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Abstract: Organic matter was increased due to the input of plant litter, resulting in changes in
the physicochemical properties and enhancement of greenhouse gas (GHG) emissions in water
bodies. There are few reports on effects of decomposition of aquatic plants on GHGs emissions.
This study investigated the effects of the degradation of two aquatic plants, Potamogeton crispus
and Typha orientalis Presl, upon release of CO2 and CH4 at the sediment–water interface. During
early decomposition, the release of CO2 and CH4 at the sediment–water interface was increased
by the degradation of the two aquatic plants, and release flux of CO2 and CH4 were increased
rapidly at first and then decreased. Due to the differences in properties of C, lignin, cellulose
and other components of the plants, the Potamogeton crispus group obtained higher abundance of
genes relevant to CO2 and CH4 metabolism, which leads to the increase of CO2 and CH4 emissions
compared with that of the Typha orientalis Presl. In addition, dissolved oxygen and pH were decreased
due to the decomposition of organic matter in the plant residues at the sediment–water interface,
resulting in growth of anaerobic microorganisms. The increase of the relative abundance of anaerobic
microorganisms promoted the decomposition of organic matter in the sediment and the enhancement
of cell respiration, promoting the release of CH4 and CO2 during the decomposition of aquatic plants.

Keywords: greenhouse gas; decomposition; aquatic plant; sediment

1. Introduction

The global temperature may increase by 1.5 ◦C between 2030 and 2052 due to the
continuing increase in greenhouse gas (GHG) emissions. Methane (CH4) and carbon
dioxide (CO2) are two important GHGs in the atmospheric reservoir, which account for
about 82% of the total radiation contribution [1]. Therefore, it is urgent to evaluate GHG
emissions and global warming. With the increase of human activities, a large number of
nutrients enter freshwater systems including lakes, rivers, wetland reservoirs and shallow
water ponds, resulting in the rapid increase of GHG emissions from aquatic ecosystems.
For instance, 2.1 Pg C yr−1 of CO2 was released from rivers into the atmosphere on a global
scale [2], while the CH4 emission from inland waters was estimated to range from 40 to
120 Tg per annum [3,4].

Aquatic plants play an important role in maintaining the structure, function and bio-
diversity of the ecosystem [5]. Water can be purified by aquatic plants through absorbing
pollutants during their growth. However, the decay of dead plants in water sediments
can also release organic carbon [6], and the content of organic carbon in river sediment is
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known to be highly related to the rate of methanogenesis [7]. In particular, microorganisms
can decompose organic matter and produce large amounts of CH4 in anaerobic conditions,
leading to an increase in methane emissions [8]. Additionally, during the decay of aquatic
plants, a large amount of nutrients such as nitrogen and phosphorus are released into the
water environment as well, which will affect the physicochemical properties of sediments
and water. As reported, the GHG emission in lakes was related to temperature, dissolved
oxygen (DO) and nutrient content [9]. Therefore, revealing the variation of nutrient con-
centration in sediments is important to evaluate GHG emissions [10]. However, this is
generally difficult to achieve in real conditions, while the laboratory simulation appears to
be conducive to achieving this aim.

While previous studies have mainly focused on the decomposition process of plants
and their effects on water quality and the physicochemical properties of sediments [11,12],
there are few reports on the effects of the decomposition of aquatic plants on GHG produc-
tion and emissions in aquatic ecosystems. Therefore, we hypothesized that the decomposi-
tion of aquatic plants has a great impact on the production and emission of CO2 and CH4 in
aquatic ecosystems. The objective of this study was (1) to observe the decay process of two
aquatic plants at the sediment–water interface (SWI); and (2) to investigate the influencing
mechanism of aquatic plant decomposition on the release of CO2 and CH4 at the SWI.

2. Materials and Methods
2.1. Samples

The submerged and emergent aquatic plants, i.e., Potamogeton crispus and Typha orientalis
Presl, were selected for this experiment because of their wide distribution in freshwater bod-
ies. The submerged and emergent aquatic plants were washed with pure water, and then
dried in a drying box at 65 ◦C until constant weight. The freshwater sediments and over-
lying water were collected from the Qinhuai River (118◦77′99.04′′81 E, 31◦95′75.74′′43 N)
using a Peterson grab sampler (YKW-110X30, Yonglekang, Changsha, China). Part of the
samples were freeze-dried and screened by the standard 100-mesh sieve to remove large
particles for the determination of sediment properties. Another part of the sediments was
sieved through a 0.6 mm pore-sized mesh to remove large particles and macroinvertebrates,
and were thoroughly homogenized for later use.

2.2. Experiment Design

First, the decomposition rate and variations in the content of aquatic plants were stud-
ied. A polyvinyl chloride (PVC) drum with a diameter of 50 cm and a height of 60 cm was
used, which was filled with the sieved and homogenized sediments (20 cm) and overlying
water (30 cm). The water temperature was controlled at 30 ◦C with a heating rod. Two dif-
ferent air-dried plants were wrapped with 200 mesh nylon bags and placed on the surface
of the sediment, respectively; they were called the Crispus group (Potamogeton crispus) and
the Cattail group (Typha orientalis Presl), respectively. Each decomposition bag contained
15 g of plant dry matter. The decomposition test was conducted in 42 days, during which
plant samples were collected on days 3, 6, 9, 12, 17, 22, 27, 32, 37 and 42. After rinsing with
distilled water, samples were dried at 60 ◦C, and the contents of carbon (C), nitrogen (N),
phosphorous (P), lignin and cellulose were analyzed with methods described in Section 2.3.

The influence of two aquatic plants’ decomposition on the microenvironment of the
SWI was studied in the second experimental system. Two rhizotrons equipped with detach-
able front windows (height 30 cm × length 10 cm × width 3 cm) were used to investigate
the O2 and pH dynamics at SWI during the decomposition of two aquatic plants, which
were measured by the O2 planar optode (length 10 cm × width 5 cm) and the pH planar
optode (length 10 cm × width 5 cm). Similar to the previous decomposition test, rhizotrons
were filled with the homogenized sediments with the sieved and homogenized sediments
(20 cm) and overlying water (30 cm). To ensure a homogeneous microenvironment of the
SWI, 15 g of plant dry matter screened through a 100-mesh sieve was evenly added to the
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sediment surface. The experiment lasted for 42 days, and the O2 and pH imaging were
performed in two rhizotrons on days 0, 7, 28 and 42.

The emissions of CO2 and CH4 during the decomposition of aquatic plants were
evaluated in the third experimental system. Two experimental groups were set up in this
system, i.e., the Crispus group and the Cattail group. Fifteen PVC tubes with a diameter
of 9 cm and a height of 60 cm were used in each group. The PVC tubes were filled with
the mixed sediments (20 cm) and overlying water (30 cm), while 15 g of plant dry matter
screened through a 100-mesh sieve was evenly added to the sediment surface. All the
PVC tubes were incubated at 30 ◦C for a total of 42 days. The organic matter, microbial
community and concentration of gases (CO2 and CH4) were measured on days 0, 7, 14,
28 and 42. In particular, the five tubes used for gas measurement in each group were
installed with Rhizon samplers (2.5 mm in diameter). Five Rhizon samplers were inserted
horizontally into each tube at the depth of 10 mm and 5 mm above the SWI in the overlying
water, and of 0 mm, −5 mm and −10 mm below the SWI in the sediment.

2.3. Analytical Procedures
2.3.1. Decay and Composition Change of Plant Decayed Matter

Air dried plant samples (0.2 g) were collected to measure the contents of C, N and P.
Nitrogen content in plants (0.2 g) was determined by H2SO4-H2O2 digestion and micro-
Kjeldahl determination [13]. The content of phosphorus for the plant samples (0.2 g) was
determined by H2SO4-H2O2 digestion, followed by molybdenum-antimony resistance
colorimetry [14]. The plant samples were crushed through a 30-mesh screen and 0.02 g
samples were used to determine the content of cellulose and lignin [15].

The Olson exponential decay model was used to calculate the decomposition rate
of plants.

Mt/M0 = e−kt (1)

where t is the experiment time (d); Mt is the dry matter content (g); M0 is the initial dry
matter content (d); k is the decomposition rate constant (d−1).

2.3.2. DO and pH in Sediment–Water Interface

DO and pH were measured by plane photopole technology (PO, PO2100) in situ [16]. The
PO2100 was used to place the photochemical sensing film between the sediment–water system
and the wall of the container. Under the excitation of the light source, the photochemical
sensing film converted the measured substance content into optical signals and recorded them
with a CMOS camera (Hamamatsu Photonics, Shizuoka, Japan). The change in DO and pH
concentrations was visualized through software analysis.

2.3.3. Determination of Organic Matter in Sediment

Air-dried sediment samples (0.2 g) were collected to measure the total organic carbon
(TOC) [7]. Light recombinant organic matter (LFOM/HFOM) was quantified based on the
previous method [17]. Specifically, the 5 g processed sediment sample was weighed, and
20 mL 1.8 g/mL sodium iodide heavy solution was added. The sample was shaken in the
vibrating machine for 1 h (250 rpm/min), centrifuged for 15 min (3500 r/min) and filtered by
filter membrane (calcined at 550 ◦C for 4 h); this was repeated three times. Concentration of
active organic matter (AOM) was quantified based on the previous method [18]. Specifically,
0.5 g of the sediment sample was put into a 50 mL plastic centrifuge tube, and 25 mL of
333 mmol/L KMnO4 solution was added. The sample was shocked at 250 r/min for 1 h,
and centrifuged at 4000 r/min for 15 min. Then, the supernatant was diluted 250 times
with pure water, and absorbance was measured at 565 nm by spectrophotometer (Shimadu,
Kyoto, Japan). DOM in sediments was extracted and quantified followed by previous
method [19]. An amount of 4 g sediment sample (sifted through 100 mesh) was diluted
with 40 mL pure water. The sample was oscillated at a constant temperature for 16 h (20 ◦C,
220 r/min) and centrifuged at a speed of 4000 r/min for 20 min. Filtration was performed
using 0.45 µm microporous membrane (burned at 450 ◦C for 4 h) for analysis.
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Fluorescence spectrometer (Hitachi F-7000) was used for the analysis of dissolved
organic matter (DOM). The scanning speed was 12,000 nm/min, the scanning range of
the excitation wavelength was 200–500 nm and the step length was 5 nm. The scanning
range of emission wavelength is 250–600 nm, and the step length is 1 nm [20]. The
ultraviolet absorption spectra of the experiment were measured using an Epoch Microplate
Spectrophotometer (BioTek, Charlotte, VT, USA).

2.3.4. Gas Collection and Analysis

CO2 and CH4 concentrations in porewater and overlying water were measured using
the headspace equilibration method [21,22]. Briefly, a 10 mL water sample was collected
from Rhizon samplers pre-loaded into PVC tubes using a 50 mL polypropylene syringe
equipped with three-way stopcocks. An amount of 20 mL ambient air was added to the
syringe to create a headspace. Then, the sample syringe was shaken vigorously for 2 min.
The equilibrated headspace gas was injected into a pre-evacuated Exetainer® vial (839 W,
Labco, High Wycombe, UK) for storage. The flux of CO2 and CH4 across the overlying
water—air interface were analyzed using a static microchamber method described by
Shi et al. (2018). On dayS 0, 7, 14, 28 and 42, the microchamber was placed onto the water
surface in each PVC tube. The gas samples (10 mL) were collected twice using a 25 mL
polypropylene syringe, with a 4 h interval before and after. The samples were also injected
into a pre-evacuated Exetainer® vial (839 W, Labco, UK) for storage until analysis. CO2 and
CH4 concentrations in all vials were analyzed using a gas chromatograph (7890B, Agilent
Technologies, Santa Clara, CA, USA). According to the difference in gas concentrations in
pore water and overlying water, Fick’s first law was used to calculate the GHG diffusion
flux at the SWI [23].

F = DS × ∆C/∆Z = DS × (Cp − Cw)/∆Z (2)

where
F: Gas diffusion flux at the sediment–water interface (µmol/cm2/s),
DS: Effective diffusion coefficient of gas (1/cm2/s),
∆C: Difference in gas concentration at the sediment–water interface (µmol/cm2),
∆Z: Gas diffusion distance (cm),
Cp: Gas concentration in sediment pore water (µmol/cm2),
Cw: Gas concentration in overlying water (µmol/cm2).
The calculation of diffusion coefficient DS should take into account the diffusion

coefficient of gas in water and the porosity of sediment.

DS = Dw × ϕ2 (3)

where
Dw: Diffusion coefficient of gas in water (cm2/s),
ϕ: Sediment porosity, ϕ = 0.88,
Dw: Can be calculated according to the empirical formula related to temperature when

the ambient temperature (T) was 0~35 ◦C [24].

DW-CO2 = 3.17 × 10−11T3 + 2.6 × 10−9T2 + 3.1 × 10−7T + 9.2 × 10−6 (4)

DW-CH4 = 8.9 × 10−11T3 − 1.7 × 10−9T2 + 3.7 × 10−7T + 8.8 × 10−6 (5)

where
DW-CO2 and DW-CH4 : Diffusion coefficients of CO2 and CH4 in water (cm2/s),
T: Temperature, T = 30 ◦C.
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Fick’s first law was used to calculate the GHG diffusion flux at the water–air interface
according to the difference between the concentration of GHG in the sediment and the
concentration of GHG in the atmosphere (Liss and Slater 1974).

F = k∆C/∆Z = Dw (CA − Cw)/∆Z (6)

where
F: Gas diffusion flux at the water–gas interface (µmol/cm2/s),
K: Effective diffusion coefficient of gas (cm2/s),
Dw: Diffusion coefficient of gas in water (cm2/s),
∆C: Difference in gas concentration at the sediment–water interface (µmol/cm2),
∆Z: Gas diffusion distance (cm),
CA: Concentration of gases in the atmosphere (µmol/L),
Cw: Gas concentration in overlying water (µmol/L).

2.3.5. Microbial Community Analysis

An amount of 5 g fresh sediments and 500 mL water samples were collected from
each system on day 42 for sediment microbial analysis. The water samples were taken and
filtered through a 0.22 µm filter membrane. DNA was extracted using E.Z.N.A.® Soil DNA
Kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s protocols. Concen-
tration and purity of extracted DNA were determined with TBS-380 and NanoDrop2000,
respectively. DNA extract quality was checked on 1% agarose gel. DNA extract was frag-
mented to an average size of about 400 bp using Covaris M220 (Gene Company Limited,
Shanghai, China) for paired-end library construction. The paired-end library was con-
structed using NEXTflexTM Rapid DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters
containing the full complement of sequencing primer hybridization sites were ligated
to the blunt-end of fragments. Paired-end sequencing was performed on Illumina No-
vaSeq/Hiseq Xten (Illumina Inc., San Diego, CA, USA) at Majorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China) using NovaSeq Reagent Kits/HiSeq X Reagent Kits according
to the manufacturer’s instructions (www.illumina.com, accessed on 10 February 2023).

Representative sequences of a non-redundant gene catalog were annotated based
on the NCBI NR database using blastp, as implemented in DIAMOND v0.9.19 with an
e-value cutoff of 1 × 10−5 using Diamond (http://www.diamondsearch.org, accessed
on 10 February 2023, version 0.8.35) for taxonomic annotations. Cluster of orthologous
groups of proteins (COG) annotation for the representative sequences was performed using
Diamond (http://www.diamondsearch.org/index.php, accessed on 10 February 2023,
version 0.8.35) against eggNOG database (version 4.5.1) with an e-value cutoff of 1 × 10−5.
The KEGG annotation was conducted using Diamond (http://www.diamondsearch.org,
accessed on 10 February 2023, version 0.8.35) against the Kyoto Encyclopedia of Genes and
Genomes database (http://www.genome.jp, accessed on 10 February 2023, version 94.2)
with an e-value cutoff of 1 × 10−5.

2.4. Statistical Analysis

Correlations between each pair of two variables were analyzed using the Pearson
correlation coefficient. The difference in two variables was analyzed by the independent
samples t-test at a p < 0.05 level of significance. Statistical analysis was performed using
SPSS v 13.0 software.

3. Results and Discussion
3.1. Changes of Organic Matter in Sediment–Water Environment
3.1.1. Decay of Plant Decayed Matter

The decomposition of aquatic plants is mainly caused by microbial degradation. As
shown in Figure 1A, the contents of total carbon for the Cattail group were significantly
higher (p < 0.01) than that of the Crispus group, suggesting that different aquatic plants

www.illumina.com
http://www.diamondsearch.org
http://www.diamondsearch.org/index.php
http://www.diamondsearch.org
http://www.genome.jp
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possess different contents of carbon. In the first three days of decomposition, the con-
tents of total carbon in the Crispus group and the Cattail group significantly decreased
(p < 0.01) from 457.53 ± 29.07 mg/g and 796.39 ± 31.68 mg/g to 347.54 ± 36.46 mg/g and
690.07 ± 32.62 mg/g, respectively. This was mainly due to the decomposition and release
of leachable matter (i.e., protein and carbohydrates) at the initial stage [7]. After about a
week, the contents of total carbon started to increase gradually, likely because the relative
contents of cellulose, lignin and other non-degradable substances increased at the later
stage of decomposition.
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group. Values given are the average ± SD of three replicate determinations.
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Similarly, significant decreases in N and P contents were also observed in the Crispus
group and the Cattail group during the first week (p < 0.01, Figure 1B,C). For example, the
N content decreased from 8.63 ± 0.15 mg/g and 4.33 ± 0.11 mg/g to 3.93 ± 0.07 mg/g and
1.45 ± 0.03 mg/g in the first three days in the Crispus group and Cattail group (Figure 1B),
respectively. Different to the contents of C, the Crispus group possessed significantly higher
amounts of N and P (p < 0.01) than the Cattail group, suggesting that the contents of key
elements might be varied between different aquatic plants.

Crude fibers such as lignin and cellulose are difficult to decompose, which are
mostly found in the cell walls of plants. The contents of cellulose in the Crispus group
and Cattail group were significantly decreased (p < 0.01) from 184.87 ± 8.99 mg/g and
262.23 ± 22.14 mg/g to 86.98 ± 10.87 mg/g and 197.82 ± 19.34 mg/g in one week, respec-
tively (Figure 1D). At the later stage, the decomposition rates of cellulose slowed down and
the cellulose content reached a relatively stable value. In plant cells, lignin is covalently
bonded with hemicellulose and coated with cellulose, which can prevent the continuous
degradation of plants [25]. Thus, the degradation of lignin is usually a very slow process.
It was found that the lignin content remained relatively stable during the entire decomposi-
tion process (Figure 1E). Notably, the contents of lignin and cellulose in the Cattail group
were significantly higher (p < 0.01) than in the Crispus group (Figure 1D,E).

The dry matter of both plants was significantly decreased before day 20 and remained
stable at the later stage (Figure 1F,G). For instance, dry matter residues of the Crispus group
and the Cattail group decreased by 27.5% and 17.5% on day 6, respectively; they further
decreased by 36.2% and 27.7% at the end of the experiment, respectively. In addition, the
plant decomposition rates of the Crispus and Cattail groups gradually decreased during
the process, and the decomposition rate of the Crispus group was consistently higher than
the Cattail group. This is in line with the higher amount of lignin and cellulose observed
in the Cattail group because these two compounds are known to be difficult to degrade.
Moreover, the ratio of C/N is another indicator of the decomposition rate of plants [7,26],
and a low C/N ratio generally leads to faster decomposition of aquatic plants. In agreement
with this hypothesis, the initial C/N of Potamogeton crispus was 53.0, which is much lower
than Typha orientalis Presl with 183.9.

3.1.2. Effects of Decomposition of Aquatic Plants on Organic Matter in Sediments

The characteristics of water bodies would be changed due to the decomposition
of aquatic plants [27]. Meanwhile, microbial growth is also promoted, and C and H
transformation is accelerated, resulting in changes in CO2 and CH4 contents [2,28]. Hence,
the characteristics of organic matter in sediments were analyzed during the decomposition
of aquatic plants. TOC of the Crispus group and Cattail group increased significantly
(p < 0.05) before 7 d, reaching the peak values of 32.42 ± 1.58 mg/g and 31.68 ± 0.96 mg/g,
respectively (Figure 2A). The results indicated that the deposition of soluble organic carbon
in plants during plant decomposition could lead to TOC accumulation, and the cumulative
effect was greater than that of microbial degradation. After the 7th day, TOC contents
decreased, probably because of microbial degradation. During degradation, organic matter
escaped as methane and carbon dioxide [7,29]. There were no significant differences in
TOC content between the two groups.

Due to different densities, organic matter in sediments can be divided into light-
fraction organic matter (LFOM) and heavy-fraction organic matter (HFOM) [30]. LFOM
and HFOM have different effects on carbon and nitrogen cycling. LFOM has a higher
turnover rate, C/H ratio and lower relative density, and more than 50% of microbial and
enzyme activities are related to LFOM [30,31]. The contents of LFOM in the sediments
of the two groups increased with plant decomposition (Figure 2B), possibly because the
fresh organic matter was generated by plant decomposition. It can be seen from Figure 2B
that the content of HFOM ranged from 19.03 ± 1.70 to 27.18 ± 0.69 mg/g accounting for
more than 80% of the total organic matter. On the 7th day of plant decomposition, the
average contents of HFOM for the Crispus group and Cattail group reached peak values
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of 32.42 ± 1.58 mg/g and 31.68 ± 0.96 mg/g, respectively (Figure 2C). After the 7th day,
HFOM contents of the two groups decreased.
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The average contents of active organic matter (AOM) in the Crispus group and Cattail
group increased significantly (p < 0.05), and the values reached 1840.63± 499.92 mg/kg and
1666.43 ± 350.86 mg/kg in 7 d, respectively (Figure 2D). It might be due to the migration of
soluble organic carbon from the overlying water to the sediment interstitial water; thus, this
increased the contents of AOM in the interstitial water [9]. The content of AOM showed a
decreasing trend after the 7th day of the experiment, which is due to AOM being easily
degraded by microorganisms. After 14 days of the experiment, the contents of AOM in
the two groups were increased, indicating that AOM in sediment was affected by plant
decomposition and sedimentation [7].

Three fluorescent components of DOM were further verified by the three-dimensional
fluorescence spectral matrix in sediments during decomposition of two aquatic plants
(Figure 3). C1 has the main excitation and emission peaks at Ex/Em = 265/433 nm. C2
has an excitation and emission peak at Ex/Em = 285/341 nm. At Ex/Em = 340/436 nm, C3
has the main excitation and emission peaks. C1 was classified as a humic acid component
because the Ex peak of C1 was located at 265 nm in the short-wave ultraviolet region [7,32].
C2 could be classified as the tryptophan component of proteoid [32], which was mainly pro-
duced by biological activities in water, and could well reflect the autogenic process of water
(Figure 3C,D). C3 was a component of fulvic acid in the region of long-wave ultraviolet [33].
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The intensity of C1 and C3 components in the secondary peak was obviously weaker than
that of the main peak (Figure 3A,B,E,F), which is a comprehensive product of terrestrial
input, water microbial activity and photochemical oxidation.
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C1 (A) and corresponding excitation–emission loads (B); Fluorescence spectra of C2 (C) and corresponding
excitation–emission loads (D); Fluorescence spectra of C3 (E) and corresponding excitation–emission
loads (F); Fmax values (G) and relative content distribution (H) of fluorescent components in the Crispus
group; Fmax values (I) and relative content distribution (J) of fluorescent components in the Cangbo group
(From left to right in the order of 0–2, 2–4, 4–6, 6–8, 8–10 cm depth sediments).
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The total fluorescence contents of the Crispus group were higher than those of the
Cattail group (Figure 3G–J). These results indicated that more DOM was released during
the decomposition of the Crispus group. It could be seen that in the process of plant
decomposition, the DOM was mainly composed of C2, followed by C1 and C3 (Figure 3G–J).
For instance, in the Crispus group, relative percentages of C1 ranged from 2.91% to 56.35%,
and the average relative content was 28.95%. C2 and C3 with average relative content were
45.24% and 25.81%, respectively.

3.2. DO and pH in the Sediment–Water Interface

The content of DO can reflect the water pollution. Figure 4A,B showed a two-
dimensional diagram of DO at the sediment–water interface. The concentration of DO
in the Crispus group was significantly higher (p < 0.05) than that of the Cattail group
(Figure 4A,B). This result indicated that Potamogeton crispus had a greater effect on the
consumption of DO than that of Typha orientalis Presl during the decomposition process of
submerged plants. Moreover, similar trends of DO were observed in the two groups at the
sediment–water interface during the process of plant decomposition. In the first week of
the experiment, DO concentration dropped rapidly because soluble substances were re-
leased from plants into the sediment–water interface and oxygen was consumed by aerobic
microorganisms in the initial stage. Afterwards, the concentration of DO was increased
slowly from 7 to 42 d. The decomposition rates were reduced because activities of aerobic
enzymes decreased under the anoxic environment, and oxygen from the atmosphere would
continuously enter the sediment–water system [34]. Additionally, oxygen might be also
produced by photosynthetic bacteria to supplement the DO in the water environment with
the process of plant decomposition [31]. Hence, multiple factors, including reduction of
oxygen consumption and increase of oxygen input, might play key roles in the increase of
DO in the sediment–water interface.
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Figure 4. Changes of DO and pH in the sediment–water interface. The concentrations of DO in
the Crispus group (A) and Cattail group (B); Changes of pH in the Crispus group (C) and Cattail
group (D).

Similar changes in pH were found in the two groups during the decomposition
(Figure 4C,D). The pH in the Crispus group was significantly higher (p < 0.05) than that of
the Cattail group (Figure 4C,D). More organic acids were produced in the early stage of
plant decomposition, resulting in the decrease of pH from 0 to 7 d. The pH increased slowly
after day 7, indicating the decreased decomposition rate. The average contents of active
organic matter (AOM) in the Crispus group and Cattail group were increased significantly
(p < 0.05), reaching 1840.6 ± 499.9 mg/kg and 1666.4 ± 350.9 mg/kg on day 7, respectively
(Figure 2D).

3.3. Changes of CO2 and CH4 Flux

The decomposition of aquatic plants released a large number of organic matters into
the water, which can be decomposed by microorganisms to produce CH4 and CO2 [7]. Con-
centrations of GHG (i.e., CH4 and CO2) in overlying water and sediment were measured,
and their flux at the water–gas interface and sediment–water interface were calculated
(Figure 5). Changes in CO2 flux released from overlying water to the atmosphere during
plant decomposition were shown in Figure 5A. During the early decomposition, CO2 emis-
sion flux of the Crispus group increased significantly (p < 0.05) before day 14, reaching the
peak value of 13,587.9 µmol/m2/h, and then reduced immediately, which may be related
to the decomposition process of Potamogeton crispus. Before the 14th day, the decomposition
rate of Potamogeton crispus was faster, resulting in the decomposition of a large amount
of organic matter, which promoted the release of CO2 [35]. In addition, the emission flux
of CO2 in the Crispus group was significantly higher (p < 0.05) than that of the Cattail
group after 7 days of decomposition process (Figure 5A). The cumulative emissions of CO2
released from overlying water to the atmosphere were significantly (p < 0.05) greater in the
Crispus group than in the Cattail group through the study period, with 60,875.29 µmol and
33,104.07 µmol, respectively.
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Figure 5. Effects of the decomposition of aquatic plants on CO2 and CH4 release in sediment–water
systems. (A) Variation of CO2 emission flux at the water–air interface; (B) Variation of CO2 emission
flux at the sediment–water interface; (C) Variation of CH4 emission flux at the water–air interface;
(D) Variation of CH4 emission flux at the sediment–water interface. Values given are the average ± SD
of three replicate determinations.

The change of CO2 flux released from sediment to overlying water during plant de-
composition was shown in Figure 5B. The emission flux of CO2 also increased significantly
(p < 0.05) in the two groups during the early decomposition. The emission flux of CO2
in the Crispus group and the Cattail group reached the maximum values on the day 7
(48,777.4 µmol/m2/h) and day 14 (49,227.8 µmol/m2/h), respectively (Figure 5B). How-
ever, CO2 flux in sediments continued to decrease during the plant decomposition from
day 14 to day 42. This might be due to CO2 is converted to CH4 by anaerobic microorgan-
isms [2,36]. The diffusion flux of CO2 at the sediment–water interface was higher than that
at the water–gas interface, indicating that mineralization of organic carbon in the sediment
was one of the main sources of CO2. This result also indicated that Potamogeton crispus had
a greater effect on CO2 emission flux than Typha orientalis Presl during the decomposition
process. The cumulative emissions of CO2 released from sediment to overlying water were
significantly (p < 0.05) lower in the Crispus group than in the Cattail group through the
study period, with 140,837.7 µmol and 165,020.2 µmol, respectively.

The variation of CH4 released into the atmosphere from overlying water during plant
decomposition was shown in Figure 5C. The diffusion flux of CH4 did not change signif-
icantly at the early stage of decomposition (day 0 to day 7), but significantly increased
(p < 0.05) during day 7 to day 14, and decreased at the late stage of decomposition. In
addition, the emission flux of CH4 in the Crispus group was significantly higher (p < 0.05)
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than that of the Cattail group after 7 days of decomposition process (Figure 5C). The result
indicated that the flux of CH4 emitted from overlying water during plant decomposition
was the “source” of atmospheric GHGs [2]. The cumulative emissions of CH4 released
from overlying water to the atmosphere were significantly (p < 0.05) greater in the Cris-
pus group than in the Cattail group through the study period, with 9355.49 µmol and
5232.24 µmol, respectively.

Changes of CH4 released from sediments to overlying water during plant decomposi-
tion was shown in Figure 5D. At the initial stage of plant decomposition, the flux of CH4
increased significantly (p < 0.05), which was different from the trend of CH4 released from
overlying water to the atmosphere, possibly due to the oxidation of CH4 released from
sediment during the emission process. Afterwards, the flux decreased continuously after
reaching the peak value in the Crispus and Cattail groups, which might be due to the rapid
decomposition of soluble organic matter in the early stage of plant decomposition, and
the significant reduction of DO, forming suitable conditions for generation of CH4 [7]. In
addition, the emission flux of CH4 in the Crispus group were significantly higher (p < 0.05)
than that of the Cattail group after 7 days of decomposition process (Figure 5D). For in-
stance, the emission flux of CH4 in the Crispus and Cattail groups were 6926.2 µmol/m2/h
and 2455.3 µmol/m2/h at day 14, respectively, which may be related to the higher content
of LFOM in sediments of Crispus group (Figure 2B), which provides more substrates for
Methanogen [37]. The cumulative emissions of CH4 released from sediment to overlying
water were significantly (p < 0.05) greater in the Crispus group than in the Cattail group
through the study period, with 35,827.72 µmol and 20,057.55 µmol, respectively.

Differentially function gene associated with production of CO2 and CH4 between
the Crispus and Cattail groups were compared based on genome-wide DNA sequencing
(Figure 6). Abundances of genes related to CO2 metabolism were decreased during day 7
to day 42 in overlying water. It should be noted that decrease of abundances of these
genes might lose of cell function, thus resulting in a decreased CO2 emission flux. That
is why the CO2 flux continued to decrease during the plant decomposition from day 14
to day 42. In addition, abundances of these genes in the overlying water of the Cattail
group were higher than that of the Crispus group on the day 7. However, these genes in
the overlying water, showed that the Crispus group have higher abundance compared
with the Cattail group after 7 days of decomposition process (Figure 6), which might be
contributing to the high emission flux of CO2 in the Crispus group. About genes related to
CH4 metabolism, abundances were increased during day 7 to day 42 in overlying water.
Consistent with results of genes related to CO2 metabolism, abundances of these genes in
the overlying water of the Crispus group were higher than those of the Cattail group on
day 42 (Figure 6). This result further supports the finding that the emission flux of CH4 in
the Crispus group was significantly higher (p < 0.05) than that of the Cattail group after
7 days of the decomposition process.

To investigate the mechanism of CO2 and CH4 release from overlying sediment–water
by plant decomposition, the correlation analysis among the contents of CO2, CH4, TOC,
AOM, LFOM and HFOM was carried out (Table 1). There was a significant negative correla-
tion between CH4 release and TOC content (R = −0.335, p < 0.05), and a significant positive
correlation between CH4 release and LFOM content (R = 0.363, p < 0.05). Additionally, a
significant positive correlation was observed between CO2 and LFOM (R = 0.386, p < 0.05),
indicating that CO2 and CH4 were the final products of organic matter mineralization, and
CO2 and CH4 were released at the same time.

Table 1. Correlation coefficients between CO2 and CH4 contents and components of organic matter
in sediments (*, p < 0.05; **, p < 0.01).

TOC AOM LFOM HFOM CH4 CO2

CH4 −0.335 * 0.136 0.363 ** −0.191 1 0.825 **
CO2 −0.133 0.035 0.286 * −0.013 0.825 ** 1
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4. Conclusions

The contents of C, lignin and cellulose in the Potamogeton crispus were significantly
lower than those of the Typha orientalis Presl, except for N and P. The contents of LFOM
in the sediments of the two groups were increased with plant decomposition. During the
early decomposition, CO2 emission flux were increased significantly in the two groups.
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The diffusion flux of CH4 did not change significantly at the early stage of decomposition
(day 0 to day 7), but was significantly increased during day 7 to day 14, and decreased at
the late stage of decomposition. Abundances of genes related to CO2 and CH4 metabolism
in the overlying water of the Crispus group were higher than those of the Cattail group
on day 42. The decomposition of aquatic plants, in contrast, increased the LFOM content
in the sediment, providing sufficient substrate for the production of CO2 and CH4; the
relative abundance of anaerobic microorganisms also increased. Under this dual action, the
release of CO2 and CH4 was promoted. It is worth noting that the release flux of CH4 and
CO2 in the indoor simulation experiment are much larger than those detected in the field,
so it is necessary to further combine the field experiment to clarify the relevant mechanism.
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