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Similar challenges:

1- High population density;

2- High diversity ecosystems;

3- Rich and expanding economy;

4- High rate agricultural goods/ha;

5- High rate of environmental impacts;

6- Seeking environmental conservation, economic and social improvement
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Alternanthera philoxeroides, native in Brazil          invasive in China

Native           Introduced 

Plant invasion            biodiversity conservation + ecosystems services sustainability
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Native Introduced

Native to:

Argentina Northeast, Argentina Northwest, Bolivia, Brazil North, Brazil Northeast, Brazil

South, Brazil Southeast, Brazil West-Central, Colombia, French Guiana, Guyana,

Paraguay, Peru, Suriname, Trinidad-Tobago, Uruguay, Venezuela

Introduced into:

Alabama, Andaman Is., Arkansas, Assam, Bangladesh, California, China North-Central,

China South-Central, China Southeast, Florida, Georgia, Honduras, Illinois, India, Japan,

Jawa, Kentucky, Louisiana, Malaya, Mauritius, Mexico Northeast, Mississippi,

Myanmar, Nepal, Netherlands Antilles, New South Wales, New Zealand North, North

Carolina, Puerto Rico, South Carolina, South China Sea, Taiwan, Tennessee, Texas,

Thailand, Venezuelan Antilles, Virginia, West Himalaya

Has 24 Synonyms

 KB Achyranthes aphylla (Glaz.) Standl. (/ taxon/urn:lsid:ipni.org:names:2466-2)

Achyranthes paludosa Bunbury (/ taxon/urn:lsid:ipni.org:names:58847-1)
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Abstract

Arable areas are commonly susceptible to alien plant invasion because they experience

dramatic environmental influences and intense anthropogenic activity. However, the limited

reports on relevant factors in plant invasion of croplands have addressed single or a few

invasive species and environmental factors. To elucidate key factors affecting plant invasions in

croplands, we analyzed the relationship between 11 effective factors and changes in

composition of alien plants, using field surveys of crop fields in Anhui Province conducted

during 1987–1990 (historical dataset) and 2005–2010 (recent dataset), when rapid urbanization

was occurring in China. We found that in the past few decades, the dominance and richness of

alien plant populations approximately doubled, despite differences among the 4 regions of

Anhui Province. Among the 38 alien invasive plant species observed in the sites, the

dominance values of 11 species increased significantly, while the dominance of 4 species

decreased significantly. The quantity of chemical fertilizer and herbicide applied, population

density, agricultural machinery use, traffic frequency, and annual mean temperature were

significantly related to increased richness and annual dominance values of alien plant species.

Our findings suggest that the increase in alien plant invasions during the past few decades is

primarily a result of increased application of chemical fertilizer and herbicides.
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Introduction

With their high levels of available resources and anthropogenic disturbance, agricultural areas

are particularly susceptible to alien plant invasions [1], [2].The continuous introduction and

expansion of invasive plants into arable areas makes the management of alien crop weeds

increasingly challenging. It is critically important to measure the seriousness and potential

trends of alien weed invasions in arable lands, in order to form strategies for the management

of these species [3].

Invasive plant species are generally capable of rapid adaptation to altered environments,

climate, and human disturbance [1], [2], and shifts in farming practices may facilitate plant

invasions in arable areas [4]. For example, overuse of herbicides may lead to outbreaks of

resistant or tolerant invasive weed populations; 346 herbicide-resistant biotypes of 194 weed

species have been described [5], of which many (e.g., Lolium multiflorum, Sorghum halepense,

and Conyza canadensis) are highly invasive. Long-term application of chemical fertilizer may

promote alien plant invasions in agricultural areas, as habitats with higher levels of nutrient

resources tend to be more susceptible to plant invasions [6], [7]. Kovacs-Hostyanszki et al. [8]

found that fertilizer had a negative impact on the richness of weed species with lower nitrogen

preference, and on the coverage of native weeds. In addition, use of agricultural machinery

may disperse seeds or other propagules (e.g., rhizomes) of invasive plant species over great

distances [9], [10]. Climate change also facilitates range expansion of many invasive plant

species [3], such as Sorghum halepense [11] and Carduus nutans [12]. Comparative studies

examining the relative influence of the wide variety of factors involved in plant invasion in arable

areas are scarce.

In China, large numbers of invasive plant species have established and spread rapidly in arable

areas since the 1980s [13]. Changes in the dynamics of plant invasions have occurred

concomitantly with changes in agrochemical inputs, land use [13], farming methods [14], and

climate [15]. Before 1980, weed control practices in China were limited to manual removal,

tillage, and adjustments in crop rotation. Herbicide application began during the 1980s, and

expanded rapidly to become the primary weed management strategy after the middle 1990s

[14]. In addition, rapid urbanization was accompanied by abandonment of rural areas and

farming by large numbers of people, leading to increased mechanization and fertilizer use. The

effects of climate change have also become more apparent since the 1980s [15]. The

combination of these diverse changes in environmental factors and farming practices may lead

to profound changes in plant community dynamics. However, few studies have addressed the

invasion of crops by alien weeds in China. In this study, we assessed weed species richness

and dominance in croplands in Anhui Province, a typical agricultural province in eastern China.

We hypothesized that increasing applications of chemical herbicide and fertilizer, traffic

frequency, and population density may promote alien plant invasions in croplands. Climate

change may also have a strong influence on alien weed invasions in cropland. To test this

hypothesis, we analyzed 2 datasets obtained from field surveys of summer crops (wheat and

oilseed rape) conducted during 1987–1990and 2005–2010, and explored the key factors

responsible for changes in alien plant species richness and dominance.

Materials and Methods

Ethics Statement

Here, by conducting field surveys, we studied weed communities in croplands in Anhui

Province, China. No specific permissions were required and the field studies did not involve

endangered or protected species.

Study Area

Anhui Province (29°24′  to 34°57′N lat, 114°53′  to 119°39′E long) is located in eastern China

with a total area of approximately 1.4×10  km  (Fig. 1). The province differs in climate from

north to south. Average annual temperature ranges from 14 to 17°C, average rainfall from 800

to 1800 mm y , and average frost-free period from 200 to 250 d [16].

Download:

Figure 1. Sites surveyed during 1987–1990 (Δ) and 2005–2010 (○) in summer crop

fields in Anhui Province, China.

https://doi.org/10.1371/journal.pone.0074136.g001

Data Collection

Two datasets from field surveys made approximately 15 years apart in Anhui province (Fig. 1)

were used to estimate changes in weed species richness and dominance. Field surveys were

conducted from 1987 to 1990 (“historical dataset,” by Sheng Qiang [17]) and from 2005 to 2010

(“recent dataset,” this study, by Guo-Qi Chen and Yun-He He) using the same methods. All

surveys were conducted after crops (wheat, Triticum aestvum L. or oilseed rape, Brassica

napus L.) flowered, but before harvest. Eighty-three sites cultivated with oilseed rape and 47

sites with wheat were surveyed from 1987 to 1990, and 78 sites cultivated with oilseed rape

and 69 sites with wheat were surveyed between 2005 and 2010. In Anhui Province, the amount

of arable land per capita is approximately 0.06 ha [16], and most croplands are divided into

small units with clear margins. At each survey site, we established ten 0.06-ha quadrats

(approximately 666 m ) [17] in which we recorded all weed species and their dominance

values. Dominance values were divided into 7 categories according to relative coverage,

abundance, and height of each weed species (Table 1). This method is one of the most

common protocols employed in arable weed field surveys in China [17].

Download:

Table 1. Visual scoring method for weed dominance value in crop fields.

https://doi.org/10.1371/journal.pone.0074136.t001

In order to determine the key factors affecting the increasing dominance and richness of

invasive plant species in the surveyed summer croplands, we analyzed 11 environmental

factors relating to crop type, crop rotation, climate, and human disturbance and farming mode

(Table 2). We obtained these data for each site and survey year from records in the Anhui

Statistical Yearbook [16]for the cities in which field sites were located. We obtained data on

herbicide application from the Yearbooks and from local Plant Protection Stations, which were

government organizations, which were responsible for consisting farmers cultivating crops, as

well as introducing pesticides to farmers. Two types of crop rotations were employed in the

surveyed croplands: (1) wet-dry rotation consisting of rice followed by wheat (oilseed rape); and

(2) dry crop rotation, which was just2 dry crops in succession, such as corn (soybean) –wheat

(oilseed rape) rotation.

Download:

Table 2. Mean values of environmental factors of 130 historical sites and 147

recent sites examined in this study.

https://doi.org/10.1371/journal.pone.0074136.t002

Data Analysis

Data matrices for the historical and recent datasets included alien weed richness and

dominance value and environmental factors for each site. Mean dominance values by species

were calculated for each site from the 10 quadrats to obtain a site-species data matrix.

Shannon-Weiner α-diversity [18] was then calculated for both datasets. For each site, the

number of alien weed species was estimated as the richness value for each site, and the sum

of the dominance values of all alien weed species was calculated as overall dominance value.

To better test the relationship between changes in alien weed invasions and changes in

environmental factors, we divided the surveyed area (Anhui Province) into small grids, each of

which covered a geographic area of 40′ ×40′ . The surveyed area included31 grids that

contained both the historical and recent survey sites (see Fig. 1), which were used as the

sample units for the analyses. For each index in a given grid, we used the average value of the

sites located in that grid. We then calculated the change in each index for a given grid by the

value in the recent dataset minus that for the related historical data. For each environmental

factor, mean values of historical and recent datasets in the 31 grids were compared using

paired-sample t-tests. On the basis of the data from these grids, we employed redundancy

analysis (RDA) to test the relationship between changes in environmental factors and changes

in dominance values of alien weed species, using the “vegan” add-on package in the R 2.12.1

Language and Environment for Statistical Computing [19].

Stepwise regression models [20], [21] were used to explore relationships between changes in

environmental factors and changes in total richness and dominance of alien weeds. The best-fit

models were selected using Akaike’s information criterion (AIC) [22], [23]. Changes in total

richness and dominance values, amount of herbicide and chemical fertilizer applied, and

agricultural machinery power were calculated as ratios of recent to historical data. Changes in

precipitation and temperature were calculated by subtracting historical values from recent

values.

Results

Human disturbance factors and mean annual temperature increased significantly (P<0.05) from

1987 to 2010, while mean temperature of the coldest month and annual precipitation decreased

significantly (Table 2). Compared with the historical dataset, the amount of chemical fertilizer

applied doubled, the amount of chemical herbicide applied increased by 18 times, and traffic

frequency was 49 times greater in the recent dataset. Moreover, both the overall richness and

dominance values of alien weeds doubled.

In the historical dataset, 24 alien weed species from 17 genera and 10 families were recorded

(Table 3). Among these, 9 species (37.5%) had frequencies higher than 10% and 2 (8.3%) had

frequencies higher than 50%. The average number of alien weed species per site was 3.65

(Fig. 2). In the recent dataset, 35 alien weed species from 26 genera and 13 families were

recorded (Table 3). Among these, 17 (48.57%) had a frequency higher than 10% and 6

(17.14%) had a frequency higher than 60%.Overall richness, dominance value, and α-diversity

of alien weeds in the recent dataset were significantly higher (P<0.001) than the relative values

in the historical dataset (Fig. 2). Wheat fields had a significantly higher (P<0.01) occurrence of

alien weeds than oilseed rape fields in the historical dataset, but not in the recent dataset (Fig.

3). Croplands with wet-dry crop rotation (rice as the preceding crop) showed significantly lower

dominance of alien weeds than those with dry crop rotation (another dry crop as the preceding

crop) for both datasets, while the difference in the recent dataset was significantly lower

(P<0.01).

Download:

Figure 2. Comparisons between the historic and recent datasets in richness

(number of species per site), dominance value, and α-diversity of overall alien

weed species in summer crop fields in Anhui Province, China.

Note: “***”: P<0.001.

https://doi.org/10.1371/journal.pone.0074136.g002

Download:

Figure 3. Overall dominance values of alien crop weeds in different groups of

summer croplands surveyed in Anhui Province, China.

https://doi.org/10.1371/journal.pone.0074136.g003

Download:

Table 3. Alien weed species, and their frequencies and change in dominance value

(DV), among all sites surveyed between 1987–1992 (historical, 130 sites) and

2005–2010 (recent, 147 sites).

https://doi.org/10.1371/journal.pone.0074136.t003

According to the RDA results, the 31 grids could be organized into 4 groups (Fig. 4), and

increasing dominance of alien weed species was significantly related to changes in 8

environmental factors (Figs. 4 and 5). These factors included annual precipitation and mean

temperature, mean temperature of the hottest (July) and coldest (January) month, amount of

herbicide applied, amount of chemical fertilizer applied, population density, and traffic

frequency. Among these8 factors, increases in population density and traffic frequency showed

the greatest influences on changes in alien species invasions in north Anhui (grids 1 to 5); the

dominance values of several alien weed species, including Avena fatua and Euphorbia

helioscopia, increased significantly (P<0.05) with increased population density and traffic

frequency(Fig. 5). Increased annual precipitation and mean January temperature facilitated

invasion of alien weeds, including Veronica persica, Alternanthera philoxeroides, and Conyza

spp., in south Anhui (grids 29 to 31).The increase in mean July temperature showed a negative

influence on A. fatua, V. sativa, and E. helioscopia. A few species (e.g., Veronica persica and

Conyza canadensis) benefited from increases in annual mean temperature and herbicide

application, while species with higher invasiveness (Geranium caroliniamum, A. fatua, V.

specie, A. philoxeroides, Erigeron annuus, C. bonariensis, and C. sumatrensis) benefited from

increased fertilizer application.

Download:

Figure 4. Redundancy analysis (RDA) showing the 8 significant environmental

factors and the 31 geographic grids in Anhui Province, China (see Figure 1).

RDA was conducted to analyze the relationship between changes in environmental

factors and changes in the dominance values of alien weed species in croplands.

https://doi.org/10.1371/journal.pone.0074136.g004
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Figure 5. Redundancy analysis (RDA) showing the 8 significant environmental

factors and alien weed species in croplands in Anhui Province, China.

Note: species with lower correlations with RDA axes are not shown.

https://doi.org/10.1371/journal.pone.0074136.g005

Stepwise regression models revealed relationships between changes in alien weed richness

and dominance and environmental factors. Six of the 8 environmental factors were significantly

related to an increased richness of alien weeds (Table 4); the factor with the greatest influence

was the increase in the amount of chemical fertilizer applied. The model identified 4

environmental factors that affected change in overall weed dominance, among which 3

(increased herbicide application, traffic frequency, and mean temperature of the hottest month)

showed significant effects (Table 4). The greatest (positive) effect was due to the amount of

herbicide applied.

Download:

Table 4. Results of the stepwise regression models used to test the relationships

between changes in alien weed species richness and dominance, and changes in

environmental factors between the 2 datasets surveyed in different time periods.

https://doi.org/10.1371/journal.pone.0074136.t004

Discussion

Plant invasion is a major economic problem in agricultural fields, and a variety of factors may

influence the expansion of alien plants [24]. We collected data from field surveys that measured

changes in diversity and dominance of alien agricultural weeds in relation to a historical survey.

The most important factors identified as being correlated with increased diversity and

dominance of alien weeds were the amount of chemical fertilizer and herbicide applied in

agricultural areas. This finding has implications for the ways in which further plant invasions

might be managed.

Human Factors

Factors associated with human activities are frequently found to facilitate plant invasions [24].

Together, our results implied that increasing traffic frequency and population density, as well as

changed farming practices, have significant influences on the occurrence of alien crop weeds.

Firstly, increased application of herbicides negatively affected the richness but positively

affected the dominance of alien weeds in the surveyed area. Herbicide application can be an

effective means of addressing invasion by the most serious weed species, and chemical weed

control has greatly improved the efficiency of weed management in agricultural areas [14].

Many agricultural weed species are controlled simultaneously by herbicides, resulting in a

decrease in species richness with increased herbicide application [25], as found in our study.

However, many invasive plant species are capable of adapting to herbicides [1], such that

chemical weed control may promote the dominance of invasive plants.

Many invasive plant species are also less sensitive to herbicides than are native plants or crop

species. The active ingredients contained in the herbicides applied in our survey area primarily

include 2, 4–D (2, 4-dicholrophenoxyacetic acid), MCPA (2-methyl-4-chlorophenoxy acetic

acid), metsulfuron methyl, tribenuron-methyl, chlorsulfuron, isoproturon, fenoxaprop-P-ethyl,

and quizalofop-p-ethyl [26]–[28]. G. caroliniamum showed higher tolerance than other species

to most of the herbicides, [29], [30]. In the surveyed areas, G. caroliniamum increased in

frequency from 23% to 91%, and its dominance value per site increased by 6 times from the

historical to the current survey period. Similarly, E. helioscopia is reported to be insensitive to 2,

4–D, MCPA, and tribenuron-methyl [31], [32]; although increased herbicide application

negatively impacted the dominance of this species, E. helioscopia maintained a high

dominance value.

Long-term application of herbicides can result in selection and rapid distribution of herbicide-

resistant weed species [33]. Our results suggested that the increased dominance of C.

canadensis and V. persica was positively correlated with increased herbicide application (Fig.

5). Many invasive agricultural weeds show high genetic or phenotypic plasticity, and thus can

become herbicide resistant in a short time, as has been reported for C. canadensis [34], A.

fatua [35], V. sativa [36], and Lolium multiflorum. Ten years of intense glyphosate use (3.7 kg

ha  y ) in fruit orchards in Chile led to selection of glyphosate-resistant L. multiflorum

populations [37]. The most-serious herbicide-resistant weed species in South America, such as

S. halepense, C. canadensis, and L. multiflorum, are all invasive species [38]. Further, many

serious herbicide-resistant weed species in North America, including Ambrosia artemisiifolia,

Ambrosia trifida, S. halepense, Amaranthus retroflexus, and C. canadensis [33], [39] are

serious invaders in countries outside of their native ranges [40]. Therefore, developing

ecological weed management that is less reliant on herbicide application is of high importance

[4], [41]; integrated agricultural practices such as rice-fish [42] and rice-duck [43] co-culture

systems, and well-designed crop rotation and intercropping [44], could be part of the solution to

this challenge.

The application of chemical fertilizer and use of agricultural machinery may promote alien plant

invasions. Our results suggested that the increasing amount of chemical fertilizer applied was

the most significant factor related to the increase of alien plant species richness (Table 4), and

that increased quantities of chemical fertilizers applied to crops was positively related to

increased dominance of several invasive plant species in the surveyed croplands. Combine

harvesters can disperse weed seeds and other propagules over great distances, as shown for

A. fatua [10] and A. philoxeroides (according to our field observation). Agricultural

mechanization in Anhui Province is still at a low level, but is developing quickly [16]; hence, the

potential influence of agricultural machinery on alien plant invasions deserves more attention.

In addition, our study suggested that alien plant invasions increased more rapidly in oilseed

rape fields than in wheat fields. This could be the result of changes in the composition of alien

plant species in the surveyed croplands. In the historical dataset, the most dominant alien

species was A. fatua, followed by V. sativa, Veronica polita, and V. persica, all of which are

archaeophytes (introduced before 1840).These 4 alien species account for 86% of total alien

dominance value, and each of these species tended to occur in wheat fields. Nevertheless,

several neophytes (introduced after 1840) in the surveyed areas spread quickly, particularly G.

caroliniamum, A. philoxeroides, and C. canadensis, all of which tended to occur in oilseed rape

fields. The continuous introduction and expansion of alien neophytes have resulted in plant

invasions in oilseed rape areas becoming as serious as those in wheat fields. Other types of

cropland that currently have lower rates of plant invasion may increasingly be faced with similar

problems.

Alien plant invasions in lands with wet-dry crop rotation were less serious than those in lands

with dry crop rotation, but increased faster. Alien invasions in areas with wet-dry crop rotation

were very low in the historical dataset. One explanation may be that the annual shift in soil

moisture between wet and dry planting periods caused a barrier against maintenance of weed

seed banks [45], particularly for alien species that lack a long history of co-evolution with crop

cultivation in China. Recently, some perennial alien plant species with rapid vegetative

reproduction have invaded croplands and spread quickly, such as A. philoxcroides [46], which

is highly adapted to different moisture conditions [47]. Seeds of some alien plant species,

including G. caroliniamum, V. sativa, and V. persica [48] can remain viable in wet-dry crop

rotation systems, and frequently infest this type of cropland. Moreover, some invasive weeds,

such as C. canadensis and E. annuus [49], produce large amounts of small seeds and maintain

large seed banks from which they readily disperse into croplands. Well-designed crop rotation

systems could help to manage weed invasions. If possible, wet-dry crop rotation system

showed higher resistance to alien plant invasions. Moreover, invasive weed species that are

well adapted to both moist and dry soil should be more carefully monitored and controlled, and

regular field investigations on crop weed communities should be conducted every few decades,

as well the distribution of serious invasive plants should be monitored.

In addition, increases in human population density and traffic frequency both showed positive

influences on the richness of alien plant species, consistent with studies that have shown

correlations between anthropogenic disturbance and plant invasion [50]–[52]. Our results also

suggested that the increased dominance of alien plants in areas with greater increases in traffic

frequency was less pronounced in north Anhui Province. In north Anhui Province, several

archaeophytes have been major agricultural weeds over long time periods, and the occurrence

of these species did not increase significantly. For example, the most dominant alien weed

species in the historical dataset were A. fatua, V. sativa, V. persica, V. polita, and Thlaspi

arvense. Among these species, the dominance of A. fatua, V. polita, and T. arvense decreased

significantly and those of V. sativa and V. persica did not change significantly.

Physical Factors

Our results suggested that climatic change plays an important role in promoting the invasivity of

alien plants in agricultural areas. Temperature and precipitation are widely known to be key

factors in determining the distribution of plant species [3], [53], [54]. The increase in mean

annual temperature and annual precipitation were positively correlated with increased

dominance of several common invasive plants. However, the increase in mean temperature of

the hottest month was negatively associated with dominance of most alien plant species.

Located in the subtropical and temperate zones, Anhui Province has a climate with high

precipitation, warm winters, and mild summers [16], which favor the establishment of a broad

range of invasive plant species. Thus, the threat of plant invasions in this area may worsen in

the future. The temperature in Anhui Province has shown a clear warming trend in recent

decades [55], and annual precipitation has been highly variable with more frequent rainstorms

[56]. A warming climate may enable the distribution of many invasive plants to expand [3].

Thus, cropping systems in many regions are likely to experience new vulnerabilities to exotic

plant invasions in the future [11]. Additionally, more frequent rainstorms may result in increased

flooding, which may further promote plant invasions by dispersing large numbers of seeds

across a large area, as well as causing habitat fragmentation [57], [58].

Conclusion

With increasing applications of herbicide and chemical fertilizer, higher population density, an

upgraded traffic system, and the influence of climate change, plant invasions in crop areas

have approximately doubled during the past few decades in Anhui Province, China. Differences

in the seriousness of plant invasions among different types of cropping systems are fading.

Much more attention should be focused on studying the current and potential distributions of

invasive plants in agricultural areas, and to assess the risks of plant invasions in various

croplands, particularly in areas that currently experience low rates of invasion. Considering that

current patterns of biological invasion may better reflect historical than recent human activities

[59], the potential for crop weed invasions in this area could be a serious threat in the next

several decades and beyond. Integrative weed management with reduced application of

chemical fertilizers and herbicides deserves much more attention.
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Wetlands have been considered as a vital reservoir of global carbon and are vulnerable to plant

invasion. However, the influence mechanism of plant invasion on soil organic carbon (SOC) in

wetlands remains unclear. In this study, we investigated SOC, soil physicochemical properties, and

soil microbes in the invaded and non-invaded sites in Xinxue River and Xinxue River Constructed

Wetland to research the effects of Alternanthera philoxeroides invasion on SOC and explore the

related mechanisms. The invasion of A. philoxeroides increased SOC content and density in both the

river and the constructed wetland. SOC in the two types of wetlands was positively correlated with

moisture content and negatively correlated with bulk density, dissolved oxygen, water temperature,

soil temperature, and pH. The invasion decreased the dissolved oxygen in the river and the soil

temperature in the constructed wetland which might be the explanation for the increase of SOC in

the two types of wetlands. In the river, the decrease of dissolved oxygen caused by plant invasion

could alter the microbial community and limit the decomposition of SOC by microbes, which was

confirmed by the increase of microbial α diversity indices and the correlations between soil

microbial community in the river and dissolved oxygen showed by RDA analysis. The invasion of A.

philoxeroides significantly shifted the soil microbial community in the constructed wetland.

Redundancy analysis showed that the variation of soil microbial community structure in the

constructed wetland could be mainly explained by soil pH and soil temperature. The decrease of soil

temperature in the constructed wetland might inhibit microbial activities and result in the

accumulation of SOC. In addition, the indicator species reflecting soil microbial community shifted

by plant invasion were highly correlated with SOC, suggesting that the variation of indicator species

between invaded sites and non-invaded sites might be another reason for the difference in SOC. The

study indicates that A. philoxeroides invasion might increase the carbon storage in rivers and

constructed wetlands with different mechanisms.

Int roduct ion

As a vital reservoir of carbon, wetlands can offset partial release of carbon dioxide into the atmosphere (Dixon

and Krankina, 1995; Mitsch et al., 2013; Nag et al., 2019). The carbon sequestration function of wetland soil

plays an important role in mitigating global climate change (Nag et al., 2017; Zhao et al., 2017). According to

the Convention on Wetlands signed in 1971, wetlands could be divided into natural wetlands and constructed

wetlands (Hawkins and Smith, 1983; Ramsar Convention Secretariat, 2004). Rivers are an example of typical

natural wetlands, and a constructed wetland is a combination of water, plants, and substrates, which is

modeled on natural wetlands (Hui et al., 2009; Zhang et al., 2009). Rivers and constructed wetlands are

important carbon reservoirs (Zhang L. et al., 2015; Reddy et al., 2016). The increase of exotic plant invasion in

wetlands, which threatens ecological functions, is gaining increasing attention in ecology research (van der Put-

ten et al., 2007; Seebens et al., 2017; Vaz et al., 2019). Invasive plants can affect the carbon cycle of wetlands’

ecosystems, but the mechanisms remain unclear (McKinley and Blair, 2008; Jin et al., 2017; Bobul’ská et al.,

2019; Qi et al., 2019).

Plant invasion has direct and indirect effects on the soil organic carbon (SOC) storage of wetlands. Plant

invasion can directly affect SOC storage attributed to the high net primary productivity of invasive plants

(Burke et al., 1998; Ehrenfeld, 2003; Tamura and Tharayil, 2014). Plant invasion may also affect SOC via the

root exudation and litter decomposition (Craig et al., 2015). Plant invasion could indirectly impact SOC storage

by altering soil physicochemical properties (Yang et al., 2017; Qi et al., 2019; Yang, 2019). A study by Yang

(2019) demonstrated that Spar tina alterniflora invasion not only directly increased SOC content, but also

indirectly affected SOC through mediating the effects of soil moisture content. Moreover, the decrease of soil

temperature could also enhance SOC storage (Yang, 2019).

The indirect effect also includes the impact of plant invasion on microorganisms. Microorganisms, as natural

decomposers, directly play a part in the carbon cycle of wetlands (Huang et al., 2014). Dramatic shifts in soil

nutrient content caused by plant invasion could alter the richness and diversity of soil microbial communities

(Lorenzo et al., 2010; Yang et al., 2013; Lazzaro et al., 2014). Fontaine et al. (2003) reported that when soil

nutrient availability highly increased, the microbial decomposition of fresh organic matter increased while the

microbial decomposition of soil organic matter decreased, resulting in SOC accumulation. In addition, the

change of soil physicochemical properties such as pH and temperature caused by plant invasion can indirectly

affect SOC storage by affecting microbial activities (Bainard et al., 2016; Nguyen et al., 2018). The carbon

storage of wetlands was affected by certain microbes such as Betaproteobacteria and Planctomycetacia (Xin

and Qin, 2019). The carbon metabolic rate could be altered by the variation of the microbial community. For

example, the abundance of heterotrophic bacteria such as Bacteroidetes was increased with Spar tina

alterniflora invasion, which increased microbial respiration and resulted in the decrease of SOC (Song et al.,

2020). Therefore, the indirect effect of plant invasion on SOC storage in wetlands is the key part of the

influence mechanism of plant invasion on SOC (Zhang G. et al., 2019; Zhang P. et al., 2020; Yang et al., 2020).

Alternanthera philoxeroides (Mart.) Griseb., a species native to South America, is widely distributed in

Oceania, South America, North America, Africa, and many other countries and regions (Telesnicki et al., 2011).

In the 1930s, it was first introduced, widely planted and disseminated as feed in South China. In 2003, it was

listed in the first batch of invasive alien species in China by the State Environmental Protection Administration

of China (Pang et al., 2007). At present, A. philoxeroides is mainly distributed in low altitude, relatively warm,

and humid climate areas east of 97°E and south of 44°N in China (Pang et al., 2007).

To explore the influence mechanism of plant invasion on SOC in rivers and constructed wetlands, we chose

Nansi Lake Basin, where the invasion was serious, as the research site. We hypothesized that A. philoxeroides

invasion could increase SOC storage by altering soil physicochemical properties and the soil microbial

community. To test this hypothesis, we examined the SOC content and density, compared the soil

physicochemical properties and soil microbial community composition in the invaded sites and non-invaded

sites in Xinxue River (XR) and Xinxue River Constructed Wetland (XC) in 2018. We also analyzed the

correlations between SOC, soil physicochemical properties and soil microorganisms. This study is of great

significance to understand the impact of the invasion of A. philoxeroides and other similar invasive plants on

the wetland carbon stock.

Materials and Methods

Study Area and Field Sampling

This study was conducted in the second largest freshwater lake in Huaihe River Basin, Nansi Lake, Shandong

Province, China (116°34′–117°21′E, 34°27′–35°20′N). Nansi Lake, the largest freshwater lake in North China,

serves as an important hub for water transfer and storage in the East Route of the South-to-North Water

Transfer Project in China (Wu et al., 2010). Xinxue River (XR) is one of the principal inflow rivers of Nansi

Lake. The Xinxue River Constructed Wetland (XC) was built in 2007 and is located on the southern bank of

Xinxue River.

In July 2018, soil samples for physicochemical properties analyses and microbial samples in surface soil for

microbial analyses were collected in the sediments in XR and XC (Figure 1). To explore the effects of A.

philoxeroides invasion on SOC in wetlands, samples in non-invaded sites were assumed to substitute for the

samples in the pre-invasion condition, and this experimental design was consistent with Chen et al. (2018). In

XR, nine invaded sites were sampled uniformly and randomly throughout the river. And due to the less non-

invaded places in the middle and lower reaches of XR, we only chose three non-invaded sites in the upstream to

collect soil samples and microbial samples. In XC, we chose seven invaded sites and five non-invaded sites to

collect soil and microbial samples. All collected samples were labeled in sealed bags. Soil samples were stored

at 4°C and analyzed in 48 h (Fang et al., 2019; Boscutti et al., 2020; Zhang P. et al., 2020). Microbial samples

were stored at −80°C before microbial sequencing.

FIGURE 1

Figure 1. Locations of Xinxue River and Xinxue River Constructed Wetland in Shandong Province and the

distribution of invaded and non-invaded sites in the two types of wetlands. (A,B)  are the locations of the

Nansi Lake Basin in China and Shandong Province, respectively; (C)  the distribution of invaded and non-

invaded sites in Xinxue River and Xinxue River Constructed Wetland. XRI, Invaded sites in Xinxue River;

XRN, Non-invaded sites in Xinxue River; XCI, Invaded sites in Xinxue River Constructed Wetland; XCN,

Non-invaded sites in Xinxue River Constructed Wetland.

Laboratory Analyses

Soil samples were air-dried at room temperature (~25°C) and then sieved by a 0.15 mm sieve. Soil samples

(0.05–0.3 g, accurate to 0.0001 g) were added into hard glass tubes and mixed with 10.00 mL potassium

dichromate-sulfuric acid solution (0.4 mol L ). The glass tubes were inserted into the wire cage and then

heated in the oil bath at 170–180°C for 5 min. The liquid and soil residue in the tube was transferred to a 250

mL triangular bottle, the tube and funnel were washed with distilled water, and the washing liquid was poured

into the triangular bottle. Three drops of o-phenanthroline indicator were added into the triangular bottle, the

residual K CrO  was titrated by 0.2 mol L  ferrous sulfate solution. The titration was finished when the

solution changed from orange to blue-green and then to brown-red. About 0.2 g of SiO  was selected as blank

control, and about 0.2 g of the standard soil GBW 07413a (ASA-2) was selected as the standard control. The

volume of consumed ferrous sulfate was recorded and substituted into the following formula:

OM: mass fraction of soil organic matter (g kg ); V : standard solution volume of ferrous sulfate consumed by

blank experiment (mL); V: standard solution volume of ferrous sulfate consumed by sample determination

(mL); c: concentration of ferrous sulfate standard solution (mol L ); m: weight of the drying sample (g);

0.003: the mass of 1/4 mmol of carbon (g mmol ); 1.724: conversion factor of organic carbon to organic

matter; 1.10: oxidation correction coefficient; 1,000: conversion factor from g to kg.

SOC content and density were calculated by the formulae:

SOC: mass fraction of soil organic carbon (g kg ); SOCD: mass fraction of soil organic carbon per unit volume

(kg m ); bulk density: weight of soil per unit volume (g cm ) (Rudiyanto, Minasny and Setiawan, 2016). The

content of soil organic matter was determined by potassium dichromate oxidation method, referring to the

determination of soil organic matter in the Agricultural Industry Standard of the People’s Republic of China

published in 2006.

The pH of soil was obtained by using the determination of pH in soil (NY/T 1377-2007). The bulk density and

moisture content were determined by using the ring knife method (Li and Zheng, 2019).

Microbial Analyses

The diversity and richness of the soil microbial samples in the invaded sites and non-invaded sites in XR and

XC were analyzed by 16S rRNA amplicon sequencing. First, a rapid CTAB DNA isolation technique was used to

extract DNA in microbial samples (Stewart and Via, 1993). The 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and

806R (5′-GGACTACHVGGGTWTCTAAT-3′) primers were used for the amplification of the microbial (bacterial

and archaeal) 16S rRNA V4 fragments (Wu et al., 2016). The truseq DNA PCR free sample preparation kit

(Illumina, San Diego, CA, United States) was used to construct the sequencing library and add tags.

Quantitation and detection of the constructed library were carried out utilizing a Qubit Fluorescence

Quantitative Analyzer (Thermo Fisher Scientific) and an Agilent 2100 Biological Analyzer (Agilent

Technologies, Palo Alto, CA, United States). Based on the Illumina HiSeq sequencing platform, the library

which met the standard was sequenced to get raw data (Jiao et al., 2016). Splicing, filtering, quality control, and

chimeric filtering were carried out to get effective tags (Caporaso et al., 2010). The effective tags with

similarities greater than 97% were clustered into Operational Taxonomic Units (OTUs), and the representative

sequences of OTUs were annotated to obtain the community composition of microbial samples.

Statistical Analyses

All statistical analyses of soil properties were performed using SPSS software (version 21.0), R (v4.0.1), Canoco

4.5, and Origin 2017. A two-way analysis of variance (ANOVA) was used to analyze the effects of plant invasion,

wetland types, and their interactions on SOC and other soil physicochemical properties. One-way ANOVA was

performed to analyze the differences in the effects of plant invasion on SOC and other soil physicochemical

properties in the river and the constructed wetland, and it was also conducted when the interaction effects were

significant in the two-way ANOVA (Nitao, 1989; Qi et al., 2019; Yang et al., 2020). Spearman correlation

analyses were conducted in R (v4.0.1) to study the relationships between SOC and other soil physicochemical

properties. The microbial data analysis was performed by QIIME, R (v4.0.1), and Galaxy platform . The

microbial α diversity indices including richness indices (Chao1, ACE) and diversity indices (Shannon,

Simpson), were calculated using QIIME (Zhang H. et al., 2020). Redundancy analysis (RDA) was conducted in

Canoco 4.5 for the relationships between soil properties and microbial composition at the phyla-level. Monte

Carlo permutation test (999 permutations) was used to test the statistical significance of the variables of RDA

at the 0.05 level (Zhang G. et al., 2020). The differences in microbial composition between invaded sites and

non-invaded sites were analyzed and visualized by linear discriminant analysis effect size (LEfSe) using Galaxy

platform (Liu et al., 2018). Spearman correlation analyses of SOC and other soil physicochemical properties

with indicator species were also carried out in R (v4.0.1).

Accession Number

The raw sequencing data have been submitted to NCBI Sequence Read Archive (SRA) with the Accession

Number of SRP267962 .

Resul t s

E! ects of A. philoxeroides Invasion on SOC Content and Density

A. philoxeroides invasion strongly affected SOC in the two types of wetlands (Figure 2). SOC content was

significantly higher in invaded sites than in non-invaded sites both in XR and XC (P  = 0.003, P  = 0.029,

Figure 2A). In XR, the SOC density in invaded sites (XRI) was 63% higher than that in non-invaded sites (XRN)

(P = 0.002, Figure 2B), while the density of SOC in the invaded sites (XCI) was 30% higher than that in non-

invaded sites (XCN) in XC (Figure 2B). The content of SOC in XC was 93% higher than that in XR in both

invaded sites and non-invaded sites (Figure 2A). SOC density in XCI was 55% higher than that in XRI (P <

0.0001, Figure 2B), while in the non-invaded sites, SOC density in XCN was 94% higher than that in XRN (P =

0.006, Figure 2B).

FIGURE 2

Figure 2. SOC content (A)  and density (B)  (mean ± SD, standard deviation) in Xinxue River and Xinxue

River Constructed Wetland in 2018. XR, Xinxue River; XC, Xinxue River Constructed wetland. Different

superscript uppercase letters indicate statistically significant differences at α = 0.05 level between the river

and constructed wetland. Different superscript lowercase letters indicate statistically significant differences

at α = 0.05 level between invaded sites and non-invaded sites.

Soil Physicochemical Properties and the Relationships Between SOC and
Soil Physicochemical Properties

In XR, dissolved oxygen in invaded sites was significantly lower than that in non-invaded sites (Table 1). Water

temperature and soil temperature in invaded sites in XC were significantly lower than those in non-invaded

sites (Table 1). In the invaded sites in the two types of wetlands, soil moisture content in XRI was significantly

lower than that in XCI (Table 1), while bulk density, dissolved oxygen, water temperature, soil temperature, and

pH in XRI were significantly higher than those in XCI (Table 1). However, there was no significant difference in

moisture content and bulk density in the non-invaded sites in the two types of wetlands (Table 1). Spearman

correlation analysis showed that SOC content was significantly positively correlated with moisture content, but

significantly negatively related to bulk density, dissolved oxygen, water temperature, soil temperature, and pH

(Figure 3). The correlations of SOC density were basically the same with SOC content, except for bulk density.

TABLE 1

Table 1. Soil physicochemical properties (mean, SD) in Xinxue River (XR) and Xinxue River Constructed

Wetland (XC).

FIGURE 3

Figure 3. Spearman correlation matrix for SOC and soil physicochemical properties in Xinxue River (XR)

and Xinxue River Constructed Wetland (XC). SOC, Soil organic carbon content; SOCD, soil organic carbon

density; MC, moisture content; BD, bulk density; DO, dissolved oxygen; WT, water temperature; ST, soil

temperature. Diagonal shows the variable distribution diagram; the top right of the diagonal shows the

Spearman correlation coefficient and the level of significance, the size of the number reflects the value of

the correlation (*p < 0.05; **p < 0.01; ***p < 0.001).

Soil Microbial Community and the Relationships Between Soil Microbial
Community and Soil Properties

Proteobacteria was the most dominant phylum among all the studied sites, which accounted for 46.4–54.4% of

total bacterial community composition (Figure 4). Chloroflexi, Bacteroidetes, Acidobacteria,

Gemmatimonadetes, Actinobacteria, and Verrucomicrobia were also abundant phyla. Euryarchaeota,

Bathyarchaeota, and Elusimicrobia were important Archaea in the studied area.

FIGURE 4

Figure 4. Relative abundance of soil microbial species at invaded sites and non-invaded sites in the two

types of wetlands. XRI, Xinxue River invaded sites; XRN, Xinxue River non-invaded sites; XCI, Xinxue

River Constructed Wetland invaded sites; XCN, Xinxue River Constructed Wetland non-invaded sites.

The microbial diversity indices (Shannon and Simpson) were significantly lower in XRN than in XRI and XCN

(Table 2). The microbial richness indices (Chao1 and ACE) and observed species were also lower in XRN than

in XRI and XCN, but there was no significant difference between invaded sites and non-invaded sites in the two

types of wetlands. Based on Spearman correlation analysis, the microbial diversity indices had significantly

positive correlations with the content and density of SOC and significantly negative correlations with dissolved

oxygen, water temperature, and soil temperature.

TABLE 2

Table 2. Alpha Diversity analysis index of invaded sites and non-invaded sites of two types of wetlands.

The relationships between microbial community structure and soil properties in the invaded sites and non-

invaded sites in the two types of wetlands were revealed by the Redundancy analysis (RDA) (Figure 5). The first

two axes explained 34.1% of the total variation in soil microbial community at the phyla-level (Figure 5). The

soil microbial community was significantly correlated with dissolved oxygen (P < 0.05), dissolved oxygen

explained 19.4% of the variation in the microbial community structure. Meanwhile, there was a clear separation

between XR (XRI, XRN) and XC (XCI, XCN). SOC showed a positive relation with the samples in XR, but a

negative relation with the samples in XC.

FIGURE 5

Figure 5. Redundancy analysis (RDA) diagram illustrating the relationships between the soil bacterial

community in invaded sites and non-invaded sites in the two types of wetlands and soil physicochemical

properties. Axis 1 explained the maximum variation at 31.4%, and Axis 2 explained 2.7%. Points represent

the soil samples. XRI, Xinxue River invaded sites; XRN, Xinxue River non-invaded sites; XCI, Xinxue River

Constructed Wetland invaded sites; XCN, Xinxue River Constructed Wetland non-invaded sites. Red

arrows represent the soil physicochemical properties: pH, SOC, soil organic carbon content; SOCD, soil

organic carbon density; MC, moisture content; BD, bulk density; DO, dissolved oxygen; ST, soil

temperature.

The RDA results of XR and XC were shown in Figures 6A,B, respectively. In XR, the first two axes explained

about 63.1% of the total variation (Figure 6A). The microbial community significantly correlated with bulk

density and dissolved oxygen. They respectively explained 23% and 20.5% of the total variation of microbial

community structure. The first two axes in XC explained about 53.4% of the total variation (Figure 6B).

Microbial community significantly correlated with pH and soil temperature. They respectively explained 19.8

and 15.6% of the total variation in microbial community structure.

FIGURE 6

Figure 6. Redundancy analysis (RDA) diagram illustrating the relationship between soil physicochemical

properties and the soil bacterial community in XR (A)  and XC (B) . In XR, Axis 1 explained the maximum

variation at 53.0%, and Axis 2 explained 10.1% (A) . Axis 1 in XC explained the maximum variation at

46.3%, and Axis 2 explained 7.1% (B) . Points represent the soil samples. XRI, Xinxue River invaded sites;

XRN, Xinxue River non-invaded sites; XCI, Xinxue River Constructed Wetland invaded sites; XCN, Xinxue

River Constructed Wetland non-invaded sites. Red arrows represent the soil physicochemical properties: pH, SOC, soil organic carbon

content; SOCD, soil organic carbon density; MC, moisture content; BD, bulk density; DO, dissolved oxygen; ST, soil temperature.

We quantified the indicator species reflecting soil microbial community shifted by plant invasion in XR and XC

(Figure 7). In XR, phylum Gemmatimonadetes was enriched in invaded sites (Figure 7A). And 12 bacterial

groups were abundant in non-invaded sites of XR, such as the phyla Proteobacteria and Verrucomicrobia. For

Proteobacteria, the orders Xanthomonadales and Cellvibrionales, family Xanthomonadaceae, genera

Denitratisoma and Arenimonas within the class Gammaproteobacteria and family Haliangiaceae within the

class Deltaproteobacteria were more abundant in non-invaded sites than in invaded sites. For Verrucomicrobia,

the relative abundance of the class Verrucomicrobiae, the family Rubritaleaceae, and the genus Luteolibacter

were higher in XRN than in XRI. In XC, five bacteria lineages were higher in invaded sites than in non-invaded

sites, including class Bacilli, families Planococcaceae, Microbacteriaceae, and Sandaracinaceae, and genus

Geothermobacter. However, the relative abundance of family unidentified_Solibacterales and genus Bryobacter

within the order Solibacterales, family unidentified_Acidobacteriales within the order Acidobacteriales, genus

Sphingomonas within the phylum Bacteroidetes, and genus Terrimonas within the phylum Proteobacteria were

higher in XCN than in XCI (Figure 7B).

FIGURE 7

Figure 7. The differences in microbial lineages between invaded sites and non-invaded sites analyzed by linear

discriminant analysis effect size (LEfSe) in Xinxue River (A)  and Xinxue River Constructed Wetland (B) . The

cladogram shows the lineages with linear discriminant analysis score higher than 2.0. The different taxonomy

units are represented by rings with different diameters. Yellow nodes show no significant difference in invaded

sites and non-invaded sites, while red means the higher units in invaded sites and green means the higher units

in non-invaded sites. XRI, Xinxue River invaded sites; XRN, Xinxue River non-invaded sites; XCI, Xinxue River

Constructed Wetland invaded sites; XCN, Xinxue River Constructed Wetland non-invaded sites.

Spearman correlation analysis showed that the indicator species were highly related with soil properties in XR

and XC (Figure 8). In XR, the relative abundance of Gemmatimonadetes enriched in invaded sites had positive

correlations with SOC content and density, but negative correlations with dissolved oxygen and soil

temperature (Figure 8A). In XR, the species showed negative correlations with SOC content and density and

positive correlations with dissolved oxygen and soil temperature, which were more abundant in non-invaded

sites than in invaded sites. In XC, the indicator species in invaded sites positively correlated with SOC content

and density, but negatively correlated with pH. And the indicator species in non-invaded sites of XC showed

negative correlations with the content and density of SOC and moisture content, and positive correlations with

pH and bulk density (Figure 8B).

FIGURE 8

Figure 8 . Correlation matrix based on Spearman correlation analysis between soil properties and indicator

species in Xinxue River (A)  and Xinxue River Constructed Wetland (B) . MC, Moisture content; BD, bulk

density; DO, dissolved oxygen; ST, soil temperature; SOC, soil organic carbon content; SOCD, soil organic

carbon density. The different taxonomy units are represented by: p, phyla; c, class; o, order; f, family; g,

genus. *p < 0.05.

Discussion

Previous studies demonstrated that plant invasion greatly impacts the soil carbon cycle (Ehrenfeld, 2003;

Drenovsky and Batten, 2007; Tamura and Tharayil, 2014), but the influence mechanism of plant invasion on

SOC in wetlands remains unclear. In our study, in both the river and the constructed wetland, A. philoxeroides-

invaded sites had higher SOC content and density than non-invaded sites. Our result showed that the plant

invasion could increase the content of SOC, which was consistent with previous studies (He et al., 2019; Zhang

G. et al., 2019). Invasive plants with high net primary productivity could increase the content of SOC through

root exudation and litter decomposition (Craig et al., 2015; Zhou et al., 2015). When the soil nutrients

increased, microbes decomposed the fresh organic matter instead of soil organic matter, resulting in the

accumulation of SOC (Fontaine et al., 2003). It might be an explanation for the increase of SOC in the river and

the constructed wetland with A. philoxeroides invasion.

Plant invasion can indirectly affect the carbon cycle by changing soil physicochemical properties including

moisture content, pH, bulk density, dissolved oxygen, and temperature (Huang et al., 2014; Qi et al., 2019;

Yang, 2019). In our study, the positive correlations between SOC and moisture content and the negative

correlations between SOC and bulk density, dissolved oxygen, water temperature, soil temperature, and pH

(Figure 3) conformed with the results of Qi et al. (2019). The effect of A. philoxeroides invasion on the storage

of SOC might be related to the alternation of different physicochemical properties in the river and the

constructed wetland. In the river, dissolved oxygen was significantly decreased in invaded sites. The negative

correlation of SOC with this reduced dissolved oxygen could partially explain the higher content of SOC in

invaded sites. A previous study reported that dissolved oxygen could be taken up by microbes for microbial

activities (Higashino et al., 2008). The consumption of dissolved oxygen in invaded sites in the river might be

due to the increase of the activities and reproduction of microorganisms, which was confirmed by the fact that

invaded sites had a higher richness of microbes than non-invaded sites. The decreased dissolved oxygen with

plant invasion in the river correlated with the alteration of the microbial community (Figure 6A), which might

limit the consumption of SOC by aerobic heterotrophic microorganisms such as Betaproteobacteria (Zhang Y.

et al., 2015), and might indirectly result in the accumulation of SOC. Hence, we inferred that in the river

invaded by plants, dissolved oxygen might be the dominant factor affecting the consumption of SOC by altering

microbial respiration and composition. However, plant invasion in the constructed wetland altered different

soil properties. The significant decrease of soil and water temperature might be due to the shielding effect of

invasive plants on the water surface (Wang et al., 2009). Lower temperatures might inhibit microbial growth

and even alter soil microbial community structure (Supramaniam et al., 2016). In the constructed wetland, soil

temperature was related in the variation of microbial community structure (Figure 6B), which could be a

reason for the difference in SOC between invaded sites and non-invaded sites. In the river and the constructed

wetland, A. philoxeroides invasion could change different soil properties including dissolved oxygen and

temperature to affect the storage of SOC indirectly.

Plant invasion can affect soil microorganisms, which act as one of the main factors of SOC formation (Bradford

et al., 2013). The root exudates of invasive plants are an important carbon source for soil microbes (Craig et al.,

2015). A previous study has shown that plant invasion could elevate soil microbial abundance and diversity

(Yang et al., 2019). In our study, A. philoxeroides-invaded sites in the river had higher microbial diversity

indices (Shannon and Simpson) than the non-invaded sites, which might be due to the plant invasion. But there

was no difference in the microbial diversity in the constructed wetland. The stable microbial diversity indices in

the constructed wetland might be because of the compensation from other microbial groups for some microbial

variations or the limited impacts of plant invasion on microbial α diversity indices (Custer and van Diepen,

2020). The result of LEfSe showed that the microbial community structure in the river and the constructed

wetland was significantly different between the invaded and non-invaded sites (Figure 7). The microbial

community structure might be changed by plant invasion. In our study area, the indicator species in A.

philoxeroides-invaded sites and non-invaded sites showed positive and negative correlations with SOC. Phylum

Gemmatimonadetes, reported to be capable of photosynthetic reaction, served as the indicator species in

invaded sites of river (Zeng et al., 2014). The indicator species in non-invaded sites of the river including

classes Gammaproteobacteria and Deltaproteobacteria, and family Rubritaleaceae could degrade

polysaccharides (Martinez-Garcia et al., 2012; Desta et al., 2014; Rosenberg et al., 2014). By querying KEGG ,

the indicator species in invaded sites of the constructed wetland have M00169, M00345, and M00579

metabolic pathways of carbon fixation. However, the indicator species in non-invaded sites including order

Acidobacteriales, genera Sphingomonas and Terrimonas have been reported to be able to degrade cellulose and

other polysaccharides (Desta et al., 2014; Rosenberg et al., 2014). Order Solibacterales could participate in the

mineralization of phosphorus (Bergkemper et al., 2016). The indicator species might be an important factor for

the increase of SOC caused by plant invasion.

Furthermore, the results indicate that plant invasion might have a greater impact on SOC in the river than in

the constructed wetland. This might be because rivers are vulnerable to plant invasion and constructed

wetlands have higher SOC content and density than rivers. The lower content and density of SOC in rivers

might be due to physicochemical properties, water velocities, and vegetation coverage (Braskerud, 2001; Cao et

al., 2015). Moreover, the positive correlation between SOC and dissolved oxygen in the constructed wetland

was different from the river and other studies (Cao et al., 2015), which might be because the roots of invasive

plants import root exudates and oxygen into the soil. However, the degrees of plant invasion in the river and

the constructed wetland are not experimentally controlled, and the lack of data before and after the plant

invasion of the same area is also a limitation of this study. More experimental studies are needed to validate the

influence mechanisms of plant invasion on SOC.

Conclusion

The study found that the invasion of A. philoxeroides significantly increased SOC content and density in both

the river and the constructed wetland. SOC in the two types of wetlands had positive correlation with moisture

content and negative correlations with bulk density, dissolved oxygen, water temperature, soil temperature,

and pH. The invasion decreased the dissolved oxygen in the river and the soil temperature in the constructed

wetland. It is possible that the alternation of different soil properties in the two types of wetlands with plant

invasion resulted in the difference in SOC. With plant invasion, the decrease of dissolved oxygen in the river

might alter the microbial community and limit the decomposition of organic carbon by microbes. The increase

of microbial α diversity indices and the correlations between soil microbial community in the river and

dissolved oxygen verified the effect of plant invasion on SOC. In the constructed wetland, plant invasion only

changed the microbial community structure. And RDA analysis showed that the variation in soil microbial

community structure in the constructed wetland could be mainly explained by pH and soil temperature. We

suggest that the decrease of soil and water temperature in the constructed wetland might inhibit the microbial

growth and reduce microbial respiration. Furthermore, the variation in indicator species caused by plant

invasion might be related to the difference in SOC, as confirmed by their correlations. This study is of great

significance to understand the impact of the invasion of A. philoxeroides and other similar invasive plants on

the wetland carbon stock, and provides a foundation for further research on the relationship between global

change and plant invasion.
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Abstract

The effects of invasive plants on the species diversity of plant communities are controversial,

showing either a positive or negative linear relationship. Based on community data collected

from forty 5 m×5 m plots invaded by Sphagneticola trilobata in eight cities across Hainan

Island, China, we found S. trilobata decreased plant community diversity once its cover was

beyond 10%. We demonstrated that the effects of invasive/native plants on the plant diversity of

communities invaded by S. trilobata were curvilinear. These effects, which showed peaks under

different degrees of vegetation cover, appeared not only for S. trilobata and all invasive plants,

but also for all native plants. Invasive plants primarily had negative effects on plant diversity

when they became abundant at a much lower cover level (less than 35%), compared with the

native plants (over 60%). Thus, it is necessary to distinguish a range for assessing the effects

of plants, especially invasive plants. Our results also confirmed that the invasion intensity of

invasive alien plants increased with the intensity of local economic development. We highlight

and further discuss the critical importance of curvilinear effects of biological invasion to provide

ideas regarding the conservation of local biodiversity and the management of invasive plants.
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Introduction

Biodiversity is important in the functional provision and stability of ecosystems [1], [2]. However,

biodiversity is continuously being lost due to human disturbance [3]. For example,

unprecedented land conversion plays a key role in weed invasion through destroying native

plant communities and facilitating the invasion of non-indigenous plants [4]–[6]. Continual

development, the expansion of urbanization, and the conversion of forest lands for agricultural

development lead to increasing losses of native species [7], [8] and result in the establishment

and spreading of alien inhabitants in these communities [5]. These non-indigenous inhabitants

can change the structure and diversity of the plant community by suppressing subordinate

species [9]. Thus, exotic species invasion is recognized as one of the most serious global

threats to natural ecosystems [10]. Exotic invasions continue to crowd out native plant species

and homogenize biota around the world [11], [12], with the consequences of decreasing global

biodiversity [13] and impairing ecosystem functions [10], [14].

Increasing efforts are being made to elucidate the mechanisms underlying exotic invasion to

find solutions for the restoration of invaded landscapes. However, the effects of invasive plants

on species diversity in plant communities are still controversial [1], [15]. Furthermore, the

scarcity of quantitative studies on the impacts of invasive plant species on plant communities

limits our understanding of the impacts of invasion [16]–[18].

Sphagneticola trilobata (L.C. Rich.) Pruski (Synonym: Wedelia trilobata (L.) Hitchc.), a

widespread notorious clonal weed that is native to tropical America, was introduced as a

groundcover plant and has invaded many tropical and subtropical regions, including Hainan

Island, China [19], [20]. S. trilobata is a fast-growing, mat-forming perennial creeping herb [21],

[22]. S. trilobata's dominance over grass is particularly noteworthy [19]. Once this species

becomes established in new habitats, it exhibits overgrowth to form thick ground cover,

crowding out and preventing the regeneration of other plant species [21]. Because of its

noteworthy dominance over grass communities, S. trilobata has been listed as one of the 100

World's Worst Invasive Alien Species [23]. Nevertheless, no quantitative evaluations of the

impact of S. trilobata on resident plants have been reported to date.

In the present study, we used S. trilobata and the associated invaded community as a model

system to address the question of the possible impacts of S. trilobata and other invasive plants

on the plant diversity of the invaded community.

Methods

Sample sites

Field investigations were conducted on Hainan Island, China, in May 2007 to evaluate the

influence of S. trilobata and other invasive plants on native plants and the diversity of local

species. Sampling sites were selected along roads in eight cities/districts, which were evenly

distributed on Hainan Island: Dongfang (DF), Danzhou (DZ), Haikou (HK), Qionghai (QH),

Sanya (SY), Tunchang (TC), Wenchang (WC), and Wanning (WN) (Fig. 1). We randomly

established five sites on public land in which S. trilobata appeared at each city (except for

Haikou, where there were six sites, and Sanya, with four sites). Each site was separated from

the others by a distance of at least 500 m. Then, one plot (5 m×5 m) was randomly sampled

from each site. In total, 40 plots, containing nine species on average, were surveyed.

Download:

Figure 1. Distribution of sampling cities on Hainan Island and the average species

number in each district.

The pie charts show the mean number of the invasive, native, and alien non-invasive

species in a 5 m×5 m plot. Dongfang (DF), Danzhou (DZ), Haikou (HK), Qionghai (QH),

Sanya (SY), Tunchang (TC), Wenchang (WC), and Wanning (WN).

https://doi.org/10.1371/journal.pone.0113964.g001

All of the vascular plant species present in each plot were recorded, and the coverage of each

species in the sampled plots was estimated using a subdivided quadrat method [24], [25]. The

compositions of the plant communities were distinguished as native, alien non-invasive, and

invasive plants. Native plants were identified according to the Chinese Virtual Herbarium (CVH,

http://www.cvh.org.cn/cms/), and non-native plants were identified as invasive or alien non-

invasive (alien for short) plants according to the Database of Invasive Alien Species in China

(DIASC, http://www.chinaias.cn/wjPart).

Community diversity metrics

Shannon-Wiener's species diversity index (H′ ) [26], Simpson's dominance index (D′ ) [27], and

Shannon-Wiener's evenness index (J′ ) [28] were used to test the community effects of the

compositions (S. trilobata, all invasive plants and native plants) of the invaded communities. All

of these indices were based on the cover of a given species in the sampled plots [24]. The

equations for calculating the above indices are follows: (1) H′  = -Σ[(P ) ln(P )]; (2) D′  = 1/Σ(P ) ;

and (3) J′  = H′ /(lnS). P  is the ratio of the cover of species i to the total cover of all species in

each plot, and S is the number of species in each plot [29].

Statistical analyses

To evaluate the quantitative effects of the community compositions (S. trilobata, all invasive

plants and all native plants) on the plant diversity index (H′ ), community dominance index (D′ )

and community evenness index (J′ ) of the invaded communities, the cover values for S.

trilobata, all invasive plants and native plants were classified into four grades [30]: I-0∼25%, II-

26∼50%, III-51∼75%, and IV-76∼100%, corresponding to slight, moderate, excess, and severe

invasion phases, respectively. All data were logistic transformed if necessary to meet

assumptions of normality and homoscedasticity before analysis. We applied two-way analysis

of variance (ANOVA) using a generalized linear model (GLM), with the plant cover grades (I, II,

III and IV) and sampling cities as the grouping factors, and we employed Duncan's multiple-

range test (α = 0.05) to compare means among the four grades of cover of invasive S. trilobata,

all invasive plants (including S. trilobata) and native plants among cities. A quadratic non-linear

regression model was used to detect the relationships between the plant diversity of the

community and the cover of S. trilobata, all invasive plants and all native plants.

To test the impacts of human disturbance on the distribution of S. trilobata, all invasive plants

and native plants, data on geographical locations (including longitude, latitude and altitude) and

the economy (including farming, forestry, grazing output and total economic output) were

analyzed via Pearson correlation analysis. The total economic output included farming, forestry

and grazing in each sampled city in 2006 [31], which would significantly change the local

vegetation. Then, to visualize the plant cover distribution pattern, as affected by geography and

the economy, we constructed Free Energy Landscape graphs using the data on the average

plant cover (S. trilobata, all invasive plants and native plants), geographical location, and total

economic output across the eight sampled cities.

All data were analyzed using SAS statistical software (v9.1) [32] and visualized using

SigmaPlot Version 11.

Results

Relationships between invasive and native plants

The quadratic non-linear regression analysis indicated that the cover of invasive S. trilobata (r  

= 0.72, p<0.0001) and all invasive plants (r  = 0.73, p<0.0001) both showed a significant

negative correlation with the cover of native plants (Fig. 2).
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Figure 2. Relationships between the coverage of native plants and both the

coverage of S. trilobata and all invasive plants.

https://doi.org/10.1371/journal.pone.0113964.g002

Effects of the species composition on plant diversity

The maximum number of species appeared at Wenchang (WC) and Wanning (WN), while the

minimum number of species was recorded at Haikou (HK) (Fig. 1). Finally, a total of 65 plant

species (including S. trilobata and twelve other invasive species, ten alien species, and 42

native species; Table S1) were identified in the sampled plots. The cover values obtained for S.

trilobata, the other invasive plants, the alien non-invasive plants, and the native plants ranged

from 0.5% to 99%, 0% to 31.5%, 0% to 31%, and 1% to 85.5%, respectively.

The changes in plant community diversity in response to the species composition (S. trilobata,

all invasive plants and all native plants) were similar, exhibiting a quadratic pattern, but did not

present a simple linear relationship (Fig. 3a-c; Table 1). The cover of both all invasive plants

and all native plants was a relatively stable predictor of peak plant diversity (species diversity,

H′ ; species dominance, D′ ; and species evenness, J′ ) in the community invaded by S. trilobata

(approx. 35% for invasive plants and 50% for native plants; Table 1). For S. trilobata, the peak

plant diversity appeared when the cover was less than 10% (Table 1).
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Figure 3. Relationships between community biodiversity indices and coverage

within the community composition (S. trilobata, all invasive plants, and all native

plants).

(a): Shannon-Wiener's species diversity index, H′  = -Σ[(P ) ln(P )]; (b): Simpson's

dominance index, D′  = 1/Σ(P ) ; (c): Shannon-Wiener's evenness index, J′  = H'/(lnS).

https://doi.org/10.1371/journal.pone.0113964.g003
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Table 1. Relationships between coverage within the community composition and

community biodiversity indices.

https://doi.org/10.1371/journal.pone.0113964.t001

The values of diversity indices were altered by both the sampling cities and the grade of

coverage within the community composition (S. trilobata, all invasive plants and all native

plants) (Table 2). Accordingly, higher grades of coverage of both S. trilobata and all invasive

plants decreased species diversity (H′ ), species dominance (D′ ), and species evenness (J′ ) in

the communities (Fig. 4a-4c). The highest plant diversity appeared under the lowest cover

(Grade I) of S. trilobata and all invasive plants. However, the lowest and the highest plant

diversity appeared under the lowest cover (Grade I) and Grade II cover of native plants,

respectively (Fig. 4a-4c).

Download:

Figure 4. Mean biodiversity of the plant communities among four classes of cover

(I, II, III, IV) within the community composition (S. trilobata, all invasive plants, and

all native plants).

(a): Shannon-Wiener's species diversity index (H′ ); (b): Simpson's dominance index

(D′ ); (c): Shannon-Wiener's evenness index (J′ ). For each variable, means labeled with

the same letter are not significantly different according to Duncan's multiple-range test at

the p = 0.05 level.

https://doi.org/10.1371/journal.pone.0113964.g004
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Table 2. Two-way ANOVA for community biodiversity indices (species diversity,

dominance, and evenness) among cities, as affected by the cites and four grades

of cover within the community composition (S. trilobata, all invasive plants and all

native plants).

https://doi.org/10.1371/journal.pone.0113964.t002

Influence of heterogeneous spatial distribution on species diversity

There were significant regional differences between the species diversity among these eight

cities (Table 2). Dongfang (DF), located on west Hainan Island, presented the highest plant

species diversity, whereas DZ, HK, QH and SY showed relatively low plant diversity (Fig. 5).

Download:

Figure 5. Mean biodiversity of the plant communities among eight cities across

Hainan.

(a): Shannon-Wiener's species diversity index (H′ ); (b): Simpson's dominance index

(D′ ); (c): Shannon-Wiener's evenness index (J′ ). For each variable, means labeled with

the same letter are not significantly different according to Duncan's multiple-range test at

the p = 0.05 level.

https://doi.org/10.1371/journal.pone.0113964.g005

Influence of the spatial distribution and local economy on the species
composition of plant communities

The cover of S. trilobata and all invasive plants significantly increased along the examined

range of longitudes (Table 3; Fig. 6a, 6d), and the cover of all invasive plants significantly

decreased along the altitudinal gradient (Table 3; Fig. 6f).
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Figure 6. Geographical distribution patterns of the coverage of S. trilobata (a, b, c),

all invasive plants (d, e, f), and native plants (g, h, i) across different geographical

locations (Longitude, Latitude, Altitude) and total economic outputs.

The total economic output value included farming, forestry, and animal husbandry in

each sampled cities in 2006.

https://doi.org/10.1371/journal.pone.0113964.g006
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Table 3. Pearson's correlation between soil properties, environmental locations,

local economic output and the coverage of S. trilobata, invasive plants and native

plants.

https://doi.org/10.1371/journal.pone.0113964.t003

A significant positive relationship was found between the economy and the cover of both S.

trilobata and all invasive species (r = 0.34, p = 0.034; r = 0.35, p = 0.025; Table 3). A greater

increase in the rate of total economic output in a district corresponded to a higher cover of S.

trilobata and all invasive species (Fig. 6a-6f) and a lower cover of native species (Fig. 6 g-6i).

Discussion

Effects of plants cover on biodiversity

In contrast to previous studies [26], [33], we observed a curvilinear relationship between the

cover of invasive/native plants and plant community biodiversity. Many studies have found that

invasive plants display a negative linear relationship with species diversity [7], [11]–[13], while

others have detected a positive linear relationship [34], [35]. Biodiversity affects ecosystem

function and changes along environmental stress gradients [36], which might be due to different

underlying factors (e.g., soil fertility), or the presence of scale-dependent effects on diversity

due to altering species-area relationships in the invasion of non-native species [1], [37], or the

sensitivity of different compositions in communities [17], [33]. The species composition of

communities could have far-reaching effects on ecosystem processes [11].

Native species are often considered to be the driving force in increasing biodiversity at local

scales [38]. In the present study, the native plants in the communities invaded by S. trilobata

also contributed to increasing plant diversity when their cover was below 55%. Once their cover

exceeded 55%, a negative effect of native plants on local species diversity appeared, possibly

due to disequilibrium of communities caused by the rapid growth of some native plants in the

sampled plots resulting in homogenization. For example, the percentages of Eriachne

pallescens cover in plot TC4, Chrysopogon aciculatus cover in plot SY4, and Dendrolobium

triangulare cover in plot SY1 were 87.7%, 92.8%, and 92.8%, respectively.

We also found that the examined biodiversity indices (species diversity, species dominance,

and species evenness) did not linearly decrease/increase with increases of S. trilobata or all

invasive plants. Instead, S. trilobata or all invasive plants slightly increased the plant diversity of

the invaded community within a certain range of cover values (slight invasion phase), possibly

due to direct or indirect facilitation of non-native species during their initial introduction [39]. For

example, invasive Sargassum muticum increased native species richness at a low percent

cover (20%) [33]. This finding is consistent with a study by Melo et al. [6] indicating that human

disturbance at an intensity below a certain threshold would not trigger irreversible biodiversity

loss, and the delivery of ecosystem services would increase up to a point with increasing

human disturbance.

However, S. trilobata seriously inhibits the growth of most species in an invaded community due

to its rapid growth, vegetative reproduction [19], [22] and inhibition of the regeneration of other

species [16] via allelochemicals [40]. These effects might also benefit from the clonal

integration of S. trilobata [19], which can increase the initial spreading of clonal plants into new

habitats and thereby alter community structure [41]. Once S. trilobata occurs at a low percent

cover, its invasion will significantly decrease the plant diversity of invaded communities. S.

trilobata will cover extensive areas, including roadsides, agricultural and pasture lands, open

lots, waste disposal sites, garbage dumps, and other disturbed areas [19], [21]. A similar

decreasing community-level species pattern was observed for all invasive plants in the

communities invaded by S. trilobata within a relatively stable range of percent covers (>35%), in

contrast to previous research reporting positive or negative linear effects of invasive plants on

biodiversity [26], [33], [39]. These findings suggest that the effects of plant invasion on local

biodiversity might show a time lag.

Such time lag effects might be due to the requirement for pre-adaptation to new habitats or

could be purely demographic phenomena (e.g., Allee effects) [42]. It is widely recognized that

some species present a time lag in their responses to broad-scale land use and land cover

changes [4]. There is often a lag phase after non-native species establish small populations

before their populations spread [42] because it is necessary for established populations of non-

native species to adapt to new habitats (e.g., limiting resources, climates, native competitors,

new enemies) and to accumulate a significant population size before the population outbreak

[43].

Effects of human disturbance on the plant distribution

S. trilobata is generally used as an ornamental garden species in Hawaii and on other Pacific

islands [23] and is universally employed as a greenbelt plant in South China, accompanying

anthropogenic transposition of indigenous plants. As a clonal plant, S. trilobata rapidly spreads

and becomes established in fields once it escapes from gardens [20] because of its noteworthy

vegetative dominance over plant communities [19].

Metzger et al. [4] found that the landscape history strongly affects the present distribution

pattern of species in fragmented landscapes. In addition, Qian et al. [12] observed that humans

contribute more to the number of exotic species compared with ecological conditions. However,

Hainan Island has been subjected to rapid land conversion and loss of the natural forest habitat

in the past decades [44], [45], resulting in a decrease in natural forest habitat and increases in

farmlands and tourism. Developed regions in Hainan are mostly concentrated in the east and at

low altitudes, where human activities are more frequent. Our results also showed that the cover

of S. trilobata and all invasive plants in the community presented a clear increasing

geographical pattern from west to east in Hainan (Table 2-3), consistent with the economic

distribution pattern (Table 3; Fig. 6a, 6d, 6g). Invasion increases with the intensity of historical

land use [25] and economic activities on a global scale [46]. Nevertheless, the abundance of

native species might be impacted by habitat loss and the introduction of exotic species [38].

Consequently, local development could promote S. trilobata invasion in Hainan via extensively

and artificially transforming native species into introduced plants.

Our findings will not only provide managers with urgently required information about the effects

of the invasive weed S. trilobata, but will also contribute to our broader understanding of the

effects of invasive plants on communities.

Implications of the curvilinear effects of plant invasion

Plant invasion is often positively linked to the intensity of historical land use, which might

promote invasion far into the future [25], [47]. Higher levels of community biodiversity increase

tolerance to changing environmental conditions and are more beneficial for maintaining

ecosystem functions [1], [36]. However, rapid economic development has promoted the

expansion of invasive species on a global scale [30]. Global biodiversity, especially for species-

rich regions and island ecosystems [8], such as tropical Hainan Island, is suffering

unprecedented threats because of large-scale and continuing strengthened economic

development and other human activities. As a result of human disturbance, biological invasion

has negative impacts on local biodiversity due to altering community structure and/or function

dramatically [48]. However, there is a time lag in the ecological consequences of habitat

modifications that strongly affect the present distribution patterns of species [4].

Due to the existence of curvilinear effects, introduced non-native species do not present a

threat to the local ecological environment in the initial stage. Therefore, insufficient attention is

usually paid to these non-native species by concerned governments until the situation is out of

control. Thus, prior to the large-scale introduction of exotic horticultural or economic plants, it is

necessary to conduct an adequate risk assessment for these introduced plants. Moreover, for

introduced exotic species, we recommend that human disturbances should be decreased in

local ecosystems, and the eradication of invasive species should be increased to reduce the

success of invasion before biodiversity declines.

However, the ecological and the phenological responses of invasive plants to the indicated

time-lag effects remain unknown, and further work should be conducted to elucidate the

underlying mechanisms of plant invasion. For example, wider ranging surveys involving larger

sample numbers should be performed to assess plant invasion, long-term species diversity and

the function of community dynamics in permanent plots and for functional comparisons of

diversity in invaded communities.
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