
Vol:.(1234567890)

Environmental Science and Pollution Research (2023) 30:106378–106389
https://doi.org/10.1007/s11356-023-29922-7

1 3

RESEARCH ARTICLE

Effects of salinity on methane emissions and methanogenic archaeal 
communities in different habitat of saline‑alkali wetlands

 Feng Li1,2 · Huiju Li1,2 · Huihui Su1,2 · Wei Du3 · Zhongyan Gao3 · Huajun Liu3 · Hong Liang1,2 · Dawen Gao1,2 

Received: 15 April 2023 / Accepted: 13 September 2023 / Published online: 20 September 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
The increase in temperature caused by global climate change has promoted the salinization of wetlands. Inland saline-alkaline 
wetlands have an environment of over-humidity and shallow water and are hot spots for CH4 emissions. However, there are 
few reports on the effect of salinity on CH4 emissions in inland saline-alkaline wetlands. This study conducted simulation 
experiments of increased salinity to investigate the impact of salinity, habitat, and their interactions on CH4 emissions, as 
well as to examine the response of methanogenic archaea to salinity. Overall, salinity inhibited CH4 emissions. But there were 
different responses in the three habitat soils. Salinity decreased the relative abundance of methanogenic archaea and changed 
the community structure. In addition, salinity changed soil pH and dissolved organic carbon (DOC) and ammonium (NH4

+) 
concentrations, which were significantly correlated with methanogenic archaea. Our study showed that salinity changed 
the soil physicochemical properties and characteristics of the methanogenic archaeal community, affecting CH4 emissions.
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Introduction

As the second largest greenhouse gas after CO2, CH4 con-
tributed about 22% to the greenhouse effect (Wang et al. 
2018). Atmospheric CH4 contents have increased dramati-
cally since the Industrial Revolution, already rising from 
719 ppb in 1750 to 1895 ppb in 2021 (IPCC 2021; Lan et al. 
2022). Sources of CH4 include wetland systems (including 
swamps, sediments, rice fields, etc.), ruminant digestive sys-
tems, landfills, leakage during energy production and utiliza-
tion, and sewage treatment systems (Kirschke et al. 2013). 
Among them, wetlands produce about 164 Tg CH4 per year, 

contributing about 1/3 of global CH4 emissions, and are the 
most important source of CH4 emissions (Bridgham et al. 
2013).

CH4 is produced by archaea-dominated anaerobic decom-
position of organic matter (Hofmann et al. 2016; Gütlein 
et al. 2018). The known methanogenic archaea are divided 
into seven orders (Borrel et al. 2014). The community and 
diversity of methanogenic archaea are influenced by vari-
ous environmental factors. For example, the abundance of 
methanogenic mcrA genes decreased with increasing pH in 
acidic rice fields (Luo et al. 2022). In studies with a pH 
range of 4.0~10.0, extreme pH reduces the relative abun-
dance of acetoclastic methanogens responsible for acetic 
acid breakdown, while increased those of hydrogenotrophic 
and hydrogen- or acetic acid-utilizing methanogens (Qiu 
et al. 2023). In addition, soil organic matter is an important 
factor affecting methanogenic archaea and CH4 emissions 
(Zhang et al. 2018; Wu et al. 2022). Soil dissolved organic 
carbon (DOC) is an important unstable carbon substrate 
that provides carbon sources for methanogenic archaea and 
has a positive effect on CH4 emissions (Kong et al. 2019; 
Wang et al. 2021). Nitrate (NO3

−) and Fe3+ can be used as 
electron acceptors to participate in the methane oxidation 
process and affect CH4 emissions (Fan et al. 2021; Chen 
et al. 2022). Cover plant is also an important factor affecting 
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the methanogen community and CH4 emissions (Duan et al. 
2022; Venturini et al. 2022). The peatlands where vascu-
lar plants grow are dominated by acetoclastic methanogens 
(Ström et al. 2003). In peatlands with non-vascular plants, 
hydrogenotrophic methanogens are mostly present (Naka-
gawa et al. 2002).

Methanogenic archaea are sensitive to salinity. In gen-
eral, increased salinity can inhibit methanogenic archaeal 
activity, and the number of methanogenic archaea will 
decrease accordingly, thus reducing the CH4 emissions in 
wetlands (Sun et al. 2013). In addition, increased salinity 
alters microbial community structure (Pattnaik et al. 2000; 
Feng et al. 2023). In a salinity study of mangrove peat 
soil, the abundance of microorganisms did not change, but 
the community structure changed significantly (Chambers 
et al. 2016). When a large amount of NaCl was input into 
coastal wetlands, CH4 emissions from the soil surface was 
significantly inhibited (Chambers et al. 2011). However, 
lower concentrations of salt input had some promotion or 
no significant effect on CH4 emissions in wetlands (Wes-
ton et al. 2011; Krauss and Whitbeck 2012; Konnerup 
et al. 2014). In the Mobile Bay freshwater swamp, CH4 
emissions did not change significantly in different salin-
ity areas (Wilson et al. 2015). Under high salinity, species 
with high salinity tolerance can replace species with low 
salinity tolerance and become the dominant microorgan-
isms in the environment (Rath et al. 2019; Zhang et al. 
2019). In conclusion, the effects of salinity on CH4 emis-
sions and methanogenic archaeal communities were spa-
tially variable. At present, most studies on the influence 
of salinity on CH4 emissions and methanogenic archaea 
focus on coastal wetlands (Dang et al. 2019; Chen et al. 
2020b). However, little research has been done in inland 
saline-alkaline wetlands.

In recent years, global warming has accelerated the evap-
oration of water from wetlands, resulting in wetland salini-
zation (Jeppesen et al. 2020). Saline groundwater conducts 
upwards and surface water evaporates, which leads to an 
increase in wetland salinity (Herbert et al. 2015). Zhalong 
wetland is located in the Songnen Plain of China, which 
is an area where inland saline-alkali wetlands are concen-
trated. The wetland is low-lying and flat, with many swamps 
and a large amount of water evaporation, which form an 
ecological environment with a slightly higher salinity. The 
slightly alkaline soil is suitable for the growth of metha-
nogens, making this wetland a hot spot for CH4 emissions 
(Liu et al. 2019). In addition to reed (Phragmites australis), 
the dominant vegetation in Zhalong wetland also includes 
star grass (Puccinellia tenuiflora) and guinea grass (Leymus 
chinensis).

Due to the severe salinization of the Zhalong wetland, we 
collected soil from three habitats in the wetland to simulate 
the increase in salinity (Liu et al. 2019; Luo et al. 2022). 

The CH4 emission process and soil physicochemical char-
acteristics were measured. The community composition 
and relative abundance of archaea were studied by using 
high-throughput sequencing and quantitative PCR technol-
ogy. The objectives of this study were to reveal the effects 
of increased salinity on CH4 emissions and associated 
microbes in inland saline-alkaline wetlands and to explain 
key environmental drivers. This study helps to understand 
the response of CH4 emissions and methanogenic archaea 
to the salinization of wetlands, which will provide a theo-
retical basis for subsequent research on CH4 emissions in 
salinized soils.

Materials and methods

Soil sampling and experimental design

The soil used in this study was collected in July 2022 
from the surface (0~20 cm) of the Zhalong wetland (46° 
52′–47° 32′ N, 123° 47′–124° 37′ E) in Heilongjiang 
Province, China. Zhalong wetland has a mid-temperate 
climate, with an average annual precipitation of 420 mm, 
an annual average temperature of 3.9 °C, and a freezing 
period of 7 months (Gao et al. 2018). The specific sam-
pling process was described before (Liu et al. 2019). Each 
sample site was divided into 3 plots. Homogenous mixing 
was performed after collecting at least 3 soil samples per 
plot. The soil samples were stored at low temperatures and 
transported to the laboratory and were divided into three 
parts: a part of fresh soil was extracted with 1 mol L−1 
KCl to determine the content of inorganic nitrogen (Wang 
et al. 2023), a part of the soil was air-dried for soil phys-
icochemical analysis, and another part was stored at −80 
°C for later experiments. The details of the soil are shown 
in Table 1. The dominant vegetation in sites was Puc-
cinellia tenuiflora (H1), hygrophyte Phragmites australis 
(H2), and aquatic Phragmites australis (H3), respectively. 
The total organic carbon (TOC) and total nitrogen (TN) 
contents in H2 soils were significantly higher than those in 
H1 and H3 soils (P < 0.05) (Table 1). The soil salinity in 
the H1 site was significantly higher than that in the other 
two sites, which were 0.04% (H1), 0.01% (H2), and 0.01% 
(H3), respectively.

We added 50 mL of sterile anaerobic saline with differ-
ent NaCl concentrations to 120 mL serum bottles. Fresh 
soil (equivalent to 10 g of dry soil) was added to the serum 
bottle in an anaerobic glove box (Coy, USA) to establish 
anaerobic microcosms. Five treatments were set up for each 
habitat soil: (i) control without NaCl addition (CK), (ii) 1.0% 
salinity (S1), (iii) 2.5% salinity (S2), (iv) 3.5% salinity (S3), 
and (v) 5.0% salinity (S4), with three replicates. The serum 
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bottles were sealed with sterile neoprene septa and secured 
with aluminum caps to maintain an anaerobic environment. 
All serum bottles were incubated for 68 days at 25 °C in the 
dark without shaking.

Measurement of soil CH4 emissions 
and physicochemical characteristics

The 2 mL of gas samples was taken from the headspace 
of each bottle, and the concentration of CH4 was measured 
by a gas chromatograph (Agilent 8890A, Agilent Technolo-
gies, Palo Alto, CA, USA) equipped with a flame ionization 
detector (FID). 80/100 mesh HayeSep Q column with an 
inner diameter of 2 mm was used, and the carrier gas was 
high-purity N2. The maximum CH4 emission rate was calcu-
lated in the linear range of CH4 emission increase. The rate 
of CH4 emission was calculated using the following formula 
(Luo et al. 2022):

where F is CH4 emission rate (mg kg−1 d−1), ρ is the 
density of CH4 at standard temperature and pressure, V (m3) 
is the headspace volume of the serum bottle, m (kg) is the 
dry soil weight, dc

dt
 (ppm d−1) is the changed concentration of 

CH4 in the unit time (d), and T is the incubation temperature.
After the incubation, soil physicochemical characteris-

tics were measured for data analysis. Soil pH was measured 
with a pH meter. Soil electrical conductivity (EC) was meas-
ured with a conductivity meter (DDS-307, Leici, Shanghai, 
China). Soil dissolved organic carbon (DOC) was meas-
ured with a total organic carbon analyzer (Multi-N/C 3100, 
Analytik Jena, Germany). Ammonium (NH4

+) and nitrate 
(NO3

−) concentrations were measured using a continuous 
flow analyzer (Seal Analytical AA3, Norderstedt, Germany). 
The concentrations of Fe3+ and Fe2+ were determined by 
colorimetry (Wallmann et al. 1993; Haese et  al. 1997). 
Active iron was extracted from the soil with an HCl solution. 

(1)F = ρ ×
V

m
×
dc

dt
×

273

273 + T
×
12

16

Active iron and Fe2+ concentrations were determined with 
a 1, 10-phenanthroline and hydroxylamine hydrochloride. 
Then, Fe3+ content was obtained by calculating the differ-
ence between the two.

DNA extraction and high‑throughput amplicon 
sequencing of archaeal 16S rRNA gene

To explore the effect of salinity on the archaeal commu-
nity, high-throughput sequencing of archaeal 16S rRNA 
genes was performed on the CK and S4 treated samples 
of each habitat soil after the incubation. First, DNA in soil 
(0.5 g) was extracted according to the instruction manual of 
SPINeasy DNA Kit for Soil (MP Biomedicals, Santa Ana, 
CA, USA). The concentration of DNA was determined with 
a NanoDrop (NanoDrop OneC, Thermo Scientific, USA). 
The DNA samples were stored in a −20 °C refrigerator. 
PCR amplification on V4–V5 regions of archaeal 16S rRNA 
gene used 524F10extF (TGY​CAG​CCG​CCG​CGG​TAA​) and 
Arch958RmodR (YCC​GGC​GTTGAVTCC​AAT​T) primer 
pair (Liu et al. 2016). The amplification reaction system (20 
μL) included 10 μL 2×Pro Taq, 0.8 μL each for upstream 
and downstream primers (5 μM), and 10 ng μL−1 DNA tem-
plate. PCR reaction parameters were 95 °C for 3 min, fol-
lowed by 35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 
°C for 45 s, and then 72 °C for 10 min. PCR amplification 
was performed by a thermocycler (GeneAmp 9700, ABI, 
USA). PCR products were detected by 2% agarose gel elec-
trophoresis and recovered using the DNA Gel Extraction 
Kit (AxyPrep, USA). The sequencing was performed on the 
Illumina MiSeq PE300 platform (Shanghai Majorbio Bio-
pharm Technology Co., Ltd.).

Statistical analysis

Statistical analysis of data was performed using SPSS 
26.0 (SPSS, Inc., Chicago, IL) (Morgan et  al. 2019). 
One-way analysis of variance (ANOVA) was used to 

Table 1   Site information and 
soil properties.

Different letters indicate significant differences among sites (P < 0.05)

Sites H1 H2 H3

Dominant vegetation Puccinellia tenuiflora Hygrophyte Phragmites 
australis

Aquatic Phrag-
mites australis

pH 10.5 ± 0.1a 8.7 ± 0.1c 9.3 ± 0.1b
EC (μs cm−1) 744.3 ± 1.5a 152.6 ± 1.5b 110.3 ± 0.4c
TOC (g kg−1) 10.5 ± 0.8b 28.6 ± 0.4a 9.6 ± 0.6b
DOC (mg kg−1) 1,119.6 ± 5.7c 1,563.6 ± 8.5a 1,407.7 ± 5.5b
NH4

+ (mg kg−1) 1.2 ± 0.3b 3.2 ± 0.4a 0.5 ± 0.1c
NO3

− (mg kg−1) 2.6 ± 0.4a 1.8 ± 0.1b 1.0 ± 0.1c
TN (g kg−1) 1.5 ± 0.1b 2.5 ± 0.1a 0.7 ± 0.1c
Salinity (%) 0.04a 0.01b 0.01b
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explore the differences in soil physicochemical proper-
ties and CH4 emission rate in response to salinity. The 
influence of salinity, soil habitat, and their interaction 
on CH4 emissions and soil physicochemical proper-
ties was analyzed by multifactor analysis of variance. 
Correlations between CH4 emissions, archaeal genus 
composition, and environmental factors were assessed 
using Pearson’s correlation analysis. The quality filter-
ing of raw reads was conducted by Fastp software (Chen 
et al. 2018). FLASH was used to merge paired-end reads 
(Magoč and Salzberg 2011). Then, the data was pro-
cessed by using sequence denoising method (DADA2) to 
obtain amplicon sequence variant (ASVs) representative 
sequence and abundance information. Sequences with 
a similarity higher than 97% were classified as opera-
tional taxonomic units (OTUs) using Usearch (version 
7.1) software (Edgar 2013). A classification was assigned 
to each sequence using the Ribosome Database Project 
(RDP) classifier (version 2.2, 70% confidence threshold) 
based on the SILVA 128 reference database (Quast et al. 
2012). Alpha diversity indices were calculated using 
mothur (version 1.30) software. Canoco 5 was used to 
perform redundancy analysis (RDA) to explore the rela-
tionship between soil physicochemical properties and 
archaeal communities (Šmilauer and Lepš 2014). Draw 
various line charts, histograms, and heat maps through 
Origin 2021 (Moberly et al. 2018). The data were means 
± standard deviations (Mean ± SD).

Results

CH4 emissions and soil physicochemical properties

In H1 soil, there was no significant difference in CH4 emis-
sions between S1 and CK treatments in the first 25 days. 
After 25 days, CH4 emissions of S1 treatment were sig-
nificantly reduced (Fig. 1a). After 68 days of incubation, 
compared with CK treatment (80.70 ± 0.54 mg kg−1), 
cumulative CH4 emissions with S1 (53.53 ± 0.59 mg kg−1) 
significantly decreased by 33.67% (Fig. 1a). The maximum 
CH4 emission rate of S1 treatment (3.31 ± 0.06 mg kg−1 
d−1) was also significantly lower than that of CK (4.23 ± 
0.21 mg kg−1 d−1) (Fig. 1d). In the early stage of incubation 
(the first 40 days), there was no significant increase in CH4 
emissions of S2 treatment. CH4 emissions of S2 treatment 
occurred only in the middle of the incubation (40–50 d). 
S3 and S4 treatments considerably limited CH4 emissions, 
which remained at low levels throughout. After anaerobic 
cultivation, CH4 accumulations of S2, S3, and S4 treatments 
were 12.62 ± 0.30, 4.70 ± 0.13, and 1.76 ± 0.05 mg kg−1, 
respectively (Fig. 1a).

In H2 soil, CH4 emissions of S1 treatment were delayed, 
but there was no significant difference in the final CH4 
accumulations compared with CK treatment. At the end of 
incubation, CH4 accumulations of S1 and CK treatments 
were 194.92 ± 5.87 and 195.86 ± 3.14 mg kg−1, respectively 
(Fig. 1b). There was also no significant difference in the 

Fig. 1   The effect of salinity on 
the CH4 emission process in 
H1 (a), H2 (b), and H3 (c) soils 
and maximum CH4 emission 
rate (d). Error bars = SD, n 
= 3. Different letters indicate 
significant differences among 
treatments within each habitat 
(P < 0.05)
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maximum CH4 emission rates of the two treatments, which 
were 15.88 ± 0.39 mg kg−1 d−1 (CK) and 15.68 ± 0.14 mg 
kg−1 d−1 (S1), respectively (Fig. 1d). Different from H1 soil, 
the CH4 accumulations in H2 soil treated with S2 were less 
affected by the increased salinity (174.06 ± 4.23 mg kg−1). 
Cumulative CH4 emissions of S3 and S4 treatments were 
much lower compared to the other treatments with lower 
salinity, reaching up to 27.52 ± 4.54 and 21.04 ± 0.90 mg 
kg−1, respectively.

Similarly, increased salinity delayed CH4 emissions 
in H3 soil. At the initial stage of incubation, CH4 emis-
sion of the treatments with increased salinity was sig-
nificantly lower than that of CK treatment (Fig. 1c). It 
mainly occurred in the middle and late stages of incu-
bation (after 30 days). Furthermore, CH4 emissions 
decreased gradually with the increase of salinity gradient 
(Fig. 1c). At the end of incubation, CH4 accumulations in 
each treatment were 100.32 ± 1.24 (CK), 81.58 ± 2.14 
(S1), 47.62 ± 1.79 (S2), 25.18 ± 0.64 (S3), and 12.07 ± 
1.12 mg kg−1 (S4). The treatments with increased salin-
ity reduced CH4 emissions by 18.68%, 52.53%, 74.90%, 
and 87.97%, respectively. The maximum CH4 emission 
rate also gradually and significantly decreased with the 
increase of salinity (Fig. 1d).

Salinity, habitat, and the interaction of these two vari-
ables significantly affected cumulative CH4 emissions (P < 
0.001) (Table 2). Salinity and habitat had significant effects 
on soil pH, EC, DOC, NH4

+, Fe3+, and Fe2+ contents (P < 
0.05). Among them, DOC, Fe3+, and Fe2+ contents were also 
affected by the interaction between salinity and habitat (P < 
0.05). Pearson’s correlation analysis showed that CH4 emis-
sions were significantly affected by pH, EC, DOC, and NH4

+ 

contents (P < 0.05) (Table 3). DOC and NH4
+ contents were 

significantly positively and negatively correlated with EC, 
respectively (P < 0.01).

Analysis of archaeal communities

Archaeal community analysis was performed by high-
throughput sequencing of 16S rRNA genes, and 7 major 
lineages were found in samples at the order level of archaea 
(Fig. 2). As salinity increased, the summed relative abun-
dance of methanogenic orders decreased in all three sites, 
by 35.25% (H1), 29.31% (H2), and 14.34% (H3), respec-
tively. There were mainly 6 orders of methanogenic archaea: 
Methanobacteriales (12.64~41.79%), Methanosarciniales 
(0.54~41.93%), norank_c_Bathyarchaeia (1.25~42.31%), 
Methanomicrobiales  (0~4.23%), Methanocellales 
(0.04~2.53%), and Methanomassiliicoccales (0.04~2.54%). 
In H1 and H3 soils, the relative abundance of Methanosar-
ciniales was most affected by increasing salinity, decreasing 
by 41.39% and 20.00%, respectively. In H2 soil, the rela-
tive abundance of Methanosarciniales was reduced by only 
7.30%, while that of Bathyarchaeia was reduced by 23.78%.

We calculated the total archaeal richness and diversity 
of each sample using alpha-diversity analysis (coverage, 
Chao1 diversity, Shannon index, and Simpson index) 
(Fig. 3). The community coverage was >99%, indicating 
that the sequencing depth was sufficient to cover most 
species information in the sample. For soils in the three 
habitats, the Chao1 diversity was significantly reduced by 
increasing salinity (P < 0.05) (Fig. 3a), indicating that 
elevated salinity reduced the richness of soil archaeal com-
munities. Especially in the H2 soil with the most drastic 

Table 2   Effects of salinity, 
habitat, and their interactions on 
soil characteristics.

“ns,” “*,” “**,” and “***” stand for no significant, P < 0.05, P < 0.01, and P < 0.001, respectively

Treatments CH4 pH EC DOC NH4
+ NO3

− Fe3+ Fe2+

Salt *** * *** *** *** * *** **
Habitat *** *** * *** *** ns *** ***
Salt × habitat *** ns ns *** ns * *** *

Table 3   Pearson’s correlation 
analysis of soil CH4 emissions 
and physicochemical properties.

*P < 0.05; **P < 0.01

CH4 pH EC DOC NH4
+ NO3

− Fe3+ Fe2+

CH4 1 −0.34* −0.69** −0.72** 0.86** 0.25 −0.22 −0.16
pH 1 −0.16 −0.13 −0.48** 0.14 0.68** 0.09
EC 1 0.93** −0.65** −0.26 −0.19 0.22
DOC 1 −0.55** −0.40** 0.02 0.44**
NH4

+ 1 0.08 −0.12 0.03
NO3

− 1 −0.02 −0.35*
Fe3+ 1 0.67**
Fe2+ 1
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change, the Chao1 index decreased from 350.27 to 229.26. 
It is worth noting that the richness of archaeal communi-
ties in H1 soils was significantly lower than that in H2 and 
H3 soils, regardless of the addition of salt. Comparing the 
Shannon and Simpson indices, we found that increased 
salinity reduced the diversity of archaeal communities in 
soil (Fig. 3b and c).

Community structure of methanogenic archaea 
at the genus level

As salinity increased, the relative abundance of methano-
genic archaea was significantly reduced and the dominant 
archaea were changed (Fig. 4). The relative abundance of 
Methanobacterium increased by 8.71% (H1), 2.03% (H2), 

Fig. 2   The community compo-
sition of archaea at order level
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Fig. 3   Alpha-diversity of 
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and 13.90% (H3), respectively, with the increase of salin-
ity. Affected by salinity, the relative abundance of meth-
anogenic archaea decreased the most in H1 soil (from 
65.65 to 30.87%). Among them, the genus of Methanosar-
cina changed most drastically, and its relative abundance 
decreased from 41.88 to 0.31%. In H2 soil, salinity reduced 
the relative abundance of methanogenic archaea from 75.25 
to 46.93%. Among them, the relative abundance changes of 
Bathyarchaeia (decreased from 42.31 to 18.53%) and Meth-
anosaeta (decreased from 10.43 to 0.48%) were the most 
significant (Fig. 4). However, salinity had the least effect on 
the relative abundance of methanogenic archaea in H3 soil, 
reducing the relative abundance of methanogenic archaea 
from 76.09 to 62.60% (Fig. 4). The relative abundance of 
Methanosaeta decreased most obviously, with a decrease 
of 16.62%.

The relationship between archaea and soil 
physicochemical properties and CH4 emissions

Redundancy analysis (RDA) was used to evaluate the influ-
ences of soil physicochemical factors on archaeal commu-
nities at the order level (Fig. 5). The first and second axes 
explained 58.53% and 28.38% of the variance in archaeal 
community composition, respectively. The first axis was 
positively correlated with NH4

+ and NO3
− concentrations 

and negatively correlated with pH, DOC, and Fe2+ con-
tents. The second axis was positively correlated with pH 
and NO3

− and negatively correlated with NH4
+, DOC, and 

Fe2+ concentrations (Fig. 5). DOC and NH4
+ contents had 

a significant effect on the archaeal community composition 
(P < 0.05). We observed the positive correlation between 

Methanosarciniales and NO3
− concentrations and Bathyar-

chaeia and NH4
+ concentrations. This suggests that archaeal 

community was influenced by soil inorganic nitrogen.
To reveal the impact of environmental variables on genus-

level archaea, we plotted a heatmap of correlations between 
archaeal at the genera level (top 15) and physicochemical 
properties (Fig. 6). Bathyarchaeia, Methanomassiliicoc-
cus, Candidatus_Methanoperedens, and NH4

+ concentra-
tions were significantly positively correlated (P < 0.05). 
Methanosarcina and NO3

− concentrations had a significant 
positive correlation (P < 0.05). Methanocella was negatively 
correlated with EC (P < 0.05) and DOC (P < 0.01) signifi-
cantly. Rice_Cluster_II had a significant negative correlation 
with soil pH (P < 0.01). Methanobacteriaceae (P < 0.01) 
and Rice_Cluster_I (P < 0.05) were significantly negatively 
correlated with Fe2+ concentrations. There was a significant 
negative correlation between Fe3+ concentration and Shan-
non index (P < 0.05). Methanomassiliicoccus was signifi-
cantly positively correlated with CH4 emission (P < 0.05).

Discussion

Salinity reduced CH4 emissions

Our study has shown that salinity suppressed CH4 emis-
sions, which is consistent with the findings in Cumberland 
Marsh Preserve (Dang et al. 2019). However, the inhibitory 
effects of salinity were different in the three habitat soils. 
Salinity reduced CH4 emissions by 33.67~97.82% (H1), 
0.48~89.26% (H2), and 18.68~87.97% (H3), respectively. 
This may be influenced by multiple effects of wetland 

Fig. 4   The distribution of 
methanogenic archaeal genera
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habitat, soil characteristics, and microbial community 
(Alves et al. 2022; Luo et al. 2022; Zhang et al. 2023). It 
is worth noting that a low concentration of salinity (1%) 
did not have a significant effect on CH4 emissions in H2 
soil, which is consistent with the results in mangrove wet-
lands (Konnerup et al. 2014). In H1 soil, the four salinity 
treatments all significantly inhibited CH4 emissions. This 
may be related to lower microbial community richness and 

diversity in H1 soils (Table 1). In this study, CH4 emis-
sion was significantly correlated with soil DOC and NH4

+ 
contents (P < 0.01). This is because CH4 emission is con-
trolled by substrate availability (Yuan et al. 2018a). In 
addition, CH4 flux was mainly produced by methanogenic 
archaea and consumed by methanotrophs. The metabolic 
activity of these microorganisms is an important factor 
affecting CH4 emission (Lai 2009).

Fig. 5   Redundancy analysis 
(RDA) of soil physicochemi-
cal characteristics and archaeal 
communities at order level

Fig. 6   Heatmap of archaeal 
at genus level (top 15) and 
environmental variables based 
on Pearson’s correlation. *P < 
0.05; **P < 0.01
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The effect of salinity on archaeal community

The alpha diversity of methanogenic archaea decreased 
significantly with the increase in salinity (Zhang et al. 
2019). Similarly, salinity reduced the richness and diver-
sity of soil archaeal communities in this study. Charac-
terization of archaeal communities using high-through-
put analysis revealed that elevated salinity significantly 
reduced the relative abundance of Methanosarciniales and 
Bathyarchaeia, which indicated that these two methano-
gens were less resistant to high salinity. They were found 
and dominated in paddy soils and marine sediments (Yuan 
et al. 2018b; Romano et al. 2021).

The relative abundance of Methanobacterium belong-
ing to the order of Methanobacteriales increased under 
the salinity treatment. Methanobacterium is a salt-tolerant 
methanogen that is found to live in estuarine wetlands 
even in areas of high salinity (Mori and Harayama 2011; 
Chen et al. 2020b). The genus of Methanosarcina can use 
H2/CO2, acetic acid, and methyl substances as substrates 
to produce CH4 (Youngblut et al. 2015; Lyu et al. 2018). 
The inhibitory response of this genus to salinity was most 
evident in H1 soil. However, the genus of Methanos-
aeta belonging to the same order of Methanosarciniales 
was not detected in H1 soil. In H2 and H3 soils, salin-
ity decreased the relative abundance of Methanosaeta. 
Different from Methanosarcina, Methanosaeta can only 
use acetate to produce CH4 (Mori et al. 2012). Previous 
research results have shown that the relative abundance of 
Bathyarchaeia was positively correlated with CH4 emis-
sions (Cui et al. 2019). The relative abundance of Bath-
yarchaeia in H2 soil (18.53~42.31%) was higher than that 
in H3 soil (7.68~13.44%) and H1 soil (1.25~3.52%). This 
could partly explain why CH4 emissions were higher in 
H2 soil than those in H3 and H1 soils. Bathyarchaeia is 
widespread in deep-sea sediments and peatlands (Cui et al. 
2019; L. Bräuer et al. 2020). However, high salinity inhibits 
the growth of Bathyarchaeia (Kallistova et al. 2020). The 
same result was obtained in this study. This may be because 
salinity affects the energy costs (associated with osmoregu-
lation) and metabolic pathways of Bathyarchaeia, acting 
as an evolutionary barrier leading to the diversification of 
Bathyarchaeota (Fillol et al. 2016). Methanomassiliicoccus 
is a methylotrophic methanogen that is widely distributed 
in rice fields and wetlands (Söllinger et al. 2016; Lyu et al. 
2018; Lu et al. 2022). In the present study, Methanomassili-
icoccus was significantly positively correlated with CH4 
emissions (P < 0.05), which was consistent with the results 
in rice fields in Hunan Province, China (Lu et al. 2022). 
However, there were inconsistent results in other regions 
(Jiang et al. 2022; Luo et al. 2022).

The relationship between archaea and soil 
characteristics

In this study, archaeal community characteristics were 
affected by soil pH, DOC, NH4

+, NO3
−, and Fe2+ concentra-

tions. In general, a slightly alkaline environment is suitable 
for the growth of methane archaea (Malyan et al. 2016). The 
relative abundance of Methanobacteriales was positively 
correlated with pH, which was consistent with studies at pH 
9.0 and 9.5 (Rao et al. 2018). However, Rice_Cluster_II, 
which prefers low hydrogen, was significantly negatively 
correlated with pH (P < 0.01). Rice_Cluster_II is widely 
present in acidic rice fields, and the change of pH could 
affect its metabolic pathways (Luo et al. 2022). In this study, 
Methanocella was significantly negatively correlated with 
DOC concentration and some other methanogenic archaea 
had weaker negative correlations with DOC, which might 
be due to the development of methanogenic archaea in tight 
association with the consumption of DOC. After the incu-
bation, soil DOC content decreased by 20.87~97.71%. In 
addition, DOC can promote the utilization of CH4 by meth-
anotrophs (Lew and Glińska-Lewczuk 2018). The same 
result was also found in rice fields (Luo et al. 2022). NH4

+ 
was significantly positively correlated with Bathyarchaeia, 
Methanomassiliiccus, and Candidatus_Methanoperedens (P 
< 0.05). Among them, Candidatus_Methanoperedens was 
only detected in H2 soil. This genus is an anaerobic metha-
notrophic archaeon that oxidizes CH4 to CO2 and reduces 
NOX

− to N2 and NH4
+ (Ettwig et al. 2016; Chen et al. 2021). 

In this study, Fe3+ decreased the archaeal community diver-
sity. Besides, Fe2+ concentration was significantly negatively 
correlated with the relative abundance of Methanobacte-
riaceae and Rice_Cluster_II (P < 0.05). This revealed a cor-
relation between iron and CH4 emissions. Under anaerobic 
conditions, iron can promote decomposition of soil organic 
matter (Chen et al. 2020a). Methanogenic archaea can anaer-
obically degrade microscopic organic matter into CH4 (Cai 
et al. 2019).

Conclusion

High salinity (5%) significantly suppressed CH4 emis-
sion, reducing by 97.82% (H1), 89.20% (H2), and 87.97% 
(H3), respectively. Low salinity (1%) showed a significant 
inhibitory effect on CH4 emission in H1 and H3 soils, but 
had no significant effect in H2 soils. In addition, salinity 
decreased the relative abundance of methanogenic archaea 
and changed the community structure. Specifically, salin-
ity had a promoting effect on Methanobacterium, while an 
inhibitory effect on Bathyarchaeia and Methanosaeta. The 
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response of Methanosarcina to salinity was different in the 
three habitat soils. Soil pH, EC, DOC, and NH4

+ concentra-
tions were significantly correlated with the characteristics 
of the methanogenic archaeal community, thereby affecting 
CH4 emissions.
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