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Abstract
Background The conversion of natural wetlands to agricultural land through drainage contributes to 62% of the 
global wetland loss. Such conversion significantly alters greenhouse gas (GHG) fluxes, yet the underlying mechanisms 
of GHG fluxes resulting from drainage and long-term tillage practices remain highly uncertain. In this study, we 
measured GHG fluxes of a natural reed wetland (referred to as “Wetland”) and a drained wetland that used as farmland 
(referred to as “Dryland”).

Results The results demonstrated that annual cumulative N2O and CO2 fluxes in Dryland were 282.77% and 
53.79% higher than those in Wetland, respectively. However, CH4 annual cumulative fluxes decreased from 
12,669.45 ± 564.69 kg·ha− 1 to 8,238.40 ± 207.72 kg·ha− 1 in Dryland compared to Wetland. The global warming 
potential (GWP) showed no significant difference between Dryland and Wetland, with comparable average rates 
of 427.50 ± 48.83 and 422.21 ± 73.59 mg·CO2-eq·m− 2·h− 1, respectively. Metagenomic analysis showed a decrease in 
the abundance of acetoclastic methanogens and their functional genes responsible for CH4 production. Functional 
genes related to CH4 oxidation (pmoA) and gene related to N2O reduction (nosZ) exhibited a substantial sensitivity to 
variations in TOC concentration (p < 0.05). Candidatus Methylomirabilis, belonging to the NC10 phylum, was identified 
as the dominant methanotroph and accounted for 49.26% of the methanotrophs. Its relative abundance was 
significantly higher in Dryland than in Wetland, as the nitrogenous fertilizer applied in Dryland acted as an electron 
acceptor, with the nearby Wetland produced CH4 serving as an electron donor. This suggests that Dryland may act as 
a CH4 sink, despite the significant enhancement in CO2 and N2O fluxes.

Conclusions In conclusion, this study provides insights into the influence of drainage and long-term tillage on GHG 
fluxes in wetlands and their contribution to global warming.

Highlights
 • The flux of N2O and CO2 increased, while CH4 decreased under drainage and tillage.
 • Decrease in CH4 flux offset the component of GWP contributed from N2O and CO2.
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Introduction
As critical carbon reservoirs, wetlands store a minimum 
of 20% of the global soil organic carbon (SOC) despite 
covering merely 5% of the Earth’s terrestrial surface [1]. 
The conversion of the vital ecosystem to agricultural 
land through drainage has emerged as the predominant 
driver of wetland loss, accounting for 62% of global wet-
land degradation [2]. However, the process of drainage 
results in a sudden decrease in water content and a sub-
sequent increase in redox potential, which leads to the 
rapid loss of carbon (C) and nitrogen (N) in wetlands 
soil [3, 4]. This loss of soil C and N, in turn, contributes 
to the production of greenhouse gases (GHGs) such as 
carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O), thus contributing global warming. Researches 
have shown that land use alteration and drainage sig-
nificantly impact the CH4 and N2O as well as CO2 fluxes 
[5–7]. Additionally, studies conducted on long-term con-
servation tillage showed that CO2 fluxes increased from 
900.07 to 924.66  mg CO2-C kg− 1 [8]. Similarly, wetland 
conversion to cropland transformed a CH4 source of 
44.93 ± 10.17  g·CH4 m− 2·yr− 1 into a small CH4 sink of 
− 0.056 ± 0.051  g·CH4 m− 2·yr− 1 [9]. Moreover, a meta-
analysis indicated that reclaiming a riparian wetland for 
cropland increased CO2 and N2O fluxes by 54.55 ∼ 72.68 
t·ha− 1 and 2.62 ∼ 2.99  kg·ha− 1, respectively [10]. Never-
theless, the mechanistic drivers underlying these GHG 
flux alterations, specifically the critical interplay between 
drainage-induced physicochemical changes and long-
term agricultural management practices, remain poorly 
constrained.

Recent research has demonstrated that drainage of 
wetland significantly disrupts biogeochemical cycles of 
C and N [11–13]. The impacts are multifaceted, result-
ing in changes in physicochemical properties of soil as 
well as the composition and functions roles of microbial 
communities [14]. These changes subsequently drive 
the production and consumption of GHGs [10]. The 
effects of wetland disturbance on GHG fluxes strongly 
depended on the specific wetland types and disturbance 
regimes [15, 16]. Moreover, tillage on the drained wet-
lands resulted in continual and irreversible changes 
in soil microbial communities. In Yellow River flood-
plain wetland, ammonia oxidizing and nitrifying bacte-
ria were significantly affected by hydrologic conditions, 
that significantly influenced microbial catabolism and 
mineralization of C and N [10, 17]. In the Sanjiang Mire 
Wetland, proportions of methanotrophic marker genes, 

i.e., particulate methane monooxygenase (pMMO) and 
soluble methane monooxygenase (sMMO) increased 
by 48.74% and 22.79% following drainage and tillage 
[9]. Moreover, the decrease in bacterial diversity but 
increased fungal diversity when wetlands were converted 
into agricultural land [14, 18, 19]. These changes in 
microbial communities may lead to the increase in CO2 
and decrease in CH4 fluxes from the soil [20, 21].

Moreover, the extensive use of fertilizers during tillage 
has increased the concentration of NO3

− in soil, provid-
ing an electron acceptor for anaerobic methane oxidation 
by methanotrophs associated with ANME-2d archaea 
and bacteria of the NC10 phylum. Bacteria of the NC10 
phylum exclusively utilize CH4 as an energy source and 
are considered critical players in CH4 reduction through 
anaerobic methane oxidation pathways [22–24]. These 
microbes represent a novel microbial CH4 sink in wet-
land ecosystems, contributing 9.5%∼26.3% of total CH4 
oxidation in tidal flow constructed wetlands [25–27]. 
Candidatus Methylomirabilis oxyfera is the only known 
functional microbe belonging to the NC10 phylum. Fol-
lowing the conversion of wetlands to farmland, increased 
concentrations of NO3

− due to fertilization, as well as 
significant CH4 fluxes from surrounding wetlands, pro-
viding sufficient substrates for Candidatus M. oxyfera 
and ANME-2d. Hence, it is hypothesized that wetland 
conversion to farmland increases the abundance of these 
microorganisms, which then become the primary CH4 
sink, reducing soil GHG fluxes. However, studies explor-
ing the dynamics and contribution of Candidatus M. 
oxyfera and ANME-2d communities during this process 
are extremely limited.

The Zhalong Wetland is a typical marsh dominated by 
reeds (Phragmites communis), and was listed as a wetland 
of International Importance in 1992, being ranked first 
in Asia and fourth globally. Tillage and reclamation have 
long affected the environment of the Zhalong Wetland. 
To investigate the effects of drainage and long-term till-
age on GHG fluxes, two study sites were selected: Wet-
land (natural wetland) and Dryland (wetland converted 
to agricultural land). The aims of this study were: (i) 
determine the effects of drainage and long-term tillage 
on soil physicochemical properties and GHG fluxes; (ii) 
identify shifts in microbial communities and functional 
genes in response to drainage and long-term tillage; (iii) 
exploring the dynamics and contributions of Candidatus 
M. oxyfera and ANME-2d communities during drainage 
and tillage processes, and (iv) explore the mechanisms 

 • The released CH4 and applicated fertilizer is suitable for DAMO bacteria’s growth.
 • Candidatus Methylomirabilis oxyfera belonging to DAMO is the dominant methanotroph.
 • The decrease in abundance of acetoclastic methanogens responsible for CH4 production.
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through which soil microbial and physio-chemical prop-
erties influence GHG fluxes. This study provides a com-
prehensive assessment of shifts in GHG fluxes across 
annual cycles in wetlands under drainage and long-term 
tillage, enabling further evaluation of the implications of 
agricultural use on wetland ecosystems.

Materials and methods
Study sites
The study sites were selected in the Zhalong wetland 
(46.867°∼47.533°N, 124.229°∼124.230°E) located in Hei-
longjiang province, Northeast China (Fig.  1). The Zha-
long wetland is the largest reed wetland in the world, 
with a total area of approximately 2100 km2. It has a mid-
temperate climate and a mean precipitation of 427  mm 
[28], which accounts for 61.5% of the total water input 
[29]. However, imbalanced precipitation and evapotrans-
piration have led to the conversion of wetland areas into 
drylands for agricultural purposes. The study sites con-
sisted of an area within the reed wetland (referred to as 
Wetland) and an adjacent area within the converted dry-
land, which underwent drainage and long-term tillage 
(referred to as Dryland). The urea (CH₄N₂O) fertilizer 
was applied annually in Dryland at a rate of 187.5 kg·ha− 1. 
No organic amendments or additional phosphorus/
potassium fertilizers were used throughout the study 
period.

Collection and physicochemical analysis of soil samples
In each study site, two layers (0 ∼ 20 cm; 20 ∼ 40 cm) soil 
were sampled using a cylindrical stainless-steel soil sam-
pler (Ø 80  mm). Samples were collected from five dif-
ferent plots and combined into one composite sample. 
All samples were placed in an ice-box and were trans-
ferred to the laboratory for microbial and physiochemi-
cal analysis. To remove visible plant roots and organic 
debris, all samples were sieved through a 2-mm mesh 

screen. After sieving, the samples were divided into two 
subsamples: the first subsample was used to immediate 
physicochemical analysis and the second subsample was 
stored at − 80 °C for DNA extraction and metagenomics 
sequencing.

After air-drying, soil samples were sieved through a 
0.25  mm mesh for physicochemical analysis. The total 
organic carbon (TOC) and total nitrogen (TN) was mea-
sured by an element analyzer (Vario ELcube, Elementar, 
Germany) [30]. Soil pH was determined by a pH meter 
(DELTA320, Mettler Toledo, Greifensee, Switzerland) at 
a soil-to-water mass ratio of 1:2.5 [31]. The concentra-
tions of ammonium nitrogen (NH4

+) and nitrate nitro-
gen (NO3

−) were extracted with 1  mol·L− 1 KCl, and 
determined by a Lachat flow-injection auto-analyzer 
(SealAnalytical AA3, Norderstedt, Germany). Three rep-
licates were performed for each sample throughout the 
experiments.

GHG flux measurement
To measure the GHG flux in two study sites (Fig. 1), the 
static closed-chamber technique was utilized and three 
replicative chambers were installed. Each chamber con-
sisted of an upper chamber and a pedestal, with the ped-
estal inserted into the soil to a depth of 20 cm one month 
prior to gas sampling. The pedestal gutter was main-
tained in a water-filled state, and the gas samples were 
collected 27 times to estimate the annual flux of CO2, 
CH4, and N2O during study period.

During gas sampling, a 50 mL plastic syringe was used 
to extract the headspace gas in the chamber [32]. The 
gas sampling was conducted once every 15  min over a 
period of 45 min. A 100 mL pre-evacuated gas sampling 
bag (Delin GasPacking Co., Dalian, China) was used to 
hold the extracted gas, and the gas samples were imme-
diately transported to the laboratory for gas flux deter-
mination. The gas chromatograph (Agilent 7890  A, 

Fig. 1 The location Zhalong wetland (A), and the picture (from google earth) shows study site and sample plots (B)
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Agilent Technologies Inc., Santa Clara, CA, USA) with a 
methanizer (Ni-catalyst at 350 °C) and a flame ionization 
detector was used for analyzing CH4 and CO2 concentra-
tions. Another gas chromatograph (Shimadzu Analyti-
cal and Measuring Instruments Division, Kyoto, Japan) 
with an electron capture detector was used for determin-
ing the concentration of N2O. With the linear change in 
gas concentration over the 45 min sampling period was 
obtained, GHG fluxes (F, µg·m− 2·h− 1) were calculated 
using the method described in ref [29]. The total GWP 
(global warming potential) for a 100-year horizon in 
Wetland and Dryland was calculated with [Eq. (1)] [33]. 0

 GWP(Total)=Y(CO2)+Y(CH4)+Y(N2O) (1)

 Y(CH4)= 27.9×Y(CO2) (2)

 Y(N2O)= 273×Y(CO2) (3)

Where GWP (T otal) is total GWP (global warming 
potential), Y(CO2), Y(CH4) and Y(N2O) indicate the 
fluxes of CO2, CH4 and N2O, respectively.

The fluxes between every two adjacent intervals of the 
measurements were used to accumulate cumulative GHG 
fluxes by the following equation [Eq.  (4)] as described 
previously [34]:

 
Ecumulative=

∑ Fi+1+Fi

2
(ti+1−ti) × 24 (4)

Where Ecumulative is cumulative GHG fluxes, i means 
different sampling times and F  represents gas flux.

CH4 production and oxidation activity measurement
To determine microbial CH4 production and oxidation 
activity, the CH4 production and oxidation rates were 
measured with slurry incubation. Briefly, 25  g of sieved 
soil samples were pre-incubated at 25 °C for 72 h to sta-
bilize the microbial activity in a 250 mL anaerobic glass 
bottle and divided into 3 groups. In the first group, bot-
tle was sealed with butyl rubber stopper and injected 
into 10  ml CH4 (99.9%) to quantify aerobic CH4 oxida-
tion activity. In the second group, the bottle was flushed 
with N2 and sealed with butyl rubber stopper to provide a 
completely anaerobic environment. This group was used 
to measure CH4 production rate. In the third group, the 
bottle was flushed with N2 and sealed with butyl rub-
ber stopper, then was injected into 10 ml CH4 (99.9%) to 
quantify anaerobic CH4 oxidation activity [35, 36]. Three 
replicates were performed for each group. The slurries 
were incubated for 10 days in a constant temperature 
incubator at 25  °C. During incubation, the fraction and 
concentration of headspace gas were measured every day 
via a gas chromatograph (GC-8850, Shandong Lunan 

Instrument Factory, China). The chromatograph was 
equipped with a flame ionization detector (FID) for CH4 
analysis. The gas chromatograph was set up with the split 
ratio of 1:50.

DNA extraction, metagenomic sequencing and analysis
Genomic DNA was extracted with a DNA SPIN Kit for 
Soil (MP Biomedicals, USA) according to the manufac-
turer’s instructions. DNA concentration was measured 
by a NanoDrop 8000 (Thermo Scientific, USA). Metage-
nomic sequencing was performed on a HiSeq2000 at the 
Beijing Genomic Institute (ShenZhen, China).

Raw sequences underwent quality control using Trim-
momatic (v0.32) [37], and the resulting clean reads were 
assembled into contigs using SOAPdenovo2 [38] and 
Rabbit [39]. Contigs with more than 500 base pairs were 
predicted using MetaGeneMark (v2.10) [40]. Predicted 
genes were clustered to remove redundant sequences 
using CD-Hit (with 95% identity and 90% coverage) [41]. 
Non-redundant genes were compared with the KEGG, 
eggNOG, and CAZy databases to analyze their functions, 
and annotation results from various database alignments 
were obtained.

Statistical analysis
The analysis of variance (ANOVA) was performed to 
compare differences between samples from Wetland and 
Dryland by SPSS 25.0 (IBM, USA). One-way ANOVA 
was used to calculate means and least significant differ-
ences at the 5% level. Data visualization was achieved 
with Origin 2021 (OriginLab, USA). The direct and indi-
rect influence of drainage, long-term tillage, and soil 
physicochemical characteristics on the GHG fluxes was 
analyzed using structural equation modeling (SEM) con-
ducted using the semPlot package in R 4.1.0 [42]. The 
evolutionary tree was made using MEGA 7.0.26 (Mega 
Limited, Auckland, New Zealand). Mantel test [43] and 
Pearson’s correlation heatmap was conducted by R 4.1.0 
using the ggplot2 package [44]. Moreover, abundance 
heatmaps of microbial communities and functional genes 
were conducted by pheatmap package of R 4.1.0. Phylog-
eny of microbial communities and marked genes were 
visualized by ITOL (Interactive Tree Of Life) v6.0 [45].

Results
Soil physicochemical properties in respond to drainage 
and long-term tillage
The temporal physicochemical characteristics of soil 
in Wetland and Dryland were assessed at 10-day inter-
vals from July 2017 to July 2018 (Table 1). The soil pH of 
Wetland (8.15 ± 0.34) was significantly lower than that of 
Dryland (8.50 ± 0.27) in 0 ∼ 20 cm layer, and the soil pH 
of Wetland (8.23 ± 0.19) also significantly lower than that 
of Dryland (8.47 ± 0.21) in 20 ∼ 40 cm layer (p < 0.05). The 
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NO3
−-N concentration in Dryland (8.07 ± 1.91  mg·kg− 1; 

7.11 ± 1.26  mg·kg− 1) was significantly higher than that 
in Wetland (2.76 ± 0.4  mg·kg− 1; 2.52 ± 0.39  mg·kg− 1) in 
both 0 ∼ 20  cm and 20 ∼ 40  cm layer (Table  1, p < 0.01). 
The concentration of NH4

+-N in 0 ∼ 20 cm layer of Dry-
land soil was 6.91 ± 2.58 mg·kg− 1, which was significantly 
greater than that found in the corresponding layers of 
Wetland (Table 1, p < 0.05). The TOC content in Wetland 
soil was significantly higher than that in Dryland soil in 
both layers (p < 0.05). However, the concentration of TN 
in Dryland was significantly elevated compared to Wet-
land (p < 0.01). The differences in soil properties between 
Wetland and Dryland suggest that long-term drainage of 
wetlands for agricultural purposes has led to a depletion 
of the soil’s C and N pool.

GHG fluxes and global warming potential following 
drainage and tillage
GHG fluxes
The fluxes of CO2, CH4, and N2O in both Wetland and 
Dryland were measured and their cumulative fluxes 
were calculated (Fig.  2 and Fig. S1). After drainage and 
long-term tillage, the CO2 flux of Dryland averaged 
398.40 ± 36.50 mg·m− 2·h− 1, which was significantly 
higher than that of Wetland (246.47 ± 33.31 mg·m− 2·h− 1) 
(Fig. 2A; p < 0.05). As a result, the annual cumulative CO2 
flux in Dryland was 12,669.45 ± 564.69  kg·ha− 1, which 
was significantly higher than the corresponding flux 
(8,238.40 ± 207.72 kg·ha− 1) in Wetland (Fig. S1B).

The average CH4 flux in Wetland was 7.89 ± 1.35 
mg·m− 2·h− 1, which corresponded to 15.29 times that of 
Dryland (0.52 ± 0.12 mg·m− 2·h− 1) (Fig. 2C; p < 0.05). Fur-
thermore, the annual cumulative CH4 flux in Wetland 
(561.88 ± 18.61 kg·ha− 1) was significantly higher than that 
in Dryland (42.97 ± 5.75 kg·ha− 1) (Fig. S1C). These results 

Table 1 Soil properties of Wetland and Dryland in the Zhalong wetland in two layers
Soil layers pH NO3

−-N
(mg/kg)

NH4
+-N

(mg/kg)
TN
(g/kg)

TOC
(g/kg)

Wetland 0–20 cm 8.15 ± 0.34b 2.76 ± 0.48c 5.86 ± 1.33b 2.06 ± 0.48b 48.94 ± 4.22a
20–40 cm 8.23 ± 0.19b 2.52 ± 0.39c 3.59 ± 1.01 cd 1.44 ± 0.33b 44.43 ± 3.65b

Dryland 0–20 cm 8.50 ± 0.27a 8.07 ± 1.91a 6.91 ± 2.58a 8.49 ± 1.77a 34.22 ± 3.04c
20–40 cm 8.47 ± 0.21a 7.11 ± 1.26b 4.78 ± 1.93c 8.04 ± 1.62a 33.86 ± 5.76c

Where data are represented as the mean (n = 14) ± standard error (S.E.) and values in each column followed by the different letter are significantly different at p < 0.05, 
symbolizing significant variation of soil properties at different times of the year. NO3

−-N, nitrate nitrogen; NH4
+-N, ammonium nitrogen; TN, total nitrogen; TOC, 

total organic carbon

Fig. 2 CO2 (A), N2O (B) and CH4 (C) flux during the study period and total global warming potential calculated for a 100-year horizon (D). “*” (p < 0.05) and 
“**” (p < 0.01) above the boxes were used to denote significant differences between Wetland and Dryland. GWP: global warming potential
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demonstrated that the drainage and long-term tillage 
contributed to reduction of CH4 fluxes in wetlands.

The flux of N2O were significantly lower in Wet-
land, with the average of 33.60 ± 9.16  µg·m− 2·h− 1 and 
61.68 ± 14.67 µg·m− 2·h− 1 in Wetland and Dryland, respec-
tively (Fig. 2B; p < 0.01). Similarly, the annual cumulative 
N2O flux in Dryland (2.98 ± 0.49 kg·ha− 1) was 4.08 times 
higher than that in Wetland (0.73 ± 0.20 kg·ha− 1) (Fig. S1A 
and B). The annual cumulative fluxes of N2O decreased 
from November 15th to March 15th in the subsequent 
year in both Wetland and Dryland (Fig. S1A), that sug-
gested both sites acted as a N2O sink in the non-growth 
season. Thus, N2O fluxes were significantly increased 
after drainage and long-term tillage in wetlands.

Activity of methanogenesis and methanotroph
Drainage and long-term tillage significantly sup-
pressed CH4 production activity in Zhalong wetland 
soils (Fig.  3A). At a soil depth of 0 ∼ 20  cm, the micro-
bial CH4 production activity of Wetland is 394.89 times 
higher than that of Dryland, and soil in Dryland exhib-
ited extremely low microbial CH4 production activity at 
20 ∼ 40  cm, with the average of 6.03 × 10− 4 µg C·g− 1·d− 1 
(Fig.  3A). However, the variation of aerobic CH4 oxida-
tion activity after wetland drainage was opposite to that 
of CH4 production activity (Fig.  3). The CH4 oxidation 
activity in Dryland was 1.64 µg C·g− 1·d− 1, which was sig-
nificantly higher than that of Wetland (0.45 µg C·g− 1·d− 1) 
(Fig. 3B) at 0 ∼ 20 cm. The activity of CH4 oxidation was 
1.28 µg C·g− 1·d− 1, which corresponded to 3.12 times that 
of Dryland (0.41 mg·m− 2·h− 1) (Fig. 3B). There was no sig-
nificant difference in anaerobic CH4 oxidation activity 
between Wetland and Dryland at 20 ∼ 40  cm (Fig.  3C). 
The anaerobic CH4 oxidation activity in Dryland (0.35 µg 
C·g− 1·d− 1) was remarkably lower than that of Wetland 
(0.63  µg C·g− 1·d− 1). Drainage and long-term tillage sig-
nificantly inhibited CH4 production activity in Dryland, 
while enhanced aerobic CH4 oxidation activity.

Global warming potential
To comprehensively compare the global warming 
impacts of Wetland and Dryland, we calculated the GWP 
of the two sites. As shown in Fig.  2D, the GWP of the 
Dryland was exhibited no significant difference between 
Wetland and Dryland, with average rate of 427.50 ± 48.83 
and 422.21 ± 73.59 mg·CO2-eq·m− 2·h− 1, respectively. The 
largest amount of GWP in Dryland is contributed by CO2 
(93.19%), followed by NO2 (4.27%), and CH4 (2.54%). 
However, in Wetland, the contribution of CH4 to the 
GWP was 165.79 ± 113.21  mg·CO2-eq·m− 2·h− 1, account-
ing for 39.27% of the total GWP (Fig. 2D). These findings 
suggested that total GWP in Dryland contributed from 
the much lower CH4 flux had offset that of elevated N2O 
and CO2 fluxes. Thus, it can be inferred that drainage and 
long-term tillage had no significant impact on total GWP.

Shift in functional genes involved in C-cycling and 
N-cycling
Microbial functional genes associated with C-cycling 
were significantly affected by drainage and long-term till-
age in the Wetland (Fig. S2A). Functional genes related to 
CO2 fixation in Wetland were abundant in both Wetland 
and Dryland, with the relative abundance of 2.22 × 10− 2 
and 1.91 × 10− 2, respectively (Fig. S2A). These differences 
reflect adaptation of the C fixation microbes to changes 
in environment and substrate availability arising from 
drainage and long-term tillage of wetland. Functional 
genes linked to microbial CO2 production, including 
fermentation, aerobic respiration, and CO oxidation, 
showed distinct patterns between Dryland and Wetland 
(Fig. S2A).

Genes involved in N-cycling were also influenced by 
drainage and long-term tillage (Fig. S2B). Ammonia 
oxidation (amoA) and denitrification process (norB) in 
soil were the main sources of N2O. N2O was then con-
sumed by N2O reductase (encoded by nosZ) in denitrifi-
cation process. The nosZ and norB genes were abundant 
in Wetland compared with Dryland (Fig. S2B). In con-
trast, amoA gene were more abundant in Dryland (Fig. 

Fig. 3 Microbial anaerobic methane production activity (A), aerobic methane oxidation activity (B), and anaerobic methane oxidation activity (C). Differ-
ent letters on the bars indicate significant differences (p < 0.05)
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S2B). These results suggest drainage and long-term till-
age decreased the abundance of microbial communities 
driving both N2O production and consumption in deni-
trification process, but increased the N2O production in 
ammonia oxidation. Moreover, the tillage increased the 
abundance of genes participating in urease and nitrogen 
fixation (Fig. S2B), which implies that the microbial resi-
dents of Dryland exhibited a proclivity towards enhanc-
ing their capacity to assimilate greater quantities of 
nutrients from the soil.

During the process of organic matter decomposition, 
the relative abundance of functional genes involved in 
starch decomposition were higher in Wetland com-
pared to Dryland, with abundance of 8.94 × 10− 4 and 
6.78 × 10− 4, respectively (Fig. S3). Similarly, genes related 
to chitin decomposition were 5.27 times more abundant 
in Wetland than in Dryland (Fig. S3). In contrast, genes 
responsible for hemicellulose decomposition exhibited a 
marked increase from Wetland (6.29 × 10− 4) to Dryland 
(7.42 × 10− 4). The relative abundance of cellulose decom-
position genes in Dryland were 96.22% higher than that 
in Wetland (Fig. S3). Hence, drainage and long-term till-
age promoted the loss of soil resistant C pools though 
functional genes related to labile carbon decomposition 
reduced in Dryland which was not enough to offset the 
SOC loss.

The metabolism of methanogens are the primary 
microbial source of CH4 in soil, catalyzing the final step 
in the anaerobic degradation of SOC [46]. Three metha-
nogenic pathways exist in soil: acetoclastic, methylotro-
phic, and hydrogenotrophic methanogenesis [47]. In 
acetoclastic methanogenesis, Methanosarcina members 
utilize phosphate acetyltransferase (pta) and acetate 
kinase (ackA) to catalyze reactions that activate acetate 
to acetyl-CoA. Acetyl-CoA synthetase (acs), which also 
converts acetate to acetyl-CoA, is exclusively found in 
members of Methanosaeta [48]. In Wetland, the relative 
abundance of ackA and pta accounted for 60.73% and 
67.36% of their total abundance, respectively. Addition-
ally, acs had a relative abundance of 1.66 × 10− 3 in Wet-
land, slightly lower than that in Dryland (1.75 × 10− 3) 
(Fig. 4A). The formyl-MFR synthesis was the first step in 
hydrogenotrophic methanogenesis, that was catalyzed by 
formylmethanofuran dehydrogenase (encoded by fmdA). 
The relative abundance of fmdA was higher in Dryland 
(6.58 × 10− 5) compared with that of Wetland (9.36 × 10− 6). 
Coenzyme M methyltransferase (encoded by mtaA) 
catalyzes the first step of methylotrophic methanogen-
esis, with a relative abundance of 4.62 × 10− 6 in Wetland, 
while it was not detected in Dryland. The results suggest 
hydrogenotrophic and acetoclastic methanogenesis were 
the dominant methanogenic pathways in both Wetland 
and Dryland.

Aerobic CH4 oxidation is a microbial metabolic pro-
cess that generates energy and assimilates carbon from 
CH4. It is primarily driven by a specific group of bacte-
ria [49]. The methane monooxygenase (encoded by pmo) 
comprises a diverse group of membrane-bound enzymes, 
with 80.53% of the pmo genes assigned to Dryland 
(Fig.  4B). As the key enzyme catalyzing CH2 = H4MPT 
synthesis, 5,6,7,8-tetrahydromethanopterin hydro-lyase 
(fae) had a higher relative abundance of 8.52 × 10− 5 in 
Dryland compared with that of Wetland (8.52 × 10− 6) 
(Fig. 4B). Thus, drainage and long-term tillage stimulated 
the process of aerobic methane oxidation.

Microbial community dynamics
Acetoclastic methanogens were dominant archaeal 
community in the Zhalong Wetland with an account 
of 56.90% in total methanogens (Fig. S4A). Mem-
bers belonging to acetoclastic methanogens possessed 
divergent populations at the genus level in Wetland 
and Dryland. Methanoculleus, Methanobacterium and 
Methanocella were the most prevalent genera among 
hydrogenotrophic methanogens (Fig. S4A). The relative 
abundance of hydrogenotrophic methanogens preferred 
in the 20 ∼ 40  cm layer in both Wetland and Dryland 
(Fig. S4A), that in line with the functional genes (Fig. 4A). 
Methanomethylovorans was identified in Wetland, and 
it has the ability to utilize methanol as a substrate [50]. 
The Methanomethylovorans exhibited a relative abun-
dance of 4.09 × 10− 3 in the Wetland, which was 2.39 times 
higher than that observed in the Dryland (Fig. S4A). 
These results manifested that drainage and long-term 
tillage significantly increased the relative abundance of 
acetoclastic methanogens and methylotrophic methano-
gens, while reduced the populations of hydrogenotrophic 
methanogens in 0 ∼ 20 cm layer.

Methanotrophs were also sensitive to drainage and 
long-term tillage (Fig. S4B). Members belonging to 
Methylococcales (Type I) and Rhizobiales (Type II) were 
identified as typical aerobic methanotrophs [51]. Type II 
methanotrophs accounted for 88.91% of all aerobic meth-
anotrophs (Fig. S4B). Phylum NC10 and ANME were also 
found in the soils of the Zhalong Wetland, which were 
participating in denitrifying anaerobic methane oxidation 
(DAMO) process. Candidatus Methylomirabilis belong-
ing to Phylum NC10 was the dominant methanotrophs 
that accounted for 49.26% of total methanotrophs and its 
relative abundance was 9.16% higher in Dryland than that 
in Wetland (Fig. S4B). Hence, anaerobic methanotrophs 
served as the primary sink for CH4 in both the Wetland 
and Dryland.

The community dynamics of key microbes involved 
in nitrification were analyzed (Fig. S4C). Ammonia-oxi-
dizing archaea (AOA) and ammonia-oxidizing bacteria 
(AOB) are significant contributors to nitrification and 
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Fig. 4 The methanogenesis (A), aerobic methane oxidation (B) pathways and relative abundance of functional genes encoding corresponding enzymes. 
The arrows and blocks with different colors represented specific pathways that were marked. The pies next to the arrow showed the functional genes 
abundance at 0 ∼ 20  cm 20 ∼ 40  cm layers in Wetland and Dryland respectively. Abbreviations: PHB, poly-beta-hydroxybutyrate; RuMP: the ribulose 
monophosphate
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nitrogen cycling in soils [52]. AOA were the predomi-
nant ammonia oxidizers, constituting 95.35% of the total 
ammonia oxidizers in Dryland and Wetland (Fig. S4C). 
The total abundance of AOA in Dryland was 2.05 times 
greater than that in Wetland. In contrast, AOB were 
more abundant in Wetland, with a relative abundance 
36.57% higher than that in Dryland (Fig. S4C). Among 
AOB, Nitrosococcus and Nitrosomonas preferred in Wet-
land while Nitrosospira suitably inhabited in Dryland. 
These findings suggest that drainage and long-term till-
age favored AOA while suppressing AOB.

The abundance of nosZ in Wetland were 174.38% 
higher than that in Dryland (Fig. S5A). This suggests that 
drainage and long-term tillage restricted N2O reduction 
processes. nosZ genes can be categorized into clade I and 
clade II [53]. As depicted in Fig. S5A, 30% of microbes 
containing the clade II nosZ gene were classified under 
Flavobacteriia, while 10.91% of microbes containing the 
clade I nosZ belonged to Nitriliruptoria. As a microbial 
N2O sink, the quantitative compositions and abundance 
of norB significantly differed between Wetland and Dry-
land (Fig. S5B). 39.99% of norB were affiliated with Gam-
maproteobacteria, and they were more abundant in 
Wetland. 19.96% of norB were classified under Holoph-
agae, but they were only found in Dryland (Fig. S5B).

Discussion
Linkages between soil properties and GHG fluxes
Soil physicochemical properties and greenhouse gas 
fluxes exhibited significant variations due to drainage 
and long-term tillage. Greenhouse gas fluxes were influ-
enced by various complex factors, including SOC qual-
ity, temperature, TN, and soil moisture content [54]. The 
interaction between wetland ecosystems and greenhouse 
gas emissions exhibits complex dynamics influenced by 
various factors. Hence, the SEM analysis was employed 
to distinguish the direct and indirect impacts of drainage, 
long-term tillage, and soil physicochemical properties on 
GHG fluxes. Subsequently, significant paths with robust 
relationships were identified. Specifically, drainage and 
long-term tillage directly influenced soil pH, TN concen-
tration, and TOC (Fig.  5). The CO2 fluxes were directly 
affected by drainage and long-term tillage, and were also 
influenced by variation of NH4

+-N level (p < 0.01). Nota-
bly, a strong positive correlation between NH4

+-N con-
centrations and CO2 fluxes has been observed, which 
aligns with findings from a study on coastal marshes [55]. 
The observed NH4

+-N concentration caused by nitrogen 
fertilization serves as a key explanatory factor (r = 0.44, 
p < 0.01) for the CO2 flux observed in Dryland (Fig.  5). 
Furthermore, the CH4 flux was significantly reduced 
by drainage and long-term tillage (p < 0.01), leading to 
the lower CH4 flux observed in Dryland (Fig.  2C). The 

inhibition roles of drainage on CH4 flux have been identi-
fied in previous studies [9, 56, 57].

Mantel test analysis was then performed to uncover the 
impact of drainage and long-term tillage on soil physi-
cochemical properties, GHG fluxes, microbial commu-
nities, and functional genes. Gemmatirosa exhibited 
significant sensitivity to soil pH (p < 0.05), while Caulo-
bacter showed notable responsiveness to NO3

− concen-
tration (p < 0.05) (Fig.  6A). The reduction in CH4 fluxes 
significantly affected the abundance of Streptomyces and 
Nitrososphaera (p < 0.05). A robust positive linear cor-
relation exists between NH4

+-N and N2O fluxes, which 
held implications for understanding the elevated N2O 
levels observed in Dryland with higher NH4

+-N content. 
Similar phenomenon was observed by Zhang and her col-
leagues, that NH4

+-N make great contributions to N2O 
emission in the North China Plain [58]. The functional 
genes exhibited higher sensitivity to soil physicochemical 
properties compared to microbial communities (Fig.  6). 
Functional genes related to CH4 oxidation (pmoA) and 
gene related to N2O reduction (nosZ) exhibited a sub-
stantial sensitivity to variations in TOC concentration 
(p < 0.05). Genomic evidence has demonstrated a robust 
correlation between nosZ gene abundance and TOC con-
centration [59]. Conversely, both fdhB and mtaA genes 
exhibited notable susceptibility to shifts in pH levels 
(Fig. 6B).

GHG fluxes in wetlands responded to drainage and long-
term tillage
Following drainage and long-term tillage, there was a 
notable shift in the GHG flux pattern, characterized by 
elevated CO2 and N2O fluxes in Dryland (Fig.  2A and 
B). This finding aligns with recent research demonstrat-
ing the substantial influence of agricultural management 
practices on GHG fluxes, including factors like addi-
tional nitrogen input, TOC, and pH [60]. Distinct till-
age practices have also shown to impact GHG fluxes in 
intermittently flooded paddies [15, 61, 62]. In contrast to 
the elevated CO2 and N2O fluxes, the CH4 flux experi-
enced a substantial decline from 7.89 ± 1.35 to 0.52 ± 0.12 
mg·m− 2·h− 1 following drainage and long-term tillage 
(Fig. 2C), which was in line with the inhibition of drain-
age and long-term tillage to CH4 production activity in 
Dryland (Fig. S1A). Similar observations have also been 
made by Wang and her colleagues, who demonstrated 
that CH4 emission inhibited after wetland conversion 
to cropland [9]. On one hand, drainage leads to a rapid 
reduction in water content and a subsequent rise in redox 
potential, inhibiting the growth and metabolism of meth-
anogens. On the other hand, the elevated redox potential 
is conducive to the proliferation of methylotrophs [63]. 
Hence, the findings support our hypothesis that drain-
age and long-term tillage can regulate the fluxes of GHGs 
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Fig. 6 Mantel test analysis showed the pearson’s correlation among soil physicochemical properties and mantel correlation between physicochemical 
properties and methanogens, methanotrophs, greenhouse gas fluxes (A) and abundance of functional genes (B), respectively. Annotations: CO2: CO2 
flux; CH4: CH4 flux; N2O: N2O flux

 

Fig. 5 The structural equation model was used to evaluate direct and indirect influence of long-term tillage on physicochemical properties and green-
house gas emission. The thickness of arrow appearing in the figure represents the strength of the relationships, additionally, the black arrows and the 
red arrows indicated positive relationships and negative relationships, respectively. Significance levels were marked: * (p < 0.05); ** (p < 0.01). Different 
numbers adjacent to the arrows symbolize standardized path coefficients. NH4

+-N, ammonium nitrogen; TN, total nitrogen; TOC, total organic carbon
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(CO2, CH4 and N2O) in wetlands. Nevertheless, despite 
the notably increased N2O and CO2 fluxes observed 
(Fig.  2D), there was no significant divergence in GWP 
between Wetland and Dryland. This mainly caused by the 
decrease in CH4 flux offset the component of GWP con-
tributed from N2O and CO2.

Microbe’s response to drainage and long-term tillage
Ammonia oxidation was the first step of nitrification 
that was dominated by both AOA and AOB [64]. Fol-
lowing drainage and long-term tillage, the relative 
abundance of ammonia oxidizers increased by 94.87% 
(Fig. S4C). Nitric oxide reductase (encoded by norB) 
and nitrous oxide reductase (encoded by nosZ) play 
key roles in denitrification [65]. The abundance of 
norB and nosZ genes decreased by 63.57% and 20.89% 
after drainage and long-term tillage (Fig. S5), respec-
tively. This mainly caused by elevated concentrations 
of oxygen inhibited denitrification processes [66]. 
Several studies have demonstrated that enhanced soil 
aeration following drainage, coupled with nitrogen 
fertilizer application during the transformation of 
wetlands into agricultural areas, leads to an augmenta-
tion in the abundance of ammonia-oxidizing microbes 
and a reduction in the denitrifying microbial commu-
nity [67–69]. Moreover, fertilizer application has been 
shown to enhance N2O fluxes in cornfields [70, 71]. 
Hence, drainage and long-term tillage promoted soil 
nitrification, leading to the inhibition of denitrifica-
tion in the wetland. This could potentially explain the 
observed increase in N2O fluxes.

In comparison to the Wetland, the total abundance 
of methanogens experienced a notable decrease of 
13.55% in the Dryland (Fig. S4A). Conversely, the 
total abundance of methanotrophs displayed a 13.27% 
increase in the Dryland (Fig. S4 A and B). Thus, the 
ratio of methanogens to methanotrophs decreased 
by 23.67%, which explained the inhibition of drain-
age and long-term tillage on inhibited CH4 emis-
sion. The ratio of methanogens to methanotrophs 
has been used as a sensitive indicator for cumulative 
CH4 flux in paddy fields [72]. Furthermore, a reduc-
tion of 11.46% was observed in the abundance of genes 
associated with methanogenesis pathways during the 
transition from Wetland to Dryland (Fig. 4A). Metha-
nogenesis can be classified into three pathways based 
on their substrate utilization spectrum: CO2-reducing 
(hydrogenotrophic), acetate-splitting (aceticlastic), and 
methyl-reducing (methylotrophic) pathways [73]. Ace-
toclastic methanogens and hydrogenotrophic metha-
nogens constituted the dominant groups, accounting 
for 56.90% and 41.67% of the total methanogen abun-
dance, respectively (Fig. S4A). A similar methanogenic 

pathway was also identified in a wetland and cultivated 
cropland located in northeastern China [9].

Methanotrophs oxidize CH4 into CO2, serving as 
a crucial microbial sink for CH4 in wetland soils. 
Approximately 60%∼90% of the CH4 produced by 
methanogens in wetland soils undergoes conversion 
into CO2 by methanotrophs before released into the 
atmosphere [74]. The oxidation of CH4 is carried out 
by both aerobic methanotrophs and anaerobic metha-
notrophs [75]. Based on phylogenetic relationships 
and metabolic characteristics, aerobic methanotrophs 
can be categorized into two distinct types: Type I and 
Type II [76]. The total abundance of Type II was sig-
nificantly higher than that of Type I (Fig. S4B). Type 
I methanotrophs exhibit a lower affinity for CH4 and 
can only utilize CH4 at concentrations exceeding 40 
ppm. On the contrary, Type II methanotrophs exhibit 
significantly higher affinity for CH4 compared to Type 
I methanotrophs. They can utilize CH4 at concentra-
tions as low as 2 ppm [77]. Members belonging to 
phylum NC10 and ANME were the dominant anaero-
bic methanotrophs in both Wetland and Dryland (Fig. 
S4B). The electron acceptor of these microbes was 
NO2

− or NO3
− during anaerobic oxidation CH4 [78]. 

After drainage and long-term tillage, members belong-
ing to phylum NC10 increased 3.87% (Fig. S4B). The 
Wetland emits a large amount of CH4, which serves as 
an electron donor for them [79]. While the concentra-
tion NO3

− of Dryland nearby was also high due to the 
application of nitrogen fertilizers (Table  1). Sufficient 
CH4 and NO3

− create an optimal habitat for DAMO 
bacteria in Dryland. This effectively explains the sig-
nificantly higher anaerobic CH4 oxidation rate and 
higher abundance of methanotrophs belonging to the 
NC10 phylum observed in Dryland (Figs. 3C and 4B).

Conclusion
Drainage and long-term tillage significantly increased 
soil pH and TN but reduced the concentration of TOC 
and NH4

+-N. The flux of N2O and CO2 increased, 
while the CH4 transitioned from a source to a sink 
occurred under drainage and long-term tillage. The 
decrease in CH4 flux offset the GWP contribution 
from N2O and CO2. The microbial populations of 
methanogens and methanogenic functional genes were 
suppressed, whereas the abundance of methanotrophs 
and microbes involved in N2O reduction was signifi-
cantly promoted by drainage and long-term tillage. 
CH4 produced in the wetland, along with the applica-
tion of nitrogenous fertilizer, creates a suitable habi-
tat for Candidatus Methylomirabilis oxyfera, which 
becomes the dominant methanotroph in this environ-
ment. The results highlight the influence of drainage 
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and long-term tillage on GHG fluxes not least in an 
intense anthropogenic activities context.
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