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A B S T R A C T   

Land use change and extreme precipitation are the main challenges for tropical forests, and numerous studies 
have indicated that these changes could affect soil ecology. However, it is not yet known whether the soil legacy 
effect of ongoing changes could influence the invasiveness of alien plants. Two mixtures of invader and native 
species (Chromolaena odorata-Artemisia leucophylla and C. odorata-Desmodium sequax) were transplanted to 18 
soil treatments (3 forest types × 3 pre-water supply levels × 2 microorganism treatments). The results showed 
that the biomass of the invader was greater while its biomass fraction was lower in secondary forest soil than in 
primary and rubber forest soil; the soil legacy effect of drought was positive on both the biomass and biomass 
fraction of C. odorata. In rubber plantation soil, the biomass and biomass fraction of C. odorata were enhanced by 
the pre-increased water supply level. In primary and rubber forests, compared with normal precipitation, the 
sterilization treatment increased the biomass of the invader under drought and increased precipitation. The 
nutrient cycle and microorganisms both played a crucial role in this process. Overall, our study demonstrated the 
pronounced soil legacy effect of land use change, extreme precipitation and their interactions on the invasion 
success of C. odorata.   

1. Introduction 

It is widely accepted that the stronger biotic resistance to plant in-
vasion is due to the fewer vacant niches in tropical Asia (van Kleunen 
et al., 2015). However, accelerating global change, characterized by 
land use change (Hansen et al., 2013) and extreme precipitation (Ge 
et al., 2021), has emerged as a challenge for tropical forests in Southeast 
Asia. Thus, more empty niches might be generated under the ongoing 
global scenarios mentioned above by altering soil conditions, such as 
water supply (Wu et al., 2011), nutrient availability (Lado-Monserrat 
et al., 2014) or microbial community composition (Kaisermann et al., 
2017). Whether land use change and extreme precipitation influence 
plant invasiveness remains unknown in tropical forests. 

Land use change, characterized by deforestation, plantation and 
urbanization, is a major global issue (Foley et al., 2005). Domenech et al. 
(2005) found that the distribution of the invader Cortaderia selloana 
could be related to historical land use change. Despite the fact that 
rubber plantations and deforestation are common phenomena in 

Southeast Asia (Hurni and Fox, 2018; Margono et al., 2014), few studies 
have evaluated their influence on plant invasion. In fact, the influence of 
land use change on soil properties might facilitate the invasion success of 
alien plants. For instance, Zhu et al. (2019) suggested that nutrient re-
turn was increased in secondary forests but decreased in rubber plan-
tations relative to primary forests. A vast number of studies have 
elucidated that alien plants benefit more from nutrient fluctuations than 
native species (Davis et al., 2000; Parepa et al., 2013). Thus, experi-
mental manipulations are still needed to test how land use change in-
fluences plant invasion. 

Numerous studies have simulated the effect of extreme precipitation 
on invasive plants during the growth season (Gilgen et al., 2010; Duell 
et al., 2016). Indeed, extreme precipitation is also likely to occur in 
spring or winter (non-growing season) (Zhai et al., 2005). The soil leg-
acy effect of changed precipitation before growth might play a crucial 
role in successful invasion. Whereas only a few studies have tested this 
hypothesis (Meisner et al., 2013), more studies are still needed to 
explore the influence of the abnormal water supply on plant invasion. 
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Increasing research has begun to pay attention to plant invasion 
mediated by soil nutrient availability (Liu et al., 2017; Uddin and 
Robinson, 2018) and microorganisms (Mangla et al., 2008; Zhang et al., 
2020) in recent decades. As mentioned above, land use change and 
extreme precipitation are known to affect soil nutrient availability and 
the microorganism community (Gionchetta et al., 2019; Faggioli et al., 
2019), and there was also an interactive effect between the two factors 
(Moreno et al., 2019). Therefore, the analysis of the nutrient cycles and 
manipulations of microorganisms could further our understanding of 
associated mechanisms during the process of invasion. 

Chromolaena odorata (Asteraceae), originating from North, Central 
and South America, is a semi lignified perennial subshrub and is a 
noxious plant worldwide (Galdini Raimundo et al., 2007). In the middle 
of the 19th century, C. odorata was first introduced to India and now has 
become one of the most invasive plants in southern China (Qin et al., 
2013). A full factorial experiment was conducted to test the soil legacy 
effect of extreme precipitation and land use change on the absolute and 
relative biomass production. The invader C. odorata was mixed sepa-
rately with two common co-occurring native species in the soil, exposed 
to three water supply levels (drought, normal, rainfall) and two soil 
microorganism treatments (ambient and sterile) collected from three 
forests (primary, rubber and secondary forests). The following hypoth-
eses were proposed: (1) the soil legacy effect of extreme precipitation, 
forest type and their interaction would influence the absolute and 
relative biomass production of C. odorata, and (2) soil nutrients and 
microorganisms both played a crucial role during the invasion process. 

2. Material and methods 

2.1. Study site and species 

This experiment was conducted in a greenhouse of Xishuangbanna 
Tropical Botanical Garden (21◦56′ N, 101◦15′ E), Yunnan Province, 
Southwest China. The average annual temperature is 21.7 ◦C; the hottest 
month is July (average temperature 25.3 ◦C), while the coolest month is 
January (average temperature 15.6 ◦C). The annual average precipita-
tion is approximately 1557 mm, with a dry period lasting from 
November to April (Zheng et al., 2015). 

2.1.1. Plant materials 
The seeds of C. odorata and two native species (Artemisia leucophylla 

and Desmodium sequax) were collected from Xishuangbanna in 2019. 

The two residents are common co-occurring species with C. odorata at 
the collection site. In April 2020, seeds were mixed uniformly from 
different individuals and then germinated in a plastic tray (42 cm × 42 
cm × 4 cm) filled with potting soil (Pindstrup, Danish). 

2.2. Experimental design 

The common garden experiment, consisting of three forest soil types 
(primary, rubber, secondary), three water supply levels (reduced, 
normal and increased precipitation) and two soil microbiome treatments 
(ambient and sterilized), was set as follows (Fig. 1). In May 2020, three 
types of forest soil were collected from the upper 20 cm in primary, 
rubber, and secondary forests. The sampled soil at each site was ho-
mogenized and then sieved through a 5-mm mesh to remove the plant 
residuals and coarse fragments. In terms of water supply treatments, no 
water (drought), normal water supply (control, 24 mm/2 day), and 
increased water supply (rainfall, 48 mm/1 day) were applied for 40 days 
(2020.5.9–2020.6.18). Since then, the soil was rewetted to normal 
moisture. Half of the pots were sterilized by applying dazomet (Aladdin, 
Shanghai, China). 

In July 2020, two pairs of seedlings (C. odorata-A. leucophylla and 
C. odorata-D. sequax, approximately 10 cm in height) were transplanted 
into plastic pots (23 cm in diameter, 22 cm in height), and all pots were 
watered 24 mm/time. There were 288 pots in total, with 8 replicates of 
each treatment in two pairs. 

2.3. Measurements 

Before transplanting, the soil organic carbon (C) content and avail-
able nitrogen (N) and phosphorous (P) contents of the three forest types 
under the three water supply levels were determined using the routine 
methods described by Lu (1999) (N = 3). Of these, the soil organic C was 
determined by K2Cr2O7-H2SO4 oxidation; available nitrogen was 
determined by the alkaline solution diffusion method; and available 
phosphorus was determined by the NaHCO3 extraction colorimetric 
method. All plants were harvested in December 2020. For each indi-
vidual, the total biomass was weighed after being dried at 60 ◦C (72 h). 
The biomass fraction was calculated as the total biomass of the inva-
der/the total biomass of each pot (invader + paired native). 

Fig. 1. Graphical illustration of the experimental design. The common garden experiment consisted of three types of forest soil (primary, rubber, secondary forests), 
three water supply treatments (drought, control, rainfall), and two treatments for soil microorganisms (with or without dazomet). There were 288 pots in total with 8 
replicates of each treatment in two combinations (C. odorata vs. A. leucophylla; C. odorata vs. D. sequax). 

X. Shi et al.                                                                                                                                                                                                                                      



Environmental and Experimental Botany 191 (2021) 104625

3

2.4. Statistical analysis 

All statistical analyses were conducted in R version 4.0.4 (R Core 
Team, 2021). Two-way ANOVAs were used to test for the effects of forest 
soil type, pre-water supply and their interaction on soil organic carbon 
(C) content, available nitrogen (N) and phosphorous (P) content. 
Tukey’s HSD tests were used for multiple comparisons when the ANOVA 
results were significant. To test the soil legacy effect of forest type, 
extreme precipitation was applied to the biomass production of 
C. odorata. Two linear mixed models, in which total biomass and 
biomass fraction were response variables were implemented in the 
study, forest soil types, precipitation patterns, sterile treatments and 
their interaction effect were treated as fixed factors, and the combina-
tion (C. odorata - A. leucophylla; C. odorata - D. sequax) was treated as a 
random factor. Total biomass was square root transformed to improve 
the normality of residuals. Analysis was carried out using the lme 
function in the nlme package (version 3.1–152) (Pinheiro et al., 2021). 
Post hoc tests for multiple comparisons of biomass production across 
different levels of each factor were carried out in the emmeans package 
(version 1.5.4) (Russell, 2021). 

3. Results 

Averaged across all water supply treatments, the soil organic carbon 
content and available phosphorous content were both highest in sec-
ondary forest among the three forest types (Fig. 2a and b). Compared 
with the normal water supply, the pre-drought treatment increased the 
available phosphorous content (16.0 %) (Fig. 2c) but reduced the 
available nitrogen content (-11.2 %) (Fig. S1); however, the effect of the 
pre-rainfall treatment on phosphorous and nitrogen availability was not 
significant (Figs. 2c and S1). 

The forest soil type (P < 0.01), precipitation (P < 0.01), sterile 
treatment (P< 0.01), and the interactions of forest × sterile (P < 0.01) 
and forest × precipitation (P < 0.05) had significant effects on the ab-
solute and relative biomass of the invader (Table 1). However, sterile ×
precipitation (P = 0.0559) and forest × sterile × precipitation (P =
0.0533) had marginally significant effects on the biomass of C. odorata 
and had no significant influence (P > 0.1) on its biomass fraction 
(Table 1). 

Chromolaena odorata had a greater total biomass (10.3 %) but a lower 
biomass fraction (-24.7 %) in secondary forest soil than in primary forest 
and rubber plantation soil (Fig. 3a, d). Compared with the normal water 
supply treatment, pre-drought significantly increased the total biomass 
(12.9 %) and biomass fraction (14.8 %) of the invader, whereas pre- 
rainfall had no significant influence on these values (Fig. 3b, e). On 
average, sterilization significantly increased the biomass (21.1 %) and 
biomass fraction (9.1 %) of the invader (Fig. 3c, f). 

In the secondary forest soil, the invader produced more total biomass 
(21.9 %) and biomass fraction (10.1 %) in response to pre-drought 
treatment than the primary forest soil (Fig. 4a, b). In the rubber plan-
tation soil, the pre-rainfall treatment increased the biomass (14.4 %) and 
biomass fraction (15.4 %) of the invader relative to normal precipitation 
(Fig. 4a, b). Furthermore, C. odorata tended to increase its biomass (10 
%) under the drought treatment, while its biomass fraction was not 
affected in rubber plantation soil (Fig. 4a, b). 

In the rubber plantation soil, sterilization increased biomass pro-
duction for the invader (15.1 %) but did not influence its biomass 
fraction (Fig. 5a, b). The sterilization of secondary forest soils resulted in 
40.7 % and 31.4 % increases in the biomass and biomass fractions of 
C. odorata, respectively (Fig. 5a, b). Further analysis revealed that in the 
secondary forest soil, sterilization increased the total biomass of 
C. odorata irrespective of the water supply level, while its biomass was 
not affected by sterilization under extreme precipitation (drought or 
rainfall) in primary and rubber forests (Fig. 6a–c). 

4. Discussion 

It has been frequently suggested that secondary forests might be 
susceptible areas due to the fluctuating resource hypothesis (Davis et al., 
2000). In contrast, we found a higher biomass but lower biomass frac-
tion of C. odorata in the secondary forest soil (Fig. 3a and d). A higher 
soil organic carbon content and available phosphorous were found in the 
secondary forest (Fig. 2a and b), and both the biomass and biomass 
proportion were increased by sterilization in this kind of soil (Fig. 5a and 
b). Therefore, higher nutrient availability could benefit both invaders 
and native species in secondary forests, while the invader was 

Fig. 2. Box plot of averaged soil organic C (carbon) content and averaged available P (phosphorous) content under three types of forest soil (a, b) and averaged 
available P content of three water supply levels (c). Letters indicate significant differences (P < 0.05). In the box plots, the upper boundary of each box indicates the 
25th percentile, the horizontal line inside each box marks the median, and the lower boundary of the box indicates the 75th percentile. 

Table 1 
Results from the linear mixed model (species pair as a random factor) presenting 
the effects of forest soil type, soil microorganism and precipitation treatment on 
the total biomass and biomass fraction (square root scale) of Chromolaena 
odorata. Bold values indicate that these effects are significant (P < 0.05), and 
underlined values are marginally significant (P < 0.1).  

Source df Total biomass of 
C. odorata 

Biomass fraction of 
C. odorata   

F P F P 

Forest 2 9.491 0.0001 53.269 <0.0001 
Sterile 1 87.262 <0.0001 11.790 0.0005 
Precipitation 2 17.223 <0.0001 7.295 0.0003 
Forest × Sterile 2 17.749 <0.0001 8.255 0.0008 
Forest × Precipitation 4 4.512 0.0015 2.689 0.0259 
Sterile × Precipitation 2 2.916 0.0559 0.427 0.6579 
Forest × Sterile ×

Precipitation 
4 2.366 0.0533 0.636 0.5084  
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suppressed by microorganisms more than native species were, which 
could explain this interesting phenomenon. Thus, microorganisms in 
secondary forest soil might be a key factor mediating the coexistence of 
invaders and native species, and more studies are still needed to test the 
associated mechanism. 

In terms of the soil legacy effect of extreme precipitation, 

sterilization increased the total biomass of the invader regardless of the 
water supply (Fig. S2), and there was also no significant interactive ef-
fect of precipitation × sterilization on the biomass fraction (Table 1). 
One potential explanation is that the legacy effect altered nutrient 
availability. Most studies focused on the influence on the nitrogen cycle 
(Meisner et al., 2013; Yang et al., 2020). Unlike these studies, our study 

Fig. 3. Box plot of averaged total biomass and its fraction of C. odorata under three types of forest soil (a, d), precipitation (b, e) and two soil treatments (c, f). Letters 
indicate significant differences (P < 0.05). In the box plots, the upper boundary of each box indicates the 25th percentile, the horizontal line inside each box marks 
the median, and the lower boundary of the box indicates the 75th percentile. 

Fig. 4. Mean values of averaged total biomass of C. odorata under three precipitation patterns in three forest soil types (a). Mean values of the averaged biomass 
fraction of C. odorata under three precipitation patterns in three forest soil types (b). Error bars (SEM). The significant effects (P < 0.05) are marked with an asterisk, 
and marginally significant effects (0.05 ≤ P < 0.1) are marked with a dagger according to post hoc tests. 
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found increased phosphorous availability in response to pre-drought 
treatment, which could explain the greater biomass and biomass frac-
tion of C. odorata in response to pre-drought treatment (Fig. 3b and e). 
First, phosphorous is a stronger limiting factor in tropical forests than 
the nitrogen content (Vitousek et al., 2010), and a previous study also 
found that the competitive advantage of C. odorata was enhanced when 
phosphorous availability was increased (Wang et al., 2006). More 
importantly, pervasive phosphorus limitation has been suggested in 
natural terrestrial ecosystems (Hou et al., 2020). Thus, the soil legacy 
effect of abnormal precipitation on an altered phosphorous cycle might 
play a crucial role in alien plant invasion, and this complex process 
might be mediated by microbial activities, such as microbial biomass 
phosphorous and microbial respiration under drought stress (Bagher-
i-Novair et al., 2020). However, the further studies are still required. 

Meanwhile, we found that the legacy effect of extreme precipitation 
affects the biomass and biomass fractions of the three types of forest soil 
differently (Table 1, Fig. 4). In the rubber plantation, the biomass and 
biomass fraction of C. odorata under rainfall was greater than that under 
the control treatment (Fig. 4). However, there were no significant 
interactive effects of forest × precipitation on soil nutrients and forest ×
precipitation × sterile on invader biomass (Table 1 and S1), meaning 
that nutrients and microorganisms may not be the main drivers 
explaining the interactive effect of precipitation and forest soils. Based 
on this, there might be other ways to mediate invasion under extreme 
rainfall in rubber plantations, such as altered soil acidity (Ding et al., 
2019) and soil aggregate stability (Liu et al., 2021). C. odorata produced 
higher biomass but an unsignificant biomass fraction difference in 
rubber plantations (Fig. 4), suggesting that resident species took a 
similar advantage from the legacy effect of drought in rubber plantation 
soils. 

On average, we found that sterilization enhanced the higher biomass 
and biomass fraction of the invader (Fig. 3c and f), suggesting that the 
overall effect of microorganisms was more negative for the growth of the 
invader in the mixture. This could be due to pathogens′ direct effects on 
plants by reducing their productivity (Hodge and Fitter, 2013). Further 
analysis revealed that the biomass of C. odorata increased significantly 
via sterilization under the two extreme precipitation treatments in the 
secondary forest but not in the two other forests (Fig. 6). This suggested 
the weak resistance and resilience of soil microorganisms to extreme 
precipitation in primary and rubber forests. Despite the lack of direct 
evidence for this phenomenon, we speculated that the higher nutrient 
availability (Fig. 2) and plant richness might contribute to the higher 
microbial community stability in secondary forests than in the two other 
forests (Royer-Tardif et al., 2010; Hueso et al., 2012). Thus, in the 
future, we need to analyse and compare the microbial community 
among different forest soil types. 

5. Conclusions 

Our study highlighted that pre-drought could increase the available 
phosphorus content in phosphorus-limited soil, which could be a driver 
of plant invasion, especially in secondary forests, while increased pre-
cipitation could promote invasion in rubber plantations. The biotic 
legacy effects of extreme precipitation events decreased the invasiveness 
of C. odorata in secondary forest soil; however, this effect was alleviated 
in primary forest and rubber forest soils. The mechanisms related to 
microbial communities, nutrient cycling, and other soil processes 
remain to be tested in the future. 

Fig. 5. Mean values of averaged total biomass of C. odorata under two soil treatments in three forest soil types (a). Mean values of the averaged biomass fraction of 
C. odorata under the two soil treatments in the three forest soil types (b). Error bars (SEM). The significant effects (P < 0.05) are marked with an asterisk according to 
post hoc tests. 
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shapes the resistance of the soil microbial community and the C cycling response to 
drought in a semi-arid area. Sci. Total Environ. 648, 1018–1030. 

Parepa, M., Fischer, M., Bossdorf, O., 2013. Environmental variability promotes plant 
invasion. Nat. Commun. 4, 1604. 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Core Team, R., 2021. Nlme: Linear and 
Nonlinear Mixed Effects Models. R Package Version 3, pp. 1–152. 

Qin, R.M., Zheng, Y.L., Valiente Banuet, A., Callaway, R.M., Barclay, G.F., Pereyra, C.S., 
Feng, Y.L., 2013. The evolution of increased competitive ability, innate competitive 
advantages, and novel biochemical weapons act in concert for a tropical invader. 
New Phytol. 197, 979–988. 

R Core Team, 2021. R: a Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria.  

Royer-Tardif, S., Bradley, R.L., Parsons, W.F.J., 2010. Evidence that plant diversity and 
site productivity confer stability to forest floor microbial biomass. Soil Biol. 
Biochem. 42, 813–821. 

Russell, V.Lenth., 2021. Emmeans: Estimated Marginal Means, Aka Least-squares Means. 
R Package Version 1.5.4. 

Uddin, M.N., Robinson, R.W., 2018. Can nutrient enrichment influence the invasion of 
Phragmites australis? Sci. Total Environ. 613-614, 1449–1459. 

van Kleunen, M., Dawson, W., Essl, F., Pergl, J., Winter, M., Weber, E., Kreft, H., 
Weigelt, P., Kartesz, J., Nishino, M., Antonova, L.A., Barcelona, J.F., Cabezas, F.J., 
Cardenas, D., Cardenas-Toro, J., Castano, N., Chacon, E., Chatelain, C., Ebel, A.L., 
Figueiredo, E., Fuentes, N., Groom, Q.J., Henderson, L., Inderjit, Kupriyanov, A., 
Masciadri, S., Meerman, J., Morozova, O., Moser, D., Nickrent, D.L., Patzelt, A., 
Pelser, P.B., Baptiste, M.P., Poopath, M., Schulze, M., Seebens, H., Shu, W.S., 
Thomas, J., Velayos, M., Wieringa, J.J., Pysek, P., 2015. Global exchange and 
accumulation of non-native plants. Nature 525, 100–103. 

Vitousek, P.M., Porder, S., Houlton, B.Z., Chadwick, O.A., 2010. Terrestrial phosphorus 
limitation: mechanisms, implications, and nitrogen–phosphorus interactions. Ecol. 
Appl. 20, 5–15. 

Wang, M., Feng, Y., Li, X., 2006. Effects of soil phosphorus level on morphological and 
photosynthetic characteristics of Ageratina adenophora and Chromolaena odorata. 
Chin. J. Appl. Ecol 17, 602–606. 
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