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Abstract 

Background Both increasing native species diversity and reducing nutrient availability can increase the ability 
of native plant communities to resist alien plant invasions. Furthermore, native species diversity and nutrient availabil‑
ity may interact to influence alien plant invasions. So far, however, little is known about the interactive effect of spe‑
cies diversity and nutrient availability on reproduction of alien invasive plants. We constructed native plant communi‑
ties with one, four or eight species under low and high nutrient supply and then let them be invaded by the invasive 
alien plant Bidens pilosa.

Results At both high and low nutrient supply, increasing native species richness significantly increased aboveground 
biomass of the native plant community and decreased aboveground biomass and biomass proportion of the invader 
B. pilosa. Reproductive biomass of B. pilosa decreased significantly with increasing native species richness under high 
nutrient supply, but this effect was not observed under low nutrient supply. Net biodiversity effect on seed mass 
of B. pilosa decreased significantly with increasing native species diversity under high nutrient supply, but not under 
low nutrient supply. This was mainly because the selection effect became dominant with increasing species richness 
under high nutrient supply.

Conclusions Our study suggest that native species richness and nutrient supply can interact to influence repro‑
duction of invasive alien plant species and that measures to help maintain a high level of native species richness 
and to reduce nutrient supply could be useful for efficient invasive plant control.
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Introduction
Biological invasions are a global threat as they can cause 
biodiversity declines, economic losses and human health 
problems (Wang et  al. 2017; Vilà et  al. 2011; Rai and 
Singh 2020; Diagne et  al. 2022). Although over 13,000 
plant species have successfully naturalized outside their 
native ranges (van Kleunen et al. 2015), the accumulation 
of alien species is still expected to increase (Seebens et al. 
2021), which dramatically increases the risk of alien plant 
invasions around the world. Thus, identifying measures 
that can slow down alien plant invasions is helpful for 
invasive plant management (Dong et al. 2024).

Maintaining a certain level of native plant species diver-
sity could be one of such measures that can efficiently 
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slow down or even prevent alien plant invasions (e.g., 
Levine 2000; Kennedy et  al. 2002; Li et  al. 2022a). The 
idea originates from the biotic resistance hypothesis, 
which predicts that communities with higher species 
diversity should have greater resistance to biological inva-
sions (Elton 1958). The hypothesis is supported by results 
of many theoretical and experimental studies (e.g., Ken-
nedy et al. 2002; van Ruijven et al. 2003; Maron and Mar-
ler 2008; Wei and van Kleunen 2022). Reducing available 
resources in a community could be another measure that 
can slow down or even prevent alien plant invasions (e.g., 
Davis et al. 2000; Pearson et al. 2018; van der Loop et al. 
2020; Gao et al. 2021). This is because native plant com-
munities become more susceptible to alien plant inva-
sions when there is an increase in the amount of unused 
resources as a result of resource fluctuation, such as after 
disturbance, herbivory or eutrophication (Davis et  al. 
2000). A growing body of studies have provided support-
ing evidence that such resource fluctuation is associated 
with invasion success of alien species (e.g., Davis and Pel-
sor 2001; Parepa et al. 2013; Tao et al. 2024).

Species diversity and nutrient availability may inter-
act to influence the successful invasion of exotic species 
into native plant communities (Brown and Rice 2010; 
Zheng et  al. 2020a). One plausible expectation is that 
the negative effect of native diversity on invasibility is 
less at higher nutrient supply. Some experimental stud-
ies support this prediction (Brown and Rice 2010; Zheng 
et  al. 2020a), but others found that effects of diversity 
and nutrients on invasion success of invasive plant spe-
cies were independent (Maron and Marler 2007; Heck-
man and Carr 2016; Heckman et al. 2017; Li et al. 2022a). 
Previous studies of the interactive effect of species diver-
sity and nutrient supply have focused mainly on growth 
measures of invasive alien species (Mattingly et al. 2010; 
Mattingly and Reynolds 2014; Heckman and Carr 2016; 
Li et al. 2022a). However, reproductive measures such as 
seed production are better proxies for fitness, particu-
larly in the case of annual species, and thus for popula-
tion growth leading to invasion (Simberloff 2009; Correia 
et  al. 2016). One study using reproductive measures 
showed that ovule numbers of the invader Centaurea sol-
stitialis were greater in species-poor than in species-rich 
communities at a nutrient-rich site but not at a nutri-
ent-poor one (Brown and Rice 2010). More such studies 
on the interactive effects of native species diversity and 
nutrient supply on reproduction of invasive alien plant 
species are needed to develop efficient measures to pre-
vent alien plant invasions.

The complementarity and selection effects are two 
major mechanisms underlying the biodiversity effect 
on the resistance of native plant communties to alien 

plant invasions (Fargione and Tilman 2005; Wang et al. 
2023). The complementarity effect occurs when more 
diverse communities result in more complementary 
resource use among species, leaving less resource avail-
able for invaders (Adomako et al. 2019; Jing et al. 2021; 
Xue et al. 2022). The selection effect occurs when native 
species with higher competitive ability and thus ability 
to suppress alien plant invasions have a higher prob-
ability of being present in more diverse communities 
(Wang et al. 2022). Both the selection and complemen-
tarity effects are potentially important, but their rela-
tive importance is likely to change with environmental 
stress (Wang et  al. 2013). The selection effect may be 
more important than the complementarity effect in 
benign environments where inter-specific competition 
is the dominant interaction in plant communities and 
highly competitive species tend to dominate (Fridley 
2001). The complementarity effect may be more impor-
tant in stressful environments where facilitation is the 
dominant interaction (Chu et  al. 2008). For example, 
a recent study showed that the complementarity effect 
increased with increasing drought stress, but the selec-
tion effect did not, which caused that the invader Sym-
phyotrichum subulatum performed better in native 
communities under drought conditions but performed 
worse in well-watered conditions (Wang et  al. 2023). 
However, we still know little about how nutrient supply 
may influence the relative importance of the comple-
mentarity and selection effects in native plant commu-
nities on resistance to alien plant invasions.

We constructed experimental native communi-
ties with three levels of species richness (one, four, 
or eight species) under low and high nutrient sup-
ply and then let them be invaded by the annual alien 
plant Bidens pilosa. Specifically, we addressed the fol-
lowing questions: (1) Does native plant species rich-
ness affect growth and reproduction of B. pilosa? We 
predicted that growth and reproduction of B. pilosa 
would decrease with increasing species richness of the 
native plant communities. (2) Does nutrient supply 
affect growth and reproduction of B. pilosa? We pre-
dicted that growth and reproduction of B. pilosa would 
be higher under higher nutrient supply. (3) Do spe-
cies richness and nutrient supply interact to influence 
growth and reproduction of B. pilosa? We predicted 
that the effect of native species richness on growth and 
reproduction of B. pilosa is more pronounced under 
high than under low nutrient supply. (4) Does the rela-
tive importance of the complementarity and selection 
effects on resistance to alien plant invasion change with 
nutrient supply? We predicted that the biodiversity 
effect shifts from complementarity to selection with 
increasing nutrient supply.
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Materials and methods
Plant species and material preparation
Bidens pilosa L. is an annual forb in the Asterceae native 
to tropical America (Xu et al. 2012). It is now widely dis-
tributed in China and was listed as one of the most nox-
ious invasive alien plants by the Ministry of Ecology and 
Environment of China in 2014. B. pilosa can outcompete 
native species and easily forms a large area of monocul-
tures in the invaded area, which poses a serious threat 
to the biodiversity of the invaded area (Arthur et  al. 
2012; Deng and Zou 2012). The ten native plant species 
(Table 1) that were used to construct experimental native 
plant communities are common in China and co-occur 
with invading B. pilosa in natural habitats.

Seeds of all native species and B. pilosa were collected 
in the mountainous areas of Taizhou City, Zhejiang Prov-
ince, in 2019. These areas are characterized by a subtropi-
cal monsoon climate with mean annual precipitation 
of 1632  mm. The average temperatures in January and 
August are 8.5  °C and 30  °C, respectively. The naturally 
occurring soil nutrient content at the collection sites 
of seeds was not determined. Wang et  al. (2022) found 
that the local soil in the area where seeds of B. pilosa 
were collected, had 620 ± 170  mg   kg−1 total nitrogen, 
and 130 ± 30  mg   kg−1 total phosphorus. The seeds were 
stored at 4  °C until use. On 25 April 2021, seeds of the 
invasive species and the native plant species were sown 
in 11 trays (54 cm long × 28 cm wide × 5 cm high) filled 
with a mixture of equal volumes of peat and vermiculite. 
We put all trays in a greenhouse at Binzhou University 
(37° 22′  59″ N; 117° 58′  56″ E) in Binzhou City, Shan-
dong Province, China.

Experimental design
We conducted a factorial experiment with two levels of 
nutrient supply (low or high) crossed with three levels 
of native species richness (one, four, or eight species). 

For the nutrient treatments, the high and the low nutri-
ent soils were made of an equal mixture of peat and ver-
miculite with 4 and 1 g  L−1 slow release fertilizer (15:9:11 
N:P:K, Osmocote Exact Standard 8–9 M; Scotts, Marys-
ville, Ohio, USA), respectively. For the treatments with 
species richness, we had ten monocultures (i.e., one for 
each native species) for the 1-species treatment and ten 
different species mixtures for both the 4-species and 
the 8-species treatments. These species mixtures were 
randomly chosen from the pool of the ten native spe-
cies, with the restriction that all native species had equal 
occurrence in each species richness level (Table S1). Each 
monoculture and species mixture were considered as one 
replicate of the diversity level, and thus we had in total 
ten replicates for each of the three species richness levels. 
There were a total of 120 pots (3 species richness × 2 soil 
nutrient treatments × 2 harvest time × 10 replicates).

On 25 May 2021, we selected similarly sized seedlings 
for each species and transplanted those seedlings into 
120 pots (23  cm in upper diameter, 18  cm in bottom 
diameter, and 22  cm in height). Half of the pots were 
filled with 6 L of the high-nutrient soil mixture and the 
other half filled with 6  L of the low-nutrient soil mix-
ture. Each pot was grown with nine seedlings, including 
eight seedlings of the native plants and one seedling of 
B. pilosa. The seedling of the invader was grown in the 
center of the pot, and the eight seedlings of the native 
plants were grown in a circle around the invader. For 
the monoculture treatment, eight seedlings of the same 
native species were grown. For the treatment with four 
native species, two seedlings of each native species were 
grown in a pot, and for the treatment with eight native 
species, one seedling of each native species was grown. 
We replaced any dead seedlings 48  h after transplanta-
tion. The 120 pots were completely randomly placed in 
the greenhouse at Binzhou University. During the experi-
ment, we watered the pots two or three times a week 
according to the weather conditions. During the experi-
ment, the mean temperature was 26.4  °C and the mean 
relative humidity was 71.8% in the greenhouse. The light 
level inside the greenhouse was 1.01 ×  105 ± 5480  lx and 
was about 70% of natural light outside the greenhouse 
(1.44 ×  105 ± 8410 lx).

Harvest and measurements
On 5 August 2021, 10  weeks after the experiment was 
started, we randomly selected half of the replicates (60 
pots in total) and harvested the aboveground parts of 
all the plants. The plant parts in each pot were sorted 
into species, dried in an oven at 70  °C for at least 72  h 
and weighed. On 18 December 2021, 30  weeks after 
the experiment was started, when the seeds of B. pilosa 
were fully mature, all the seeds of B. pilosa in each pot 

Table 1 Native species used in the study

No. Species Family Life form Abbreviation

1 Perilla frutescens Lamiaceae Annual Pf

2 Achyranthes bidentata Amaranthaceae Perennial Ab

3 Patrinia scabiosaefolia Valerianaceae Perennial Ps

4 Artemisia capillaris Asteraceae Perennial Ac

5 Astragalus adsurgens Fabaceae Perennial Aa

6 Solanum nigrum Solanaceae Annual Sn

7 Plantago asiatica Plantaginaceae Perennial Pa

8 Alternanthera sessilis Amaranthaceae Annual As

9 Eleusine indica Poaceae Annual Ei

10 Taraxacum mongoli-
cum

Asteraceae Perennial Tm
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were harvested, dried in an oven at 35 °C for 1 week and 
weighed. B. pilosa seeds disperse by zoochory and tend 
not to fall on their own. We did not measure biomass of 
stems and leaves of the plants during the second harvest 
because all the leaves had died and fallen off.

Biomass proportion of B. pilosa i.e., aboveground bio-
mass of B. pilosa in a pot divided by total aboveground 
biomass of all plants in the pot, was used as a measure 
of invasion success. We employed the additive partition-
ing method of Loreau and Hector (2001) to calculate 
the complementarity effect and the selection effect on 
seed biomass of B. pilosa (Wang et  al. 2022, 2023). The 
net biodiversity effect is the sum of the complementa-
rity effect and the selection effect. The complementarity 
effect (CE) was calculated as: CE = N × �RY× M̄ , where 
N is the number of species in the mixture, M̄ is the mean 
value of seed biomass of the invader across all mono-
culture native species, and ΔRY is the mean value of the 
deviation from expected relative seed biomass of invader 
in the mixture. The selection effect (SE), N × cov(ΔRY, 
M), was calculated as the covariance between seed bio-
mass (M) of the invader with native species in mono-
culture and their change in relative seed biomass in the 
mixture ( �RY ) multiplied by N of the mixture.

Statistical analyses
We used linear mixed models to test the effects of native 
species richness, nutrient supply and their interaction on 
aboveground biomass of B. pilosa, aboveground biomass 
of native communities, aboveground biomass proportion 
of B. pilosa, reproductive biomass of B. pilosa, and the 
net biodiversity, complementarity and selection effects. 
In these models, we treated nutrient supply, native spe-
cies richness and their interaction as fixed effects and 
native plant community composition as a random effect. 
Nutrient supply was defined as a categorical variable and 
native species richness as a continuous variable. The like-
lihood ratio test was used to assess the significance of 
effects. We used the lme function of the NLME package R 
version 4.1.2 (R Core Team 2021) for all the analyses. To 
test whether average values of the net biodiversity effect 
under each treatment combinations of nutrient supply 
and diversity levels were significantly higher or lower 
than zero, we performed one-sample t-tests.

Before analysis, we checked the residuals of all 
response variables for normality and homoscedasticity. 
To improve the normality or homoscedasticity, we per-
formed cubic-root, square-root and logit transforma-
tion for reproductive biomass, aboveground biomass of 
native communities and aboveground biomass propor-
tion of B. pilosa, respectively. In three replicates of the 
4-species treatment with low nutrient supply and one 
replicate of the 1-species treatment with high nutrient 

supply, B. pilosa died before flowering, and these repli-
cates were excluded from the analysis on reproduction.

Results
Invader biomass
Aboveground biomass of B. pilosa was 55–71% 
higher in the high than in the low nutrient treatment 
(χ2 = 18.4, P < 0.001), and decreased significantly with 
increasing species richness of the native plant commu-
nity (χ2 = 5.3, P = 0.021; Fig. 1a, Table 2). However, there 
was no significant interactive effect of nutrient supply 
and species richness of the native plant communities 
on aboveground biomass of B. pilosa (χ2 = 0.4, P = 0.52; 
Table 2).

Fig. 1 Effects of nutrient supply and species richness of native 
communities on aboveground biomass of B. pilosa (a), aboveground 
biomass of the native community (b) and biomass proportion of B. 
pilosa (c). Data shown are mean values + SE
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Native community biomass
Aboveground biomass of the native plant community 
was 74–132% higher in the high than in the low nutrient 
treatment (χ2 = 24.6, P < 0.001) and increased significantly 
with increasing species richness of the native plant com-
munity (χ2 = 7.2, P = 0.007; Fig. 1b, Table 2). However, the 
effect of species richness on aboveground biomass of the 
native community was stronger under high than under 
low nutrient supply (Fig. 1b), as indicated by the signifi-
cant interaction of nutrient supply and species richness 
(χ2 = 5.4, P = 0.021; Table 2).

Invader biomass proportion
Increasing species richness of the native plant com-
munities significantly reduced aboveground biomass 
proportion of B. pilosa (χ2 = 7.5, P = 0.006) but did not 
interact with nutrient treatment (χ2 = 0.9, P = 0.35; 
Fig. 1c; Table 2). Nutrient supply had no significant effect 
on aboveground biomass proportion of B. pilosa (χ2 = 0.6, 
P = 0.45; Table 2).

Invader reproduction
Reproductive biomass of B. pilosa significantly decreased 
with increasing species richness of the native plant com-
munities under high but not under low nutrient supply 
nutrient supply (Fig.  2), as reflected by the significant 
two-way interaction of nutrient supply and species rich-
ness (χ2 = 4.5, P = 0.003; Table 2).

Biodiversity effects on reproduction
The net biodiversity effect was not affected by species 
richness under low nutrient supply, but decreased with 
increasing species richness under high nutrient supply, 

as indicated by the significant interaction of species 
richness and nutrient supply (Fig. 3a; Table 3). The net 
biodiversity effect did not significantly differ from zero 
for the 4-species treatment (t = − 2.1, P = 0.082) or the 
8-species treatment (t = 0.9, P = 0.37) under low nutri-
ent supply. Under high nutrient supply, the net biodi-
versity effect differed significantly from zero for the 
8-species treatment (t = − 3.5, P = 0.007) but not for the 
4-species treatment (t = 1.2, P = 0.26).

In both the 4-species and the 8-species communi-
ties under both high and low nutrient supply, the val-
ues of the complementarity effect were always positive, 
i.e., reproductive performance of B. pilosa was higher 
in mixed communities than in monocultures of natives. 

Table 2 Results of linear mixed models of effects of nutrient supply, species richness of native communities and their interaction 
on aboveground biomass of B. pilosa, aboveground biomass of native community, biomass proportion of B. pilosa and reproduction 
biomass of B. pilosa 

Values are in bold when P < 0.05

Aboveground biomass of B. 
pilosa

Aboveground biomass of 
native communities

Biomass proportion of B. 
pilosa

Reproduction biomass 
of B. pilosa

df χ2 P df χ2 P df χ2 P df χ2 P

Fixed effect

 Nutrient (N) 1 18.4 < 0.001 1 24.6 < 0.001 1 0.6 0.447 1 47.5 < 0.001
 Richness (R) 1 5.3 0.021 1 7.2 0.007 1 7.5 0.006 1 2.5 0.113

 N × R 1 0.4 0.518 1 5.4 0.021 1 0.9 0.348 1 4.5 0.033

SD SD SD SD

Random effect

 Species composition 13.4 2 1.8 0.1

 Residuals 13.4 1.3 1 0.4

Fig. 2 Effects of nutrient supply and species richness of native 
communities on the reproductive biomass of B. pilosa. Data are 
shown mean values + SE



Page 6 of 10Gao et al. Ecological Processes           (2024) 13:46 

In contrast, values of the selection effect were always 
negative, i.e., reproduction of B. pilosa was worse than 
expected when placed in native mixture communities 
(Fig.  3b, c). In the 4-species communities under low 
nutrient supply, neither the complementarity effect nor 
the selection effect differed significantly from zero. In 
the 4-species communities under high nutrient supply 
and the 8-species communities under both high and 
low nutrient supply, both the complementarity effect 
and the selection effect differed significantly from zero 
(Fig. 3b, c; Table 3).

Discussion
Fluctuating resources often promote alien plant inva-
sions (Teixeira et al. 2017; Pearson et al. 2018), and com-
munities poorer in species are commonly less resistant 
to invasions (Cebrian et al. 2018). There may thus be an 
interactive effect of resource availability and native spe-
cies richness on alien plant invasions (Marraffini and 
Geller 2015; Li et al. 2022b). We found that species rich-
ness and nutrient supply interacted to influence repro-
duction but not growth of B. pilosa. This suggests that 
apparent interactive effects of species richness and nutri-
ent supply on alien plant invasions vary depending on the 
performance proxies or the stages of plant development 
that are considered.

Our first prediction was supported by the result that 
native species richness significantly decreased the above-
ground biomass of the invader B. pilosa irrespective of 
nutrient supply (hypothesis 1; Fig.  1a; Table  2). This is 
consistent with a recent 4-year grassland experiment 
that demonstrated a negative relationship between native 
species diversity and community invasibility independ-
ent of nutrient addition (Li et al. 2022a). We found that 
the native species richness also significantly decreased 
the aboveground biomass proportion of B. pilosa within 

Fig. 3 Effects of nutrient supply and species richness of native 
communities the net biodiversity effect (a), complementarity effect 
(b) and selection effect (c) on reproduction of B. pilosa. Data show 
mean values + SE. Numbers above bars give probability that net 
biodiversity effect differed significantly from zero

Table 3 Results of linear mixed models of effects of nutrient supply, species richness of native communities and their interaction on 
net biodiversity, complementarity and selection effects on reproduction of B. pilosa 

Values are in bold when P < 0.05 and are in italics when 0.05 ≤ P < 0.1

Biodiversity effect Complementarity effect Selection effect

df χ2 P df χ2 P df χ2 P

Fixed effect

 Nutrient (N) 1 0.4 0.511 1 3.0 0.084 1 4.0 0.044
 Richness (R) 1 2.3 0.127 1 0.7 0.399 1 2.0 0.159

 N × R 1 6.2 0.013 1 3.8 0.050 1 3.4 0.064

SD SD SD

Random effect

 Species composition 3.7 < 0.1 < 0.1

 Residuals 1.8 17.2 14.3
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the community (hypothesis 1; Fig.  1c; Table  2), indicat-
ing that biodiversity can reduce invasion success. These 
results support the biotic resistance hypothesis and show 
that biodiversity may serve as a barrier against biologi-
cal invasion (Kennedy et  al. 2002; Levine et  al. 2004). 
Our results also showed that high nutrient supply sig-
nificantly increased the aboveground biomass of B. pilosa 
(hypothesis 2; Fig.  1a; Table  2). This is in line with pre-
vious findings that invasive species benefit more from 
high resource availability (Davidson et  al. 2011; Liang 
et al. 2020). A plausible explanation for this outcome may 
be that plant invaders have a superior ability to capture 
resources in rich but not poor habitats (Wang et al. 2017; 
Hu et al. 2019). In addition, invasive species usually show 
a higher nutrient use efficiency than their native conge-
ners (Pyšek and Richardson 2007). However, despite the 
higher aboveground biomass of B. pilosa in the high than 
in the low nutrient supply treatment, our results did not 
indicate that high nutrients promoted the invasion suc-
cess of B. pilosa, because we did not find a significant 
effect of nutrient supply on the proportion of biomass 
that B. pilosa represents in relation to the whole com-
munity (Fig. 1c; Table 2). This result is not in accordance 
with previous studies. Gao et  al. (2021) found that high 
nutrient supply increased the proportional biomass of 
B. pilosa within an invaded community, suggesting that 
the increase in nutrients favored invasion success. On the 
other hand, a meta-analysis by Liu et al. (2017) reported 
that invasive plants showed a slightly more positive 
response to nutrient supply than native species. A plau-
sible reason that would explain our result could be that 
the positive effect of high nutrient supply on invasive B. 
pilosa was similar to the benefit gained by native species, 
and therefore does not cause a significant difference in 
proportional biomasses (Fig. 1c; Table 2).

Our third prediction (i.e. stronger effect of species rich-
ness under high than under low nutrients) was supported 
by the fact that B. pilosa produced more reproductive 
biomass in species-poor communities than in species-
rich ones under high nutrient supply but not in the low 
nutrient treatment (Fig. 2; Table 2). However, our results 
did not detect an interactive effect of nutrient supply and 
native species richness on the growth of B. pilosa (Fig. 1a; 
Table 2). This result is particularly interesting, indicating 
that the interactive effect of native community diversity 
and resource availability (nutrients in this case) can vary 
depending on the performance measures being tested. 
Thus, while the effect of species diversity on growth was 
independent of nutrient supply, the effect on reproduc-
tion was affected by nutrient levels, with a significant 
reduction in the reproductive capacity of the invasive 
species driven by native community diversity only under 
conditions of high nutrients. We propose three potential 

mechanisms that could explain the interactive effect of 
native diversity and nutrient supply on B. pilosa repro-
duction. First, low nutrient supply in the environment 
caused a reduction in growth (Fig. 1a), which was accom-
panied by a significant, strong reduction in reproductive 
biomass (Fig.  2). Reproductive biomass was so low that 
the effect of diversity on this variable in the low nutri-
ent supply treatment was imperceptible. It is logical to 
expect that, due to its high energetic cost, reproduction 
would suffer a significant reduction as a consequence of 
plants being restricted by low nutrient supply. Second, 
the resistance of native communities to invasion suc-
cess depends on their competitive ability, and this abil-
ity varied with physical and biotic stress (Valliere et  al. 
2020; Zheng et al. 2020b; Azeem et al. 2021). According 
to the stress gradient hypothesis, plant interactions in 
communities shift from competition to facilitation with 
increasing stress (Bertness and Callaway 1994; He et  al. 
2013). The competitive intensity of native communities 
on invaders may decrease with decreasing nutrient sup-
ply such the net interaction between natives and invad-
ers is negative under high but neutral under low nutrient 
supply. Consistent with this explanation, the biodiversity 
effect on reproduction of B. pilosa changed from nega-
tive to neutral with increasing nutrient supply (Fig.  3a; 
Table  3). Third, the differences between growth and 
reproduction of B. pilosa in our study could be due to 
time. Growth was measured after 10  weeks and repro-
duction after 30 weeks. It is possible that growth would 
also have shown significant differences after 30  weeks. 
Previous work has shown that the resistance of native 
communities to invasion can vary over time (Delory et al. 
2019; Ferenc et  al. 2021). For example, as native plant 
species establish with time, the competitive intensity of 
native communities on invaders can become stronger 
(Chen and van Kleunen 2022).

The complementarity effect and the selection effect 
are two major components of the net biodiversity effect 
(Loreau and Hector 2001; Clark et  al. 2019). While the 
complementary effect arises from niche differentiation or 
facilitation between species, the selection effect indicates 
processes such as interspecific competition that lead 
to dominance of species with more competitive traits. 
The relative importance of these two effects can vary 
with environmental stress (Wang et al. 2013, 2023). Our 
fourth hypothesis that the net biodiversity effect shifts 
from complementarity to selection with increasing nutri-
ent supply was supported by results showing that the 
selection effect became dominant with increasing diver-
sity in conditions of high nutrient supply (Fig. 3; Table 3). 
This indicates that the presence of highly competitive 
native species such as Solanum nigrum rather than com-
plementary use of resources among native species led to 
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the lower reproductive performance of invader B. pilosa 
in high nutrient conditions.

Even though our results include interesting and novel 
information on how resource supply and diversity of a 
native community can affect invasibility, some limita-
tions must be acknowledged and future lines of research 
proposed. First, all species in our study began treatment 
at the same time as seedlings. This simulates invasion 
after severe disturbance that removes all vegetation but 
not invasion into established communities of natives. 
It would be interesting to test interactive effects of 
resources and native diversity on invading species when 
natives are already fully grown. Future research designs 
could also include growing native communities without 
the invader as a control. Second, only two nutrient lev-
els were used. This constrains our understanding on how 
diversity affects invasibility of native communities along 
environmental gradients. In the future, we recommend 
that serial nutrient gradients should be used in diversity-
invasibility experiments. Third, the species pool we used 
for constructing native communities was relatively small 
(n = 10). The assemblages we created were similar to each 
other, especially in the 8-species richness treatment. In 
the future, we recommend that larger species pools and 
more diversity levels should be used to test how diversity 
affects invasibility. Finally, we used just one invasive plant 
species. This limits the generality of our results. Studies 
that test the interactive effects of resources and native 
diversity on invasion by multiple species should be con-
ducted in the future.

Conclusion
The present study demonstrates that the ability of greater 
species richness to reduce reproduction of invasive plants 
can be greater when nutrient levels are higher. However, 
apparent effects of diversity on invasibility can differ 
between different measures of invasion. At least when 
nutrient levels are high, competitiveness of individual 
native species may plan a bigger role than niche differen-
tiation or resource partitioning in biological resistance to 
invasion. Conserving the richness of native communities 
may help them resist alien plant invasions, especially as 
global eutrophication accelerates.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13717‑ 024‑ 00527‑3.

Supplementary Material 1.

Acknowledgements
We thank two anonymous reviewers for their valuable comments on an 
earlier version of the manuscript, and Professor Peter Alpert (from University 

of Massachusetts) for editing the manuscript of grammar, spelling, and syntax, 
and Jing‑Jie Dou, Yu Zhang and Xiao‑Yu Zhou for assistance with laboratory 
work.

Author contributions
FLG: conceptualization, methodology, data curation, visualization, writing—
original draft, Funding acquisition. SR: data curation, writing—review and 
editing. JX: conceptualization, investigation, data curation. JR: investigation, 
data curation. MZ: investigation. XZ: investigation. FHY: conceptualization, 
writing—review and editing, supervision.

Funding
This study was supported by the National Natural Science Foundation of 
China (32001302), a Startup Project for Doctor’s Scientific Research of Binzhou 
University (2019Y35) and the Innovation and Training Program of University 
Students of Shandong Province in 2021 (S202110449140).

Availability of data and materials
Data are available on reasonable request from the corresponding author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent to the publication of the manuscript and supplementary 
material.

Competing interests
The authors declare that they have no conflicts of interests.

Received: 29 February 2024   Accepted: 29 May 2024

References
Adomako MO, Ning L, Tang M, Du D‑L, van Kleunen M, Yu F‑H (2019) Diversity‑ 

and density‑mediated allelopathic effects of resident plant communities 
on invasion by an exotic plant. Plant Soil 440:581–592. https:// doi. org/ 10. 
1007/ s11104‑ 019‑ 04123‑9

Arthur GD, Naidoo KK, Coopoosamy RM (2012) Bidens pilosa L.: agricultural and 
pharmaceutical importance. J Med Plants Res 6:3282–3287

Azeem A, Sun J, Javed Q, Jabran K, Saifullah M, Huang Y, Du D (2021) Water 
deficiency with nitrogen enrichment makes Wedelia trilobata to 
become weak competitor under competition. Int J Environ Sci Technol 
19:319–326. https:// doi. org/ 10. 1007/ s13762‑ 020‑ 03115‑y

Bertness MD, Callaway R (1994) Positive interactions in communities. Trends 
Ecol Evol 9:191–193. https:// doi. org/ 10. 1016/ 0169‑ 5347(94) 90088‑4

Brown CS, Rice KJ (2010) Effects of belowground resource use comlementarity 
on invasion of constructed grassland plant communities. Biol Invasions 
12:1319–1334. https:// doi. org/ 10. 1007/ s10530‑ 009‑ 9549‑6

Cebrian E, Tomas F, López‑Sendino P, Vilà M, Ballesteros E (2018) Biodiversity 
influences invasion success of a facultative epiphytic seaweed in a 
marine forest. Biol Invasions 20:2839–2848. https:// doi. org/ 10. 1007/ 
s10530‑ 018‑ 1736‑x

Chen D, van Kleunen M (2022) Competitive effects of plant invaders on and 
their responses to native species assemblages change over time. Neo‑
Biota 73:19–37. https:// doi. org/ 10. 3897/ neobi ota. 73. 80410

Chu CJ, Maestre FT, Xiao S, Weiner J, Wang YS, Duan ZH, Wang G (2008) 
Balance between facilitation and resource competition determines bio‑
mass–density relationships in plant populations. Ecol Lett 11:1189–1197. 
https:// doi. org/ 10. 1111/j. 1461‑ 0248. 2008. 01228.x

Clark AT, Barry KE, Roscher C, Buchmann T, Loreau M, Harpole WS (2019) How 
to estimate complementarity and selection effects from an incomplete 
sample of species. Methods Ecol Evol 10:2141–2152. https:// doi. org/ 10. 
1111/ 2041‑ 210X. 13285

https://doi.org/10.1186/s13717-024-00527-3
https://doi.org/10.1186/s13717-024-00527-3
https://doi.org/10.1007/s11104-019-04123-9
https://doi.org/10.1007/s11104-019-04123-9
https://doi.org/10.1007/s13762-020-03115-y
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1007/s10530-009-9549-6
https://doi.org/10.1007/s10530-018-1736-x
https://doi.org/10.1007/s10530-018-1736-x
https://doi.org/10.3897/neobiota.73.80410
https://doi.org/10.1111/j.1461-0248.2008.01228.x
https://doi.org/10.1111/2041-210X.13285
https://doi.org/10.1111/2041-210X.13285


Page 9 of 10Gao et al. Ecological Processes           (2024) 13:46  

Correia M, Montesinos D, French K, Rodríguez‑Echeverría S (2016) Evidence for 
enemy release and increased seed production and size for two invasive 
Australian acecias. J Ecol 104:1391–1399. https:// doi. org/ 10. 1111/ 1365‑ 
2745. 12612

Davidson AM, Jennions M, Nicotra AB (2011) Do invasive species show 
higher phenotypic plasticity than native species and if so, is it adap‑
tive? A meta‑analysis. Ecol Lett 14:419–431. https:// doi. org/ 10. 1111/j. 
1461‑ 0248. 2011. 01596.x

Davis MA, Pelsor M (2001) Experimental support for a resource‑based 
mechanistic model of invasibility. Ecol Lett 4:421–428. https:// doi. org/ 
10. 1046/j. 1461‑ 0248. 2001. 00246.x

Davis MA, Grime JP, Thompson K (2000) Fluctuating resources in plant com‑
munities: a general theory of invasibility. J Ecol 88:528–534. https:// doi. 
org/ 10. 1046/j. 1365‑ 2745. 2000. 00473.x

Delory BM, Weidlich EWA, Kunz M, Neitzel J, Temperton VM (2019) The 
exotic species Senecio inaequidens pays the price for arriving late in 
temperate European grassland communities. Oecologia 191:657–671. 
https:// doi. org/ 10. 1007/ s00442‑ 019‑ 04521‑x

Deng LJ, Zou ZM (2012) Growth regularity, seed propagation and control 
effect of Bidens pilosa. Southwest China J Agric Sci 25:1460–1463 (in 
Chinese)

Diagne C, Leroy B, Vaissière A‑C, Gozlan RE, Roiz D, Jarić I, Salles J‑M, 
Bradshaw CJA, Courchamp F (2022) High and rising economic costs of 
biological invasions worldwide. Nature 608:E35–E35. https:// doi. org/ 
10. 1038/ s41586‑ 021‑ 03405‑6

Dong R, Dong B‑C, Yu Q‑Y, Yang Q, Dai Z‑C, Luo F‑L, Gao J‑Q, Yu F‑H, van 
Kleunen M (2024) Preferential online trade of cultivated alien plants 
with high invasion potential: implications for invasion management. 
Ecol Appl 34:e2811. https:// doi. org/ 10. 1002/ eap. 2811

Elton CS (1958) The ecology of invasions by animals and plants. The Univer‑
sity of Chicago Press, Chicago, p 196

Fargione JE, Tilman D (2005) Diversity decreases invasion via both sampling 
and complementarity effects. Ecol Lett 8:604–611. https:// doi. org/ 10. 
1111/j. 1461‑ 0248. 2005. 00753.x

Ferenc V, Merkert C, Zilles F, Sheppard CS (2021) Native and alien species 
suffer from late arrival, while negative effects of multiple alien species 
on natives vary. Oecologia 197:271–281. https:// doi. org/ 10. 1007/ 
s00442‑ 021‑ 05017‑3

Fridley JD (2001) The influence of species diversity on ecosystem productiv‑
ity: how, where, and why? Oikos 93:514–526. https:// doi. org/ 10. 1034/j. 
1600‑ 0706. 2001. 930318.x

Gao F‑L, He Q‑S, Xie R‑Q, Hou J‑H, Shi C‑L, Li J‑M, Yu F‑H (2021) Interactive 
effects of nutrient availability, fluctuating supply, and plant parasitism 
on the post‑invasion success of Bidens pilosa. Biol Invasions 23:3035–
3046. https:// doi. org/ 10. 1007/ s10530‑ 021‑ 02555‑y

He Q, Bertness MD, Altieri AH (2013) Global shifts towards positive species 
interactions with increasing environmental stress. Ecol Lett 16:695–706. 
https:// doi. org/ 10. 1111/ ele. 12080

Heckman RW, Carr DE (2016) Effects of soil nitrogen availability and native 
grass diversity on exotic forb dominance. Oecologia 182:803–813. 
https:// doi. org/ 10. 1007/ s00442‑ 016‑ 3692‑4

Heckman RW, Halliday FW, Wilfahrt PA, Mitchell CE (2017) Effects of native 
diversity, soil nutrients, and natural enemies on exotic invasion in 
experimental plant communities. Ecology 98:1409–1418. https:// doi. 
org/ 10. 1002/ ecy. 1796

Hu Y‑H, Zhou Y‑L, Gao J‑Q, Zhang X‑Y, Song M‑H, Xu X‑L (2019) Plasticity of 
plant N uptake in two native species in response to invasive species. 
Forests 10:1075. https:// doi. org/ 10. 3390/ f1012 1075

Jing X, Muys B, Bruelheide H, Desie E, Hattenschwiler S, Jactel H, Jaroszewicz 
B, Kardol P, Ratcliffe S, Scherer‑Lorenzen M, Selvi F, Vancampenhout 
K, Van der Plas F, Verheyer K, Vesterdal L, Zuo J, Meerbeek KV (2021) 
Above‑ and below‑ground complementarity rather than selection 
drive tree diversity–productivity relationships in European forests. 
Funct Ecol 35:1756–1767. https:// doi. org/ 10. 1111/ 1365‑ 2435. 13825

Kennedy TA, Naeem S, Howe KM, Knops JMH, Tilman D, Reich P (2002) Biodi‑
versity as a barrier to ecological invasion. Nature 417:636–638. https:// 
doi. org/ 10. 1038/ natur e00776

Levine JM (2000) Species diversity and biological invasions: relating local 
process to community pattern. Science 288:852–854. https:// doi. org/ 
10. 1126/ scien ce. 288. 5467. 852

Levine JM, Adler PB, Yelenik SG (2004) A meta‑analysis of biotic resistance to 
exotic plant invasions. Ecol Lett 7:975–989. https:// doi. org/ 10. 1111/j. 
1461‑ 0248. 2004. 00657.x

Li S‑P, Jia P, Fan S‑Y, Wu Y, Liu X, Meng Y, Li Y, Shu W‑S, Li J‑T, Jiang L (2022a) 
Functional traits explain the consistent resistance of biodiversity to plant 
invasion under nitrogen enrichment. Ecol Lett 25:778–789. https:// doi. 
org/ 10. 1111/ ele. 13951

Li W, Wang ZY, He SQ (2022b) Effects of species richness and nutrient availabil‑
ity on the invasibility of experimental microalgal microcosms. Global Ecol 
Conserv 39:e02304. https:// doi. org/ 10. 1016/j. gecco. 2022. e02304

Liang J‑F, Yuan W‑Y, Gao J‑Q, Roiloa SR, Song M‑H, Zhang X‑Y, Yu F‑H (2020) 
Soil resource heterogeneity competitively favors an invasive clonal plant 
over a native one. Oecologia 193:155–165. https:// doi. org/ 10. 1007/ 
s00442‑ 020‑ 04660‑6

Liu Y, Oduor AMO, Zhang Z, Manea A, Tooth IM, Leishman MR, Xu X, van 
Kleunen M (2017) Do invasive alien plants benefit more from global envi‑
ronmental change than native plants? Global Change Biol 23:3363–3370. 
https:// doi. org/ 10. 1111/ gcb. 13579

Loreau M, Hector A (2001) Partitioning selection and complementarity in 
biodiversity experiments. Nature 412:72–76. https:// doi. org/ 10. 1038/ 
35083 573

Maron J, Marler M (2007) Native plant diversity resists invasion at both low 
and high resource levels. Ecology 88:2651–2661. https:// doi. org/ 10. 1890/ 
06‑ 1993.1

Maron JL, Marler M (2008) Effects of native species diversity and resource 
additions on invader impact. Am Nat 172:S18–S33. https:// doi. org/ 10. 
1086/ 588303

Marraffini ML, Geller JB (2015) Species richness and interacting factors control 
invasibility of a marine community. Proc R Soc B‑Biol Sci 282:151–157. 
https:// doi. org/ 10. 1098/ rspb. 2015. 0439

Mattingly WB, Reynolds HL (2014) Soil fertility alters the nature of plant‑
resource interactions in invaded grassland communities. Biol Invasions 
16:2465–2478. https:// doi. org/ 10. 1007/ s10530‑ 014‑ 0678‑1

Mattingly WB, Swedo BL, Reynolds HL (2010) Interactive effects of resource 
enrichment and resident diversity on invasion of native grassland by 
Lolium arundinaceum. Plant Ecol 207:203–212. https:// doi. org/ 10. 1007/ 
s11258‑ 009‑ 9665‑5

Parepa M, Fischer M, Bossdorf O (2013) Environmental variability promotes 
plant invasion. Nat Commun 4:1604. https:// doi. org/ 10. 1038/ ncomm 
s2632

Pearson DE, Ortega YK, Villarreal D, Lekberg Y, Cock MC, Eren Ö, Hierro J (2018) 
The fluctuating resource hypothesis explains invasibility, but not exotic 
advantage following disturbance. Ecology 99:1296–1305. https:// doi. org/ 
10. 1002/ ecy. 2235

Pyšek P, Richardson DM (2007) Traits associated with invasiveness in alien 
plants: where do we stand? In: Nentwig W (ed) Biological invasions, vol 
193. Springer‑Verlang, Berlin

R Core Team (2021) R: a language and environment for statistical computing. R 
Foundation for Statistical Computing. https:// www.R‑ proje ct. org/

Rai PK, Singh JS (2020) Invasive alien plant species: their impact on environ‑
ment, ecosystem services and human health. Ecol Indic 111:106020. 
https:// doi. org/ 10. 1016/j. ecoli nd. 2019. 106020

Seebens H, Bacher S, Blackburn TM, Capinha C, Dawson W, Dullinger S, 
Genovesi P, Hulme PE, van Kleunen M, Kuehn I, Jeschke JM, Lenzner B, 
Liebhold AM, Pattison Z, Pergl J, Pyšek P, Winter M, Essl F (2021) Projecting 
the continental accumulation of alien species through to 2050. Global 
Change Biol 27:970–982. https:// doi. org/ 10. 1111/ gcb. 15333

Simberloff D (2009) The role of propagule pressure in biological invasions. 
Annu Rev Ecol Evol Syst 40:81–102. https:// doi. org/ 10. 1146/ annur ev. ecols 
ys. 110308. 120304

Tao Z, Shen C, Qin W, Nie B, Chen P, Wan J, Zhang K, Huang W, Siemann E 
(2024) Fluctuations in resource availability shape the competitive balance 
among non‑native plant species. Ecol Appl 34:e2795. https:// doi. org/ 10. 
1002/ eap. 2795

Teixeira MC, Bini LM, Thomaz SM (2017) Biotic resistance buffers the effects of 
nutrient enrichment on the success of a highly invasive aquatic plant. 
Freshw Biol 62:65–71. https:// doi. org/ 10. 1111/ fwb. 12849

Valliere JM, Bucciarelli GM, Bytnerowicz A, Fenn ME, Irvine IC, Johnson RF, Allen 
EB (2020) Declines in native forb richness of an imperiled plant commu‑
nity across an anthropogenic nitrogen deposition gradient. Ecosphere 
11:e03032. https:// doi. org/ 10. 1002/ ecs2. 3032

https://doi.org/10.1111/1365-2745.12612
https://doi.org/10.1111/1365-2745.12612
https://doi.org/10.1111/j.1461-0248.2011.01596.x
https://doi.org/10.1111/j.1461-0248.2011.01596.x
https://doi.org/10.1046/j.1461-0248.2001.00246.x
https://doi.org/10.1046/j.1461-0248.2001.00246.x
https://doi.org/10.1046/j.1365-2745.2000.00473.x
https://doi.org/10.1046/j.1365-2745.2000.00473.x
https://doi.org/10.1007/s00442-019-04521-x
https://doi.org/10.1038/s41586-021-03405-6
https://doi.org/10.1038/s41586-021-03405-6
https://doi.org/10.1002/eap.2811
https://doi.org/10.1111/j.1461-0248.2005.00753.x
https://doi.org/10.1111/j.1461-0248.2005.00753.x
https://doi.org/10.1007/s00442-021-05017-3
https://doi.org/10.1007/s00442-021-05017-3
https://doi.org/10.1034/j.1600-0706.2001.930318.x
https://doi.org/10.1034/j.1600-0706.2001.930318.x
https://doi.org/10.1007/s10530-021-02555-y
https://doi.org/10.1111/ele.12080
https://doi.org/10.1007/s00442-016-3692-4
https://doi.org/10.1002/ecy.1796
https://doi.org/10.1002/ecy.1796
https://doi.org/10.3390/f10121075
https://doi.org/10.1111/1365-2435.13825
https://doi.org/10.1038/nature00776
https://doi.org/10.1038/nature00776
https://doi.org/10.1126/science.288.5467.852
https://doi.org/10.1126/science.288.5467.852
https://doi.org/10.1111/j.1461-0248.2004.00657.x
https://doi.org/10.1111/j.1461-0248.2004.00657.x
https://doi.org/10.1111/ele.13951
https://doi.org/10.1111/ele.13951
https://doi.org/10.1016/j.gecco.2022.e02304
https://doi.org/10.1007/s00442-020-04660-6
https://doi.org/10.1007/s00442-020-04660-6
https://doi.org/10.1111/gcb.13579
https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573
https://doi.org/10.1890/06-1993.1
https://doi.org/10.1890/06-1993.1
https://doi.org/10.1086/588303
https://doi.org/10.1086/588303
https://doi.org/10.1098/rspb.2015.0439
https://doi.org/10.1007/s10530-014-0678-1
https://doi.org/10.1007/s11258-009-9665-5
https://doi.org/10.1007/s11258-009-9665-5
https://doi.org/10.1038/ncomms2632
https://doi.org/10.1038/ncomms2632
https://doi.org/10.1002/ecy.2235
https://doi.org/10.1002/ecy.2235
https://www.R-project.org/
https://doi.org/10.1016/j.ecolind.2019.106020
https://doi.org/10.1111/gcb.15333
https://doi.org/10.1146/annurev.ecolsys.110308.120304
https://doi.org/10.1146/annurev.ecolsys.110308.120304
https://doi.org/10.1002/eap.2795
https://doi.org/10.1002/eap.2795
https://doi.org/10.1111/fwb.12849
https://doi.org/10.1002/ecs2.3032


Page 10 of 10Gao et al. Ecological Processes           (2024) 13:46 

van der Loop JMM, Tjampens J, Vogels JJ, van Kleef HH, Lamers LPM, Leuven 
RSEW (2020) Reducing nutrient availability and enhancing biotic resist‑
ance limits settlement and growth of the invasive Australian swamp 
stonecrop (Crassula helmsii). Biol Invasions 22:3391–3402. https:// doi. org/ 
10. 1007/ s10530‑ 020‑ 02327‑0

van Kleunen M, Dawson W, Essl F, Pergl J, Winter M, Weber E, Kreft H, Weigelt 
P, Kartesz J, Nishino M, Antonova LA, Barcelona JF, Cabezas FJ, Cárdenas 
D, Cárdenas‑Toro J, Castano N, Chacón E, Chatelain C, Ebel AL, Figueiredo 
E, Fuentes N, Groon QJ, Henderson L, Inderjir Kupriyanov A, Masciadri 
S, Meerman J, Morozova O, Moser D, Nickrent D, Patzelt A, Pelser PB, 
Baptiste MP, Popath M, Schulze M, Seebens H, Shu W‑S, Thomas J, Velayos 
M, Wieringa JJ, Pyšek P (2015) Global exchange and accumulation of non‑
native plants. Nature 525:100–103. https:// doi. org/ 10. 1038/ natur e14910

van Ruijven J, De Deyn GB, Berendse F (2003) Diversity reduces invasibility 
in experimental plant communities: the role of plant species. Ecol Lett 
6:910–918. https:// doi. org/ 10. 1046/j. 1461‑ 0248. 2003. 00516.x

Vilà M, Espinar JL, Hejda M, Hulme PE, Jarošík V, Maron JL, Pergl J, Schaffner U, 
Sun Y, Pyšek P (2011) Ecological impacts of invasive alien plants: a meta‑
analysis of their effects on species, communities and ecosystems. Ecol 
Lett 14:702–708. https:// doi. org/ 10. 1111/j. 1461‑ 0248. 2011. 01628.x

Wang J, Zhang CB, Chen T, Li WH (2013) From selection to complementa‑
rity: the shift along the abiotic stress gradient in a controlled biodi‑
versity experiment. Oecologia 171:227–235. https:// doi. org/ 10. 1007/ 
s00442‑ 012‑ 2400‑2

Wang Y‑J, Müller‑Schärer H, van Kleunen M, Cai A‑M, Zhang P, Yan R, Dong B‑C, 
Yu F‑H (2017) Invasive alien plants benefit more from clonal integration in 
heterogeneous environments than natives. New Phytol 216:1072–1078. 
https:// doi. org/ 10. 1111/ nph. 14820

Wang X, Wang J, Hu B, Zheng W‑L, Li M, Shen Z‑X, Yu F‑H, Schmid B, Li M‑H 
(2022) Richness, not evenness, of invasive plant species promotes inva‑
sion success into native plant communities via selection effects. Oikos 
2022:e08966. https:// doi. org/ 10. 1111/ oik. 08966

Wang J, Li S‑P, Ge Y, Wang X‑Y, Gao S, Chen T, Yu F‑H (2023) Darwin’s naturaliza‑
tion conundrum reconciled by changes of species interactions. Ecology 
104:e3850. https:// doi. org/ 10. 1002/ ecy. 3850

Wei G‑W, van Kleunen M (2022) Soil heterogeneity tends to promote the 
growth of naturalized aliens when competing with native plant commu‑
nities. J Ecol 110:1161–1173. https:// doi. org/ 10. 1111/ 1365‑ 2745. 13860

Xu HG, Qiang S, Genovesi P, Ding H, Wu J, Meng L, Han Z, Miao J, Hu B, Guo J, 
Sun H, Huang C, Lei J, Le Z, Zhang X, He S, Wu Y, Zheng Z, Chen L, Jarošík 
V, Pyšek P (2012) An inventory of invasive alien species in China. NeoBiota 
15:1–26. https:// doi. org/ 10. 3897/ neobi ota. 15. 3575

Xue W, Yao S‑M, Huang L, Roiloa SR, Ji B‑M, Yu F‑H (2022) Current plant diver‑
sity but not its soil legacy influences exotic plant invasion. J Plant Ecol 
15:639–649. https:// doi. org/ 10. 1093/ jpe/ rtab0 65

Zheng Y‑L, Burns JH, Liao Z‑Y, Li W‑T, Li L (2020a) Nutrient fluctuation has dif‑
ferent effects on a tropical invader in communities from the native and 
non‑native range. Environ Exp Bot 178:104193. https:// doi. org/ 10. 1016/j. 
envex pbot. 2020. 104193

Zheng YL, Liao ZY, Li WT, Wang RF, Li L, Yang AD, Zheng YG, Feng YL (2020b) 
The effect of resource pulses on the competitiveness of a tropical invader 
depends on identity of resident species and resource type. Acta Oecol 
102:103507. https:// doi. org/ 10. 1016/j. actao. 2019. 103507

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1007/s10530-020-02327-0
https://doi.org/10.1007/s10530-020-02327-0
https://doi.org/10.1038/nature14910
https://doi.org/10.1046/j.1461-0248.2003.00516.x
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://doi.org/10.1007/s00442-012-2400-2
https://doi.org/10.1007/s00442-012-2400-2
https://doi.org/10.1111/nph.14820
https://doi.org/10.1111/oik.08966
https://doi.org/10.1002/ecy.3850
https://doi.org/10.1111/1365-2745.13860
https://doi.org/10.3897/neobiota.15.3575
https://doi.org/10.1093/jpe/rtab065
https://doi.org/10.1016/j.envexpbot.2020.104193
https://doi.org/10.1016/j.envexpbot.2020.104193
https://doi.org/10.1016/j.actao.2019.103507

	Effects of native species richness on reproduction of invasive Bidens pilosa vary with nutrient supply
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Plant species and material preparation
	Experimental design
	Harvest and measurements
	Statistical analyses

	Results
	Invader biomass
	Native community biomass
	Invader biomass proportion
	Invader reproduction
	Biodiversity effects on reproduction

	Discussion
	Conclusion
	Acknowledgements
	References


