of plant height: At mid-growth, the height of each plant was measured
with a tape measure. (2) Measurement of specific leaf area: At mid to late plant growth,
five complete leaves were taken from each individual, and the total leaf area of leaves
(cm2) was measured with a leaf area meter (LI-3000C, LI-COR, USA). The leaves
were then dried (70 °C, 36 h). Specific leaf area (cm2/g)= total leaf area/total dry
weight. (3) Biomass (g) determination: Leaf, stem and root biomass of each pot were har-
vested at the later stages of plant growth. The total biomass of each pot was calculated, as
well as the proportion of the different components in the biomass.

Data analysis

One-way ANOVA was used to analyse the variability in soil nutrients and pH in the
invaded communities. Homogeneity and chi-square tests were performed before analys-
ing the data, and Bonferroni’s post hoc test was used to compare the invaded communi-
ties. This calculation was performed using R software (ver. 3.6.2).

A mixed linear model (MLM) was used to analyse (i) the response variables: total
biomass, biomass allocation, specific leaf area and plant height; (ii) soil sources (differ-
ent richness of invaded communities), sterilization treatment (sterile/live) and potted
plant origin (native/invasive) as fixed factors and potted plant species selection as
random factors; the legacy effects of invaded community on plant phenotypes were stat-
istically analysed.

We referred to the formula ln(biomassLive/sterile) used by Lekberg et al.24 to calculate
the soil biotic legacy effect, where biomassLive/sterile is the ratio of plant total biomass on
live soil to that on sterile soil. A linear mixed model (MLM) was used to analyse the
impact of the legacy effect on the accumulation and distribution of biomass of invasive
and native plants. A t-test was also used to analyse the significance of the difference
between the value of the legacy effect and the value 0. A significant value greater
than 0 indicates a positive soil biotic legacy effect and a significant value less than 0 indi-
cates a negative soil biotic legacy effect. The MLM analysis was performed using the
‘lmerTest’ package in R (ver. 3.6.2).

Results

Changes in soil nutrients and pH among the invaded communities

The plots where native plants were present had relatively high nutrient levels (except for
available nitrogen) and pH values compared to the monodominant communities invaded
by C. odorata (Figure 1). Total nitrogen and available phosphorus levels increased with
increasing species diversity in the invaded communities (Figure 1(b) and (e)). This also
indirectly suggests that the severe invasion of C. odorata depleted the nutrients in the
soil to a greater extent.
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The effects of soil legacy on plant phenotype depend on the diversity of invaded
communities

With the increase in the number of native species in the invaded community, the soil legacy
effect significantly increased the biomass accumulation of subsequent plants (Figure 2(a)),
and the leaf biomass fraction decreased but the stem biomass fraction increased significantly
(Figure 2(b) and (c)). The soil legacy effect on subsequent plant height was significantly and
positively correlated with community richness (Supplemental Figure S1).

The effect of sterilization on the phenotype of subsequent plants

Compared to live soil, sterilization significantly increased plant biomass and leaf biomass
fraction (Supplemental Figure S2(a) and (b)); however, sterilization reduced stem
biomass fraction and the root to shoot ratio (Supplemental Figure S2(c) and (d)).
There was a significant interaction between pot plant origin and soil sterilization on sub-
sequent plant biomass accumulation and stem biomass fraction (Figure 3(a) and (c)).

Soil biotic legacy effects of the invaded community on subsequent plant
phenotypes

In the communities (plots) with only C. odorata or a native plant, soil legacies showed a
significantly positive effect on biomass accumulation and stem biomass fraction of

Figure 1. Nutrient content and soil pH (mean± SE, N= 3) in invaded communities with different

richness. Letters indicate significant differences (p< 0.05).
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subsequent invasive plants, but this gradually decreased with the number increase of
native plants in the field communities (Figure 4(a) and (c)); in contrast, the soil legacy
effect on leaf biomass fraction of subsequent invasive plants was significantly negative,
but it increased with the number increase of species in the field plots (Figure 4(b)). This
suggested that the resistance effect of soil legacy on subsequent alien plant invasion
increased with the increase in species richness in the previously invaded community.
Soil of the invaded communities had negative legacy effects on subsequent native
plant biomass accumulation and the leaf biomass fraction. The biotic legacy showed a
significantly positive effect on the root-crown ratio when two native species were
present in the field plots, while this positive legacy effect shifted to native plants when
three native species were present (Figure 4(d)).

Discussions

The effects of soil legacy on biomass allocation after invasion

Consistent with the first hypothesis, this study shows that the soil legacy effect of the
invaded community was mediated by the native plants in the invaded community.
There are two possible reasons for this. First, as indicated by the plant community
census data, the biomass of the invader C. odorata has a large advantage over native
plants in the invaded community, and this advantage of rapid biomass accumulation

Figure 2. Soil legacy effects of invaded communities on biomass and its allocations to subsequent

plants. p< 0.05 indicates significant regression.
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requires the depletion of more nutrients in the soil, resulting in a lack of available nutri-
ents for subsequent plant growth. This conclusion is supported by trends in community
nutrient levels (Figure 1). Second, as the number of native species in the invaded com-
munity increases, the diversity of the plant community increases soil biodiversity and
soil ecological functions, which promotes plant community resistance to exotic plant
invasion8 and reduces the impact of invasive species on the soil.25 Therefore, the
impact of invasive plants on the soil is reduced when the number of native species in
the invasive community increases.

With the increase in species richness in the invaded community, its soil legacy effect
facilitates an increase in the stem biomass fraction but a decrease in the leaf biomass frac-
tion (Figure 1(b) and (c)). In invaded communities with high diversity, plants compete not
only for belowground nutrients but also for light, plants devote more resources to stems
and grow taller, and the invaded community is likely to affect subsequent plant perform-
ance through the soil legacy effect.

In this study, we found that soil sterilization significantly increased subsequent plant
biomass (Supplemental Figure S2(a)). We also found that soil sterilization increased the
specific leaf area (Supplemental Figure S2(f)), an important parameter of photosynthesis.

Figure 3. Effect of the interaction between potted plant origin and soil sterilization on plant

biomass and allocation. * indicates that the interaction effects are significant at the p< 0.05 level.
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Consistent with our study, some invasive plants rapidly accumulate native pathogens at
invaded sites, thereby affecting the competitive relationship between invasive and native
plants.26 For example, invasive populations of the field grass C. odorata significantly
increased populations of the soil pathogenic fungus Fusarium semitectum, which signifi-
cantly inhibited the growth of two native plants.27 However, sterilization reduced the dis-
tribution of biomass in the stem and the ratio of roots to crowns (Supplemental
Figure S2(c) and (d)), indirectly suggesting that sterile soils impair root growth and
then affect the biomass allocation pattern.

The interaction between soil biotic legacy and plant community diversity on
biomass allocation

Consistent with the second hypothesis, a significant soil biological legacy effect
occurred in the invaded community. This legacy effect contributes significantly to the
accumulation of invasive plant biomass but transforms into a significant suppression
effect as the plant diversity in the invaded community increases (Figure 4(a)). The intro-
duction of exotic plants alters the composition of plant root secretions and apoplastic
material, which has a selective stimulatory effect on certain soil microorganisms and

Figure 4. Soil biotic legacy effects of invaded communities on invasive and native subsequent

plants. The RS in panel D refers to the ratio of root to shoot biomass. The box with * indicates

that there is a significant difference from 0. If > 0, the effect of biotic legacy is positive; otherwise,

the effect of biotic legacy is negative.
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influences the structure and function of the microbial community.27 Second, the intro-
duction of exotic plants can alter the vegetation cover, affecting heat radiation and
leading to changes in soil evaporation and consequently soil moisture.28 Both aspects
can influence subsequent plant growth through ecological memory in the soil microbial
pool. The soil from the community with higher plant diversity has stronger resistance to
subsequent plant growth.

In addition, our study found that in the communities with only C. odorata or one
native plant, the biological legacy of the soil increased the biomass allocation to the
stems of subsequent invasive plants, but this effect decreased with the increase in
native species in the invaded community (Figure 4(c)). Consistent with our study, after
inoculating the soil microbes of the invaded site, the invasive C. odorata increased its
height to obtain more light resources and allocated more photosynthetic carbon to the
stem. However, the performance of native Panicum maximum was not affected by inocu-
lation.29 Dudenhöffer et al.30 also found that feedback from below-ground organisms to
above-ground plants not only affect plant biomass but can also alter the biomass alloca-
tion pattern, thereby changing plant fitness. However, contradictory studies also reported
that the soil legacy effect of plant diversity showed a weak positive feedback effect on
Jacobaea vulgaris, and the soil legacy effect of plant diversity could not be detected
in soils inoculated with sterile substrates.31 This result indicated that soil microbes
play a more important role than other factors in the soil legacy effect.

Compared to native plants, introduced exotic plants often have a rapid growth rate and
strong allelopathic effect, affecting soil physicochemical properties and microbial com-
munity dynamics.22 These impacts could create a ‘memory’ in the soil that continues
to influence the growth of subsequent plants. This study shows that the soil legacy
effect is closely linked to the diversity of plants in the invaded community. The diversity
of the invaded community had effects on the dynamics of the soil biota, which could
affect the biomass allocation pattern among different organs of subsequent plants,
which in turn influences plant fitness. However, in this study, the soil was only sterilized,
and the structure of the soil microbial community was not measured. It is not clear which
groups of soil microorganisms play crucial roles in the soil legacy effect, and in-depth
targeted research is needed.

Conclusions

Severe invasions (communities with only one exotic plant) led to a severe depletion of
soil nutrients and a significant reduction in biomass and biomass allocation to stems
of subsequent plants by soil legacy. In the community with only invasive C. odorata
or only one native species, biotic legacies in the soil contributed positively to the
biomass accumulation of subsequently invasive plants, but this positive effect
decreased and even became negative with the increase in species richness in the
invaded communities. The most striking aspect of our results is that the soil can
‘inherit’ the resistance of species diversity to exotic plants and resist subsequent
exotic plant invasion. The results can provide a theoretical basis for the prevention
and control of invasive plants.
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