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Abstract

Wetlands are vulnerable to plant invasions and the decomposition of invasive plant litter

could make impacts on the ecosystem services of wetlands including nutrient cycle and car-

bon sequestration. However, few studies have explored the effects of nutrient enrichment

and water level change on the decomposition of invasive plant litter. In this study, we con-

ducted a control experiment using the litterbag method to compare the decomposition rates

and nutrient release in the litter of an invasive plant Alternanthera philoxeroides in three

water levels and two nutrient enrichment treatments. This study found that the water level

change and nutrient enrichment showed significant effects on the litter decomposition and

nutrient dynamic of A. philoxeroides. The increase of water level significantly reduced the

decomposition rate and nutrient release of litter in the nutrient control treatment, whereas no

clear relationship was observed in the nutrient enrichment treatment, indicating that the

effect of water level change on litter decomposition might be affected by nutrient enrichment.

At the late stage of decomposition, the increase of phosphorus (P) concentration and the

decrease of the ratio of carbon to P suggested that the decomposition of invasive plant litter

was limited by P. Our results suggest that controlling P enrichment in water bodies is essen-

tial for the management of invasive plant and carbon sequestration of wetlands. In addition,

the new index we proposed could provide a basis for quantifying the impact of invasive plant

litter decomposition on carbon cycle in wetlands.

Introduction

As important components of terrestrial carbon pool, wetlands are closely related to global cli-

mate change [1, 2]. Plant litter is the major input of soil organic carbon in wetlands that has a

direct impact on the formation and turnover of soil organic matter in wetlands [3–6]. Also,

plant litter indirectly impacts the nutrient cycle and carbon sequestration in wetlands through

its effects on soil environment, plant, and microbial communities [7, 8]. Wetlands are vulnera-

ble to plant invasions and the native plants in wetlands are easily replaced by the invasive

plants [9, 10]. Because of the distinct traits of invasive plants such as high litter quality and
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high biomass [11–13], the litter decomposition of invasive plants always has critical impacts

on the nutrient cycle and soil organic matter in wetlands [14, 15]. Therefore, it is essential to

study the litter decomposition process of invasive plants for understanding and evaluating the

ecological functions of nutrient cycle and carbon sequestration in wetlands.

The litter decomposition of invasive plants in wetlands could be regulated by several exter-

nal factors like physical and chemical conditions in water [16, 17] and intrinsic factors like ini-

tial concentrations of nutrients [18, 19]. In wetland ecosystems, hydrology is an important

factor affecting the litter decomposition [20]. As one of the important characteristics of hydrol-

ogy, water level could be increased by global warming and seasonal rainfall [21, 22]. The

increase of water level has been reported limiting the litter decomposition in the wetland eco-

systems by altering the aeration condition and restricting the metabolism of microbes [16, 23].

Wallis and Raulings [24] also reported that the fast leaching of dissolved organic matter could

result in rapid litter decomposition in the shallow water. However, few studies have considered

the nutrient conditions in the decomposition environment when exploring the impacts of

increasing water level on litter decomposition [25].

Increasing anthropogenic activities including agriculture, industry, and urbanization

accompanied by the increasing utilization of water resources could alter the chemical factors

of hydrology environment and result in nutrient enrichment in wetland ecosystems [26–28].

Sun et al. [25] and Scott et al. [26] found that the nutrients status in the decomposition envi-

ronment could influence the decomposition rates and nutrient dynamic of plant litter. The

addition of nitrogen (N) could decrease the ratio of carbon to nitrogen (C/N) and phosphorus

(P) concentration, thus accelerating the decomposition of litter [29–31]. Similarly, several

studies have reported that the P enrichment in water could increase the P concentration and

reduce the ratios of carbon to phosphorus (C/P) and nitrogen to phosphorus (N/P) in litter

[26, 32]. The nutrient enrichment in decomposition environment could impact the metabo-

lism of microbes and result in the alternation of litter decomposition and litter stoichiometry

[33]. To maintain the stoichiometric balance required for growth, microbes tend to uptake

inorganic nutrients from environments [34–36]. Suberkropp et al. [37] found that the

increases of N and P in the environment could enhance microbial activities during litter

decomposition. Additionally, the addition of carbon (C) and N could affect plant litter decom-

position by altering microbial respiration [38], and the availability of C limited microbial bio-

mass [39]. The metabolism of microbes related to litter decomposition could be affected by

water level change [16, 24]. However, few investigators have researched the interaction of

water level change and nutrient enrichment on litter decomposition including nutrient release

and stoichiometry. The study on the effects of water level change and nutrient enrichment on

litter decomposition is important for predicting the impacts of nutrient enrichment on carbon

sequestration in wetlands under global climate change.

Alternanthera philoxeroides, originated in South America, has invaded many countries and

regions as a malignant invasive plant [40, 41]. A. philoxeroides was first introduced in China in

1930s and invaded in most regions of south China [42, 43]. Previous studies have reported that

A. philoxeroides produced higher quality litter with faster decomposition rate than the native

species [44, 45], which could make crucial impacts on the nutrient cycle and carbon sequestra-

tion in wetland ecosystems [46]. Therefore, we took A. philoxeroides as an example to conduct

the control experiment of nutrient enrichment and water level change. In this study, we first

hypothesized that the decomposition rate and nutrient release of A. philoxeroides litter showed

significant difference in different water levels and nutrient enrichment treatments. Secondly,

the effects of water level change on the decomposition process of A. philoxeroides litter were

affected by nutrient enrichment. To test these hypotheses, we studied the variation of litter

mass and nutrient dynamic during the decomposition process. The decomposition rate (K) of
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litter, derived from the negative exponential model proposed by Olson [47], is used to show

the speed of decomposition after a period of time [31, 48]. Previous study has reported that

decomposition rate could not indicate the integrity of decomposition and the effects of envi-

ronmental factors on the whole decomposition process [49]. Due to the limitation of decom-

position rate, we also proposed a new index of real-time decomposition rate to reflect the

effects of water level change and nutrient enrichment on the decomposition process of A. phi-
loxeroides litter.

Materials and methods

Litter collection and experimental design

Litter collection and pretreatment. Because the invasion of A. philoxeroides into wet-

lands always forms a dense single species, we conducted a study for the decomposition of sin-

gle-species litter. In November 2018, the litter of A. philoxeroides, consisting of leaves and

stems, were collected from Xinxue River Constructed Wetland in Nansi Lake (34˚ 270−35˚

200E, 116˚ 340−117˚ 210N), Shandong Province. The collected litter was dried in an oven at

65˚C to a constant weight followed many related studies [19, 50]. The dried plants were cut

into 10 cm long and weighed about 20 g as one sample.

Ethics statements. The Management Committee of the Xinxue River Constructed Wet-

land approved the sample collection of A. philoxeroides litter in this study. There was no pro-

tected species were sampled in this study.

Experimental design. As one of the most common methods for the determination of lit-

ter nutrient dynamics and mass remaining during the decomposition, the litterbag method

was used for the control experiment [51]. Approximately 20 g of plant litter was packed in a 20

cm×25 cm nylon bag (0.3 mm mesh), weighed, and labeled. All the samples were placed into

plastic buckets and fixed at the interface of water and air (diameter 30 cm × height 30 cm). A.

philoxeroides litter decomposed in three different water levels and two nutrient enrichment

treatments. According to previous studies and the field investigation on water level, the three

water levels in the experiment were set as 5 cm, 15 cm, and 25 cm, representing the low, mid-

dle, and high water levels, respectively [22, 52]. The control treatment of nutrient enrichment

was the tap water, and the nutrient enrichment treatment was the synthetic wastewater (S1

Text, S1 Table) which simulated the wastewater directly discharged into the river after being

treated by sewage treatment plants [53]. According to water levels, the nutrient control treat-

ment and the nutrient enrichment treatment were set using the plastic buckets. To inoculate

microbes, we added the fresh marsh water from Xinxue River Constructed Wetland into each

plastic buckets in proportion, and then placed all the plastic buckets in a dark room with the

temperature of 20 ~ 25˚C [54]. Since the half-life of aquatic plants is generally 17 ~ 58 days

[55], the litterbags of A. philoxeroides litter were collected 7, 14, 21, 28, 42, 56, and 70 days after

the beginning of litter decomposition, 5 untreated samples were also collected to get the initial

concentrations of nutrients. We had 3 water levels × (nutrient control treatment + nutrient

enrichment treatment) × 7 time samplings × 5 replicates + 5 untreated samples = 215 samples.

Laboratory analysis

The litter in retrieved litterbags was washed with pure water and dried to a constant weight in

the oven at 65˚C [19]. The remaining litter was weighed, ground, sieved by 0.21 mm sieve, and

then stored in sealed bags prior to chemical analyses. The C and N concentrations of the

remaining litter were determined by an elemental analyzer (Vario EL III, Elementar Analysen-

systeme GmbH, Germany). The concentration of P was measured by the method described by

Lu [56] using a spectrophotometer (UV-2450, Shimadzu Scientific Instruments, Japan).
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Data analysis

Mass remaining and nutrient release. The mass remaining of litter after a period time of

decomposition was calculated following the equation [57]:

Mass Remaining %ð Þ ¼
Mt

M0

� 100 ð1Þ

where Mt represents the dry weight of litter remaining after t time of decomposition, M0

means the initial weight of litter.

The nutrient release of litter after a period time of decomposition was calculated following

the equation [58]:

Nutrient Release %ð Þ ¼
M0C0 � MtCt

M0C0

� 100 ð2Þ

where Mt represents the dry weight of litter remaining after t time of decomposition, M0

means the initial weight of litter, Ct represents the nutrient concentration in the remaining lit-

ter at time t, C0 is the initial concentration of the litter nutrient.

The decomposition rate and the real-time decomposition rate. The decomposition rate

(K) of litter was fitted to the negative exponential decomposition model [47]:

Mt

M0

¼ e� Kt ð3Þ

where Mt represents the dry weight of litter remaining after t time decomposition, M0 means

the initial weight of litter, t is the time (day), K represents the decomposition rate after t time

of decomposition.

The new index of real-time decomposition rate (Ki) we proposed was also fitted to the nega-

tive exponential decomposition model:

Mi

Mi� 1

¼ e� Ki ð4Þ

where Mi represents the dry weight of litter remaining after i time of decomposition, Mi-1

means the dry weight of litter remaining after i-1 time of decomposition, i and i-1 are the time

points (day), Ki is regarded as the decomposition rate at time i. The derivation of this formula

is in the S1 Text.

Statistical analysis. All statistical analyses were carried out using SPSS 22.0 and the data

were shown in figures drawn by Origin 2017. The effect of water level change, nutrient enrich-

ment, and their interactions on litter mass remaining, nutrient concentration and release, ele-

ments (C, N, P) stoichiometry, decomposition rate (K), and real-time decomposition rate (Ki)

were examined by one-way and two-way analysis of variance (ANOVA) with LSD test. Spear-

man correlations were conducted for the relationships between real-time decomposition rate

(Ki) and the nutrient concentration and elements stoichiometry. Using the nutrient concentra-

tion and elements stoichiometry of decomposing litter as independent variables, stepwise mul-

tiple regression analyses were carried out to evaluate the best predictors of the real-time

decomposition rate (Ki) and C, N, P released. We calculated the ratio of C release to N release

to show the degree of coupling relation between C and N release, and tested the significant dif-

ference of the ratio among the experimental treatments using one-way ANOVA. A stepwise

multiple regression analysis was performed to assess the factors affecting the coupling relation-

ship between C and N release during the litter decomposition.
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Results

Mass remaining during litter decomposition

Mass remaining decreased sharply within the initial 7-day incubation, and then decreased

slowly (Fig 1). After 7 days, there was an evident interaction between nutrient enrichment and

water level on the mass remaining. The remaining weight of litter in 25 cm water level in the

nutrient control treatment was lower than those in other water levels (Fig 1a), while the

remaining weight was significantly higher in 25 cm water level in the nutrient enrichment

treatment (p< 0.05, Fig 1a). In the nutrient control treatment, the mass remaining in different

water levels showed significant differences at 21, 42, and 70 days (p< 0.05, Fig 1a). However,

the significant differences in the mass remaining between different water levels existed at 7, 14,

21, and 28 days in the nutrient enrichment treatment (p< 0.05, Fig 1b). At 21, 28, 42, and 70

days, there were significant differences in the remaining weight of litter between the nutrient

control treatment and nutrient enrichment treatment (p< 0.05, Fig 1). After 70 days of

decomposition, the mass remaining in all three water levels in the nutrient control treatment

was higher than those in the nutrient enrichment treatment. At 70 days, the remaining weight

of litter in 15 cm level in the nutrient control treatment and the nutrient enrichment treatment

showed significant differences at 37.1% and 27.1% (p< 0.05, Fig 1).

Carbon, nitrogen, and phosphorus release and litter stoichiometry

Fig 2 showed the dynamics of C, N, and P concentrations in the three water levels in the nutri-

ent control treatment and the nutrient enrichment treatment during the process of litter

decomposition. The initial concentrations of C, N, and P were 37.59%, 1.59%, and 0.19%,

respectively. The C concentration of decomposing litter in each water level increased with the

decomposition time until 56 days (Fig 2). After that, the C concentration in 15 cm water level

Fig 1. Mass remaining weights (%) of decomposing litter in three water levels in the nutrient control treatment (a) and nutrient enrichment

treatment (b) during the experimental period. Data represent means ± SD (n = 5). � indicates significant differences at p = 0.05 level in different water

levels, the time points in the red box indicate significant differences at p = 0.05 level in different nutrient enrichment treatments, LSD test.

https://doi.org/10.1371/journal.pone.0250880.g001
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and 25 cm water level decreased, while that in 5 cm water level continued to increase. At 70

days, the C concentration in 5 cm level in the nutrient control treatment and the nutrient

enrichment treatment was significantly higher than those in 15 cm and 25 cm levels (p< 0.05,

Fig 2a and 2d). In each water level, the C concentration of litter was higher in the nutrient con-

trol treatment than in the nutrient enrichment treatment (Fig 2a and 2d). Except 5 cm water

level in the nutrient control treatment, the N concentration of litter in other treatments first

decreased, and then increased until 42 ~ 56 days followed by a decline thereafter (Fig 2b and

2e). After 70 days, the N concentration in the nutrient control treatment decreased to 1.26 ~

1.27% and showed no significant difference (p> 0.05, Fig 2b). In the nutrient enrichment

treatment, the N concentration at 70 days decreased in the following order: 5 cm> 15

cm> 25 cm (Fig 2e). Nutrient enrichment showed significant effect on the N concentration

only at 21 days (p< 0.05, Fig 2b and 2e). In addition, the concentration of P in decomposing

litter showed an overall trend of decline followed by rise, and the P concentration in the nutri-

ent enrichment treatment showed more violent changes than that in the nutrient control treat-

ment (Fig 2c and 2f). In the nutrient control treatment, the significant differences in P

concentration between different water levels were existed at 7 and 14 days (p< 0.05, Fig 2c).

Fig 2. The dynamics of decomposing litter nutrient concentrations (%) of C, N, and P in the three water levels in the nutrient control treatment

(a, b, c) and the nutrient enrichment treatment (d, e, f) during the experimental period. Data represent means ± SD (n = 5). � indicates significant

differences at p = 0.05 level in different water levels, the time points in the red box indicate significant differences at p = 0.05 level in different nutrient

enrichment treatments, LSD test.

https://doi.org/10.1371/journal.pone.0250880.g002
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However, the time points when water level change had a significant effect on the P concentra-

tion of decomposing litter in the nutrient enrichment treatment were at 28, 42, and 56 days

(p< 0.05, Fig 2f). The P concentration of litter showed significant difference between the con-

trol treatment and nutrient enrichment treatment at 7, 14, 21, 28, 42, and 56 days (p< 0.05,

Fig 2c and 2f). After 70 days, the P concentration of litter decreased to 0.11 ~ 0.13% and

showed difference in the three water levels, while the P concentration in each water level in the

nutrient enrichment treatment was higher than that in the nutrient control treatment (Fig 2c

and 2f). The immobilization period of C, N, P concentrations was not detected during the pro-

cess of litter decomposition.

The nutrient release of decomposing litter including C and N increased in the same trend

over the study period, while the P release showed a trend of increasing first and then decreas-

ing (Fig 3). The significant effect of water level on C release in the nutrient enrichment treat-

ment was at the early stage of decomposition process (14 and 28 days), while it existed in the

whole process in the nutrient control treatment (p< 0.05, Fig 3a and 3d). At the end of litter

decomposition, percentages of C release in 5 cm, 15 cm, and 25 cm water level in the nutrient

control treatment were 64.5%, 58.4%, and 63.3%, and percentages of C release in the three

water levels in the nutrient enrichment treatment were 67.8%, 69.7%, and 67.8%, respectively

(Fig 3a and 3d). There were significant differences in percentages of C release between 5 cm

and 15 cm in the nutrient control treatment (p< 0.05, Fig 3a), while there was no significant

Fig 3. The nutrients release (%) of decomposing litter in the three water levels in the nutrient control treatment (a, b, c) and the nutrient

enrichment treatment (d, e, f) during the experimental period. Data represent means ± SD (n = 5). � indicates significant differences at p = 0.05 level

in different water levels, the time points in the red box indicates significant differences at p = 0.05 level in different nutrient enrichment treatments, LSD

test.

https://doi.org/10.1371/journal.pone.0250880.g003
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difference in different water levels in the nutrient enrichment treatment. In 15 cm and 25 cm,

C release was significantly lower in the nutrient control treatment than in the nutrient enrich-

ment treatment (p< 0.05, Fig 3a and 3d). As for the N release, the percentage at 70 days in 5

cm water levels in the nutrient control treatment was significantly higher than that in 15 cm

water level (p< 0.05, Fig 3b), while there was no significant difference in the three water levels

in the nutrient enrichment treatment (Fig 3e). Similar to C, the percentages of N release in the

three levels (76.7% in 5 cm, 70.5% in 15 cm, and 73.9% in 25 cm; Fig 3b) in the nutrient control

treatment were lower than those in the nutrient enrichment treatment (76.6% in 5 cm, 78.6%

in 15 cm, and 79.3% in 25 cm; p< 0.05, Fig 3e), but only in 15 cm level it showed a significant

difference in the two types of water (p< 0.05, Fig 3b and 3e). After 70 days of decomposition,

shifts in P release in the nutrient control treatment and the nutrient enrichment treatment

were consistent with that in N release (Fig 3c and 3f), but there was no significant difference in

the three water levels.

The trend of the C/N ratio was first increased, and then decreased until 28 ~ 42 days fol-

lowed by a decline thereafter. After 70 days, the C/N ratio of litter increased from 23.60 to

32.86 ~ 38.29 (Fig 4a and 4d). The N/P ratio in the nutrient control treatment increased until

56 days and decreased to 10.85 ~ 11.05 thereafter (Fig 4b). And in the nutrient enrichment

treatment, the N/P ratio from intial to 42 days and then decreased, it was significantly higher

in 5 cm level at 70 days than in 25 cm (p< 0.05, Fig 4e). The C/P ratio of litter showed the

Fig 4. Changes in the C/N (a, d), N/P (b, f), and C/P (c, e) ratios of decomposing litter in the nutrient control treatment (a, b, c) and the nutrient

enrichment treatment (d, e, f) during the experimental period. Data represent means ± SD (n = 5). � indicates significant differences at p = 0.05

level in different water levels, the time points in the red box indicate significant differences at p = 0.05 level in different nutrient enrichment treatments,

LSD test.

https://doi.org/10.1371/journal.pone.0250880.g004
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same trend with N/P ratio, and the time points when nutrient enrichment had a significant

effect on the N/P and C/P ratios of decomposing litter were the same with the P concentration

(p< 0.05, Fig 4). After 70 days of decomposition, the litter in the three water levels in the

nutrient enrichment treatment had a lower N/P and C/P ratios than that in the nutrient con-

trol treatment (Fig 4).

Results of stepwise-regression analyses of litter nutrient release with the nutrient concentra-

tion and stoichiometric ratios of litter were showed in S2 Table. During the litter decomposi-

tion, C, N, and P release of litter were all controlled by the C concentration, P concentration,

C/N ratio, and C/P ratio of decomposing litter (p< 0.001, S2 Table).

Litter decomposition rate and real-time decomposition rate

The decomposition rate (K, day-1) of litter in each treatment was highest at 7 days than other

time points. The results of two-way ANOVA showed a significant interaction between water

level and nutrient enrichment on the decomposition rate after 7 days (Table 1). In the nutrient

control treatment, the decomposition rate of litter was higher in 25 cm water level than in

other two water levels, while the decomposition rate in the nutrient enrichment treatment had

significantly higher value in 5 cm water level than in 15 cm and 25 cm (p< 0.05, Table 1).

From 7 days to 70 days, the decomposition rates of litter in the three levels in the nutrient con-

trol treatment and the nutrient enrichment treatment gradually declined. At 70 days, litter

decomposition rate in the nutrient control treatment decreased in the following order: 5

cm> 25 cm> 15 cm (p< 0.05, Table 1), while the order of decomposition rate was different

in the nutrient enrichment treatment. After 70 days of decomposition, nutrient enrichment

had significant effects on the decomposition rate of plant litter (p< 0.01, Table 1). In each

water level, the decomposition rate in the nutrient enrichment treatment was higher than that

in the control treatment.

The real-time decomposition rate (Ki, day-1) of litter showed a downward trend during the

decomposition process. The time points when water level change had a significant effect on

Table 1. Decomposition rate (K, day-1) of plant litter after 7 and 70 days of decomposition and the ANOVA

results of K response to water level change, nutrient enrichment and their interactions.

Nutrient enrichments Water levels (cm) Decomposition rate (K)

7 days 70 days

Nutrient Control treatment 5 0.081±0.024 0.018±0.002Aa

15 0.071±0.016 0.014±0.002Ab

25 0.100±0.024 0.016±0.001Aab

Nutrient enrichment treatment 5 0.105±0.009a 0.019±0.001Aa

15 0.083±0.009b 0.019±0.002Ba

25 0.079±0.015b 0.017±0.001Aa

F

7 days 70 days

Water level 2.453 3.547�

Nutrient enrichment 0.706 15.36��

Water level � Nutrient enrichment 4.674� 3.12

Different uppercase letters indicate significant differences at p = 0.05 level in different nutrient enrichment

treatments, different lowercase letters indicate significant differences at p = 0.05 level in three water levels.

� p< 0.05,

�� p< 0.01, LSD test.

https://doi.org/10.1371/journal.pone.0250880.t001
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the real-time decomposition rate of plant litter in the nutrient enrichment treatment were at

the early stage (7, 14, 21, and 42 days), while in the nutrient control treatment the time points

changed to 42 and 56 days (p< 0.05, Fig 5a and 5b). The real-time decomposition rate showed

significant difference between the nutrient control treatment and nutrient enrichment treat-

ment at 42, 56, 70 days (p< 0.05, Fig 5). After 70 days of decomposition, the real-time decom-

position rate in each water level in the nutrient control treatment was less than 0.01 day-1

(Fig 5a). The real-time decomposition rates at 70 days had higher values in the nutrient enrich-

ment treatment than in the nutrient control treatment at 0.014 day-1 in 5 cm, 0.023 day-1 in 15

cm, and 0.017 day-1 in 25 cm (p< 0.05, Fig 5b).

During the decomposition process of litter, the nutrient concentration and stoichiometry

of decomposing litter regulated the real-time decomposition rate. Across the control experi-

ment, the real-time decomposition rate at time i had significantly negative correlations with

the C concentration, C/N, N/P, and C/P ratios of decomposing litter at time i-1, and a signifi-

cantly positive correlation with the P concentration of litter at time i-1 (p< 0.05, S3 Table).

The multiple stepwise-regression analysis revealed that the C concentration at time i-1 best

controlled the real-time decomposition rate at time i during the litter decomposition

(p< 0.001, Fig 6, n = 210). The C concentration explained 51% of the variation in real-time

decomposition rate (R2 = 0.51, Fig 6).

The coupling relationship of carbon and nitrogen release during litter

decomposition

In all the treatments, the C release of decomposing litter showed a linear positive correlation

with the N release (S1 Fig). The slope of the linear regression was around 0.85 (0.83–0.86, S1

Fig). The coupling relationship of C release and N release of litter during the process of litter

decomposition was shown by the ratio of C release to N release. There was a significant differ-

ence in the C release/N release ratio of litter between the 5 cm and 15 cm water levels in the

nutrient control treatment (p< 0.05, Fig 7a). And the significant difference in the C release/N

Fig 5. The real-time decomposition rate (Ki, day-1) of litter in three water levels in the nutrient control treatment (a) and the nutrient enrichment

treatment (b). Different lowercase letters indicate significant differences at p = 0.05 level in different water levels, the time points in the red box indicate

significant differences at p = 0.05 level in different nutrient enrichment treatments, LSD test.

https://doi.org/10.1371/journal.pone.0250880.g005
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release ratio of litter also existed in 5cm water level in the two nutrient enrichment treatments

(p< 0.05, Fig 7c).

The result of stepwise-regression analyses showed N and P concentrations were important

variables explained the variation of the coupling relationship between C release and N release

(shown by the ratio of C release to N release) (Fig 7). N and P concentrations explained 26.6%

of the variation of the ratio of C release to N release (p< 0.001, R2 = 0.266, Table 2).

Discussion

Effects of water level change and nutrient enrichment on litter

decomposition

Our results demonstrated that water level change had different effects on the invasive plant lit-

ter decomposition in the two nutrient enrichment treatments (Fig 1, Table 1). In the nutrient

control treatment, the litter in 5 cm water level had significantly lower mass remaining and

higher decomposition rate than those in 15 cm water level at the end of decomposition. The

rapid decay of litter in the shallow water is consistent with previous studies [25, 59]. The faster

rate of leaching nutrients in 5 cm water level which indicated by the lower C concentration

(Fig 2) might provide more nutrients for microbial growth and activities and thus accelerated

the litter decomposition [24]. In addition, the high water level could result in the low dissolved

oxygen or even anaerobic conditions [16, 20]. The decrease of microbe activities under

Fig 6. Relationships between real-time decomposition rates at time i (Ki) and C concentration of the litter at time i-1 in this

experiment.

https://doi.org/10.1371/journal.pone.0250880.g006
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anaerobic conditions might be another explanation for the slow decomposition of litter in the

high water level [60]. However, water level change had no significant effect on the litter

decomposition in the nutrient enrichment treatment at the end of our experiment, which was

different from the nutrient control treatment and previous studies [24, 25]. By comparing the

mass remaining and the real-time litter decomposition rate of litter in the different water lev-

els, we found that the effect of water level change on litter decomposition in the nutrient con-

trol treatment was mainly at the late stage, while it only existed at the early stage of

decomposition in the nutrient enrichment treatment. At the late stage in the nutrient enrich-

ment treatment, the limitation of water level on microbes could be removed by the effect of

nutrient enrichment [59, 61]. The result suggested that the effects of water level change on

Fig 7. The box diagrams of C release/N release ratio in three water levels in the nutrient control treatment (a) and nutrient enrichment treatment

(b). And the box diagrams of C release/N release in two nutrient enrichment treatments in 5 cm (c), 15 cm (d) and 25 cm (e) water levels.

https://doi.org/10.1371/journal.pone.0250880.g007

Table 2. Results of stepwise-regression analyses of C release/N release ratio with the nutrient concentration and stoichiometric ratios of decomposing litter during

the litter decomposition process.

Model Variables R2 p Regressions

1 NC 0.250 < 0.001 y = 0.3NC+0.430

2 NC, PC 0.266 < 0.001 y = 0.289NC+0.444PC+0.394

NC: N concentration, PC: P concentration.

https://doi.org/10.1371/journal.pone.0250880.t002
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litter decomposition might be affected by the nutrient enrichment in the decomposition

environment.

In each water level in this study, the litter in the nutrient enrichment treatment decom-

posed faster than that in the nutrient control treatment (Table 1), which was in accordance

with previous studies [19, 26]. By comparing the real-time decomposition rate of litter in the

nutrient enrichment treatment and the nutrient control treatment at 70 days, we found that

nutrient enrichment could not only accelerate the decomposition rate of litter, but might even

prolong the decomposition process and reduce nutrient residues. The alternation in the litter

stoichiometry caused by nutrient enrichment might be reasonable for the acceleration of litter

decomposition [25, 26]. The additional N could inhibit the decomposition of lignin and com-

bine with the decomposition products of lignin to form recalcitrant compounds to change the

C/N ratio of litter and finally affect litter decomposition [62–64]. The reduced C/P ratio of lit-

ter in the nutrient enrichment treatment confirmed the research of Scott et al. which suggested

that P enrichment could result in the decrease of C/P ratio [26]. Additionally, the nutrient

enrichment in the decomposition environment could cause the response of heterotrophic

activities of microbes involved in the litter decomposition, and then further affect the litter

decomposition [29, 37, 38]. The higher C concentration of litter in the nutrient control treat-

ment confirmed that microbes in low-nutrient environments could reduce C utilization [36].

Our results demonstrated that nutrient enrichment could accelerate litter decomposition and

prolong the decomposition process under the background of global climate change.

The new index of real-time decomposition rate (Ki) we proposed could show the complete-

ness of litter decomposition and reflect the effects of different environmental factors on the

whole decomposition process, and it could be a good supplement to the limitation of decom-

position rate [65, 66]. As an important and limiting element for the microbial metabolism in

the litter decomposition [36, 67, 68], N concentration has been reported to be significantly

positively correlated with litter decomposition rate [69–71]. However, the results of Spearman

correlation analysis showed that the limiting factor for the real-time decomposition rate in our

study was not N concentration but P concentration (p< 0.05, S3 Table). Consistent with the

decomposition rate, the real-time decomposition rate also had significantly negative correla-

tion with C concentration and C/N ratio [19, 52, 72]. C/N ratio could reflect the ratio of carbo-

hydrates to proteins which is an essential property of litter [73]. Litter with low C/N ratio is

more likely to be ground and decomposed due to lack of structural integrity [74]. Previous

studies have reported that C/N ratio was a predictor in litter decomposition rate [19, 71]. Inter-

estingly, the result of multiple regression analysis indicated that C concentration was the domi-

nant predictor of real-time decomposition rate during the litter decomposition process.

Compared with the decomposition rate, the real-time decomposition rate can better reflect the

influence of different environmental factors on the entire litter decomposition process. Quan-

tifying the real-time decomposition rate can help to understand the plant litter decomposition

process in wetland ecosystems in biological and chemical aspects and find the variables for

assessing the carbon sequestration function of wetland ecosystems.

Effects of water level change and nutrient enrichment on nutrient release

Consistent with mass remaining and real-time decomposition rate, the effect of water level on

the release of C and N in the nutrient control treatment was at the late stage, while the effect

exists in the early stage in the nutrient enrichment treatment. In our research, the results of

multiple regression analyses showed that the C and P concentrations, and the C/N and C/P

ratios of decomposing litter were the controlling factors of nutrient release (S2 Table). Our

results confirmed previous studies [36, 75, 76] that reported the nutrient release of
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decomposing litter was mainly controlled by litter stoichiometry. By comparing the control-

ling factors of nutrient release in the nutrient control treatment, we found that the alternation

of C concentration might be an explanation for the different nutrient release in the three water

levels. The additional P in the nutrient enrichment treatment increased the P concentration

and reduced the C/P ratio of litter, which might be reasonable for the different nutrient release

in the two nutrient enrichment treatments [26, 32]. Moore et al. [67] and Berg et al. [77] have

reported that the net N release of litter was limited by the value of C/N ratio. Throughout the

decomposition process of our experiment, the C/N ratio of litter was always less than between

31 and 48 reported by Parton et al. [78], which might be an explanation of the increasing trend

of N release. Unlike the trend of N release, the P release trend was increase followed by

decrease. The reason for the change in the P release trend might be the alternation of the C/P

ratio during the decomposition process [36, 76]. According to the research of Elser et al. [79],

the C/P ratio of decomposing litter at the early stage was less than 375, and there was P net

release. At the late stage of decomposition, C/P ratio increased more than 400 and P would be

fixed in the litter [80]. In addition, the C/P ratio greater than 400 in the late stage proved that

the decomposition of invasive plant litter was limited by P in all the treatments [76, 79]. There-

fore, controlling the concentration of P in water bodies is of great significance to the manage-

ment of invasive plant and carbon sequestration of wetlands.

The coupling relationship between C and N release

In our study, the C release of decomposing litter in all the treatments showed a linear positive

correlation with the N release (S1 Fig), while the C release/N release ratio was lower than 1:1

(Fig 7). At the early stage of litter decomposition, microbes could use unstable organic com-

pounds containing both C and N preferentially, and decompose the C and N at the same time

[81, 82]. Since the concentration of N and P in litter is usually lower than the requirements of

microbes related to litter decomposition, microbes could reduce C utilization to adapt the

decomposition environments with low-nutrient [36]. This might be the reason why the value

of C release/N release ratio was lower than 1:1. On the other hand, microbes could also absorb

inorganic N and P from the decomposing environment to maintain its stoichiometric balance

and continue to decompose litter [34–36]. In our study, the concentrations of N and P in litter

were the controlling factors of the coupling relationship of C and N release, which might be

attribute to the restriction of N and P on litter decomposition.

The study revealed the influence of water level change and nutrient enrichment on the

decomposition process of litter, and the role of litter properties and stoichiometry in control-

ling the nutrients dynamics during litter decomposition. Laboratory studies may not extrapo-

late well to natural systems, so, more experiments are needed to confirm the controlling

mechanism of stoichiometry of litter and microbes on litter under different nutrient enrich-

ment and water level treatments [26, 83]. The new index of real-time decomposition rate pro-

posed in this study could be used to reveal the effects of other external factors or internal

factors on litter decomposition and the relationship between litter nutrients and carbon

sequestration in wetland.

Conclusions

Our research found that water level change and nutrient enrichment significantly affected the

litter decomposition and the dynamics of nutrients. The increase of water level reduced the

decomposition rate of litter in the nutrient control treatment, while water level change made

no significant difference in the nutrient enrichment treatment, indicating that the effect of

water level change on litter decomposition could be affected by the nutrient enrichment. By
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comparing the real-time decomposition rates, our result demonstrated that the nutrient

enrichment could accelerate litter decomposition and prolong the decomposition process

under global climate change. Our results also showed that the decomposition of invasive plant

litter and the coupling relationship of C and N release were limited by P. Therefore, controlling

the P enrichment in water bodies is of great significance for the management of invasive plant

and carbon sequestration of wetlands under the background of global climate change. Further-

more, these results provide a basis for evaluating the ecological functions of nutrient cycle and

carbon sequestration in wetlands under global climate change. Additionally, the new index of

real-time decomposition rate suggested in this study could be a supplementary of decomposi-

tion rate to reflect the influence of environmental factors on the entire litter decomposition

process and to demonstrate the completeness of litter decomposition. Quantifying the new

index of real-time decomposition rate could help to understand the decomposition process of

invasive plant litter in the wetland ecosystems in chemical aspect, and also could provide a

basis for quantifying and estimating the impacts of invasive plant litter decomposition on car-

bon cycle in wetlands.

Supporting information

S1 Text. The new index of real-time decomposition rate and the formula derivation.

(DOCX)

S1 Table. Details of the synthetic wastewater.

(DOCX)

S2 Table. Results of stepwise-regression analyses of litter nutrients release with the nutri-

ent concentration and stoichiometric ratios of litter during the litter decomposition pro-

cess. CC: C concentration, PC: P concentration, C/N: the ratio of C concentration to N

concentration, C/P: the ratio of C concentration to P concentration.

(DOCX)

S3 Table. Spearman correlations of real-time decomposition rate (Ki) at the decomposition

time i with the litter nutrient concentrations and stoichiometric ratios at time i-1 (C, N, P,

C/N, N/P, and C/P ratios) tested in this experiment (n = 210). CC: C concentration, NC: N

concentration, PC: P concentration, C/N: the ratio of C concentration to N concentration, N/

P: the ratio of C concentration to N concentration, C/P: the ratio of C concentration to P con-

centration. ��: p< 0.01, no superscript means p> 0.05.

(DOCX)

S1 Fig. The relationship between N release and C release in 5cm (a), 15cm (b), and 25cm

(c) water levels in the control treatment (Y1) and the nutrient enrichment treatment (Y2)

during the experimental period. The blue and red areas are confidence intervals (95%).

(DOCX)

Acknowledgments

The authors thank the Management Committee of the Xinxue River Constructed Wetland for

the permission of sample collection.

Author Contributions

Conceptualization: Ruirui Yang, Jian Liu.

Data curation: Ruirui Yang, Lifei Wang, Quan Quan.

PLOS ONE The effects of nutrient enrichment and water level change on the litter decomposition of invasive plant

PLOS ONE | https://doi.org/10.1371/journal.pone.0250880 May 3, 2021 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250880.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250880.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250880.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250880.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0250880.s005
https://doi.org/10.1371/journal.pone.0250880


Formal analysis: Ruirui Yang, Junyu Dong.

Funding acquisition: Jian Liu.

Investigation: Ruirui Yang, Changchao Li.

Methodology: Ruirui Yang, Junyu Dong.

Writing – original draft: Ruirui Yang, Jian Liu.

Writing – review & editing: Junyu Dong, Changchao Li, Lifei Wang, Quan Quan.

References
1. Chmura GL, Anisfeld SC, Cahoon DR, Lynch JC. Global carbon sequestration in tidal, saline wetland

soils. Global Biogeochem Cycles. 2003; 17: 1111.

2. Means MM, Ahn C, Korol AR, Williams LD. Carbon storage potential by four macrophytes as affected

by planting diversity in a created wetland. J Environ Manage. 2016; 165: 133–139. https://doi.org/10.

1016/j.jenvman.2015.09.016 PMID: 26431640

3. Moriyama A, Yonemura S, Kawashima S, Du M, Tang Y. Environmental indicators for estimating the

potential soil respiration rate in alpine zone. Ecol Indic. 2013; 32: 245–252.

4. Cotrufo MF, Soong JL, Horton AJ, Campbell EE, Haddix ML, Wall DH, et al. Formation of soil organic

matter via biochemical and physical pathways of litter mass loss. Nat Geosci. 2015; 8: 776–779.

5. Duan H, Wang L, Zhang Y, Fu X, Tsang Y, Wu J, et al. Variable decomposition of two plant litters and

their effects on the carbon sequestration ability of wetland soil in the Yangtze River estuary. Geoderma.

2018; 319: 230–238.

6. Prieto I, Almagro M, Bastida F, Querejeta JI. Altered leaf litter quality exacerbates the negative impact

of climate change on decomposition. J Ecol. 2019; 107: 2364–2382.

7. Carson WP, Peterson CJ. The role of litter in an old-field community: impact of litter quantity in different

seasons on plant species richness and abundance. Oecologia. 1990; 85: 8–13. https://doi.org/10.1007/

BF00317337 PMID: 28310949

8. Jia C, Huang Z, Miao HT, Lu R, Li J, Liu Y, et al. Litter crusts promote herb species formation by improv-

ing surface microhabitats in a desert ecosystem. Catena. 2018; 171: 245–250.

9. Craig ME, Pearson SM, Fraterrigo JM. Grass invasion effects on forest soil carbon depend on land-

scape-level land use patterns. Ecology. 2015; 96: 2265–2279. https://doi.org/10.1890/14-1770.1

PMID: 26405751

10. Seebens H, Blackburn TM, Dyer EE, Genovesi P, Hulme PE, Jeschke JM, et al. 2017. No saturation in

the accumulation of alien species worldwide. Nat Commun. 2017; 8: 14435. https://doi.org/10.1038/

ncomms14435 PMID: 28198420

11. Smith SD, Huxman TE, Zitzer SF. Elevated CO2 increases productivity and invasive species success in

an arid ecosystem. Nature. 2000; 408: 79–82. https://doi.org/10.1038/35040544 PMID: 11081510

12. Zhang L, Ma X, Wang H, Liu S, Siemann E, Zou J. Soil respiration and litter decomposition increased

following perennial forb invasion into an annual grassland. Pedosphere. 2016; 26: 567–576.

13. Chen BM D’Antonio CM, Molinari N, Peng SL. Mechanisms of influence of invasive grass litter on germi-

nation and growth of coexisting species in California. Biol Invasions. 2018; 20: 1881–1897.

14. Zhang P, Li B, Wu J, Hu S. Invasive plants differentially affect soil biota through litter and rhizosphere

pathways: A meta-analysis. Ecol Lett. 2018; 22: 200–210. https://doi.org/10.1111/ele.13181 PMID:

30460738

15. Mun S, Lee EJ. Litter decomposition rate and nutrient dynamics of giant ragweed (Ambrosia trifida L.) in

the non-native habitat of South Korea. Plant Soil. 2020; 449: 1–2.

16. Xie Y, Xie Y, Hu C, Chen X, Li F. Interaction between litter quality and simulated water depth on decom-

position of two emergent macrophytes. J Limnol. 2016; 75: 36–43.

17. Bradford MA, Veen GF, Bonis A, Bradford EM, Classen AT, Cornelissen JHC, et al. A test of the hierar-

chical model of litter decomposition. Nat Ecol Evol. 2017; 1: 1836–1845. https://doi.org/10.1038/

s41559-017-0367-4 PMID: 29133902

18. Barbe L, Jung V, Prinzing A, Bittebiere AK, Butenschoen O, Mony C. Functionally dissimilar neighbors

accelerate litter decomposition in two grass species. New Phytol. 2017; 214: 1092–1102. https://doi.

org/10.1111/nph.14473 PMID: 28205289

PLOS ONE The effects of nutrient enrichment and water level change on the litter decomposition of invasive plant

PLOS ONE | https://doi.org/10.1371/journal.pone.0250880 May 3, 2021 16 / 19

https://doi.org/10.1016/j.jenvman.2015.09.016
https://doi.org/10.1016/j.jenvman.2015.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26431640
https://doi.org/10.1007/BF00317337
https://doi.org/10.1007/BF00317337
http://www.ncbi.nlm.nih.gov/pubmed/28310949
https://doi.org/10.1890/14-1770.1
http://www.ncbi.nlm.nih.gov/pubmed/26405751
https://doi.org/10.1038/ncomms14435
https://doi.org/10.1038/ncomms14435
http://www.ncbi.nlm.nih.gov/pubmed/28198420
https://doi.org/10.1038/35040544
http://www.ncbi.nlm.nih.gov/pubmed/11081510
https://doi.org/10.1111/ele.13181
http://www.ncbi.nlm.nih.gov/pubmed/30460738
https://doi.org/10.1038/s41559-017-0367-4
https://doi.org/10.1038/s41559-017-0367-4
http://www.ncbi.nlm.nih.gov/pubmed/29133902
https://doi.org/10.1111/nph.14473
https://doi.org/10.1111/nph.14473
http://www.ncbi.nlm.nih.gov/pubmed/28205289
https://doi.org/10.1371/journal.pone.0250880


19. Li Q, Zhang M, Geng Q, Jin C, Zhu J, Ruan H, et al. The roles of initial litter traits in regulating litter

decomposition: a “common plot” experiment in a subtropical evergreen broadleaf forest. Plant Soil.

2020; 452: 207–216.

20. Cai X. Ecosystem ecology. Beijing: Science Press; 2000.

21. Wang W, Wang C, Sardans J, Tong C, Ouyang L, Asensio D, et al., 2018. Storage and release of nutri-

ents during litter decomposition for native and invasive species under different flooding intensities in a

Chinese wetland. Aquat Bot. 2018; 149: 5–16.

22. Ma Y, Xu N, Zhang W, Wang XH, Sun J, Feng X, et al., 2020. Increasing water levels of global lakes

between 2003 and 2009. Ieee Geosci Remotes. 2020; 17: 187–191.
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38. Jı́lková V, Straková P, Frouz J. Foliage C: N ratio, stage of organic matter decomposition and interaction

with soil affect microbial respiration and its response to C and N addition more than C:N changes during

decomposition. Appl Soil Ecol. 2020; 152: 103568.

39. Ekblad A, Nordgren A. Is growth of soil microorganisms in boreal forests limited by carbon or nitrogen

availability? Plant Soil. 2002; 242: 115–122.

40. Zhang H, Chang R, Guo X, Liang X, Wang R, Liu J. Shifts in growth and competitive dominance of the

invasive plant Alternanthera philoxeroides under different nitrogen and phosphorus supply. Environ Exp

Bot. 2017; 135: 118–125.

41. Julien MH, Skarratt B, Maywald GF. Potential geographical distribution of Alligator Weed and its biologi-

cal control by Agasicles hygrophila. J Aquat Plant Manage. 1995; 33: 55–60.

42. Xu CY, Zhang WJ, Fu CZ, Lu BR. Genetic diversity of alligator weed in China by RAPD analysis. Biodi-

vers Conserv. 2003; 12: 637–645.

43. Wang B, Li W, Wang J. Genetic diversity of Alternanthera philoxeroides in China. Aquat Bot. 2005; 81:

277–283.

PLOS ONE The effects of nutrient enrichment and water level change on the litter decomposition of invasive plant

PLOS ONE | https://doi.org/10.1371/journal.pone.0250880 May 3, 2021 17 / 19

https://doi.org/10.1016/j.scitotenv.2017.08.293
https://doi.org/10.1016/j.scitotenv.2017.08.293
http://www.ncbi.nlm.nih.gov/pubmed/28886543
https://doi.org/10.1111/gcb.13721
http://www.ncbi.nlm.nih.gov/pubmed/28407324
https://doi.org/10.1371/journal.pone.0250880


44. Zhang L, Wang H, Zou J, Rogers WE, Siemann E. Non-native plant litter enhances soil carbon dioxide

emissions in an invaded annual grassland. Plos One. 2014; 9: e92301. https://doi.org/10.1371/journal.

pone.0092301 PMID: 24647312

45. Alves M, Martins RT, Couceiro SRM. Breakdown of green and senescent leaves in Amazonian

streams: a case study. Limnology. 2002; 22: 27–34.

46. Braun K, Collantes MB, Yahdjian L, Escartin C, Anchorena JA. Increased litter decomposition rates of

exotic invasive species Hieracium pilosella (Asteraceae) in Southern Patagonia, Argentina. Plant Ecol-

ogy. 2019; 220: 393–403.

47. Olson JS. Energy storage and the balance of producers and decomposers in ecological systems. Ecol-

ogy. 1963; 44: 322–331.

48. Penner JF, Frank DA. Litter decomposition in Yellowstone Grasslands: The roles of large herbivores, lit-

ter quality, and climate. Ecosystems. 2019; 22: 929–937.

49. Prescott CE. Do rates of litter decomposition tell us anything we really need to know? Forest Ecol

Manag. 2005; 220: 66–74.

50. Wang J, You Y, Tang Z, Liu S, Sun OJ. Variations in leaf litter decomposition across contrasting forest

stands and controlling factors at local scale. J Plant Ecol. 2015; 8: 261–272.

51. Berg B, Laskowski R. Litter decomposition: A guide to carbon and nutrient turnover. Elsevier Academic

Press.

52. Barel JM, Kuyper TW, de Boer W, De Deyn GB. Plant presence reduces root and shoot litter decompo-

sition rates of crops and wild relatives. Plant Soil. 2019; 438: 313–327.

53. Wang J, Gao M, Xie H, Zhang J, Hu Z. Application of biological island grids in wastewater treatment and

its microbial mechanisms. Deaslin Water Treat. 2015; 54: 2731–2738.

54. Song C, Liu D, Yang G, Song Y, Mao R. Effect of nitrogen addition on decomposition of Calamagrostis

angustifolia litters from freshwater marshes of Northeast China. Ecol Eng. 2011; 37: 1578–1582.

55. Enrı́quez S, Duarte CM, Sand-Jensen K. Patterns in decomposition rates among photosynthetic organ-

isms: the importance of detritus C:N:P content. Oecologia. 1993; 94: 457–471. https://doi.org/10.1007/

BF00566960 PMID: 28313985

56. Lu R. Analysis methods of soil science and agricultural chemistry. Beijing: Agriculture Science and

Technology Press; 1999.

57. Alhamd L, Arakaki S, Hagihara A. Decomposition of leaf litter of four tree species in a subtropical ever-

green broad-leaved forest, Okinawa Island, Japan. Forest Ecology & Management 2004; 202: 1–11.

58. Peng Y, Yang W, Yue K, Tan B, Huang C, Xu Z, et al. Temporal dynamics of phosphorus during aquatic

and terrestrial litter decomposition in an alpine forest. Sci Total Environ. 2018; 642: 832–841. https://

doi.org/10.1016/j.scitotenv.2018.06.135 PMID: 29925055

59. Torremorell A, Gantes P. Decomposition and nitrogen dynamics of Rhynchospora asperula in floating
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