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ARTICLE INFO ABSTRACT

Handling Editor: Jan Willem Van Groenigen Methane (CH4) uptake in dryland ecosystems is a pathway in mitigating atmospheric CH4 concentrations. A
number of studies have demonstrated that nitrogen availability is a key regulator of the CH4 oxidation process.
However, how plants mediate soil CH4 oxidation in response to N addition, particularly in saline-alkaline
grasslands in the vast regions of the northern China, has received little attention. We conducted a 3-yr
(2017-2019) in-situ experiment with eight N addition levels to examine the effect of N on soil CH4 oxidation,
and to explore the linkages between the N-induced changes of plant community and the seasonal dynamics of
CH4 in a saline-alkaline grassland.

We found that the saline-alkaline grassland was a weak CHy4 sink displaying nonlinear CH4 uptake levels in
response to N additions, possibly due to the nonlinear changes in the abundance of key functional genes (pmoA)
that were responsible for CHy4 oxidation. The changes in plant productivity and diversity that were induced by N
additions explained 21 % of the variations in CH4 uptake. The N-induced increase in productivity indirectly
enhanced CH4 uptake at N addition rates of <10 g m~2 yr !, while the decrease in biodiversity indirectly
inhibited CH4 uptake when N addition exceeded 10 g m~2 yr~!. The N-induced changes in the plant community
can affect CH4 uptake, mainly through the rhizospheric effects of plants. In conclusion, our findings underscore
the importance of rhizosphere when assessing the CH, uptake in saline-alkaline grassland ecosystems.
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1. Introduction

Biological methane (CH4) oxidation is the second largest sink after
atmospheric photochemical reactions in the troposphere, and dry soils
absorb 30 (11-49) Tg CH4 yr*1 (Tian et al., 2016) due to the presence of
methanotrophic bacteria, which consume methane as an energy source.
Studies have demonstrated that the soil nitrogen (N) availability is an
important factor that regulates CH4 oxidation in soil profiles (Bodelier
and Laanbroek, 2004, Aronson and Helliker, 2010, Peng et al., 2019,
Chang et al., 2021) and have revealed the mechanisms of CH4 uptake as
a function of N level (Fig. 1). Low levels of N addition stimulate CHy4
uptake in soils (Ma et al., 2020) by increasing methanotrophic growth

and enzyme synthesis, whereas high N levels decrease CH4 uptake due to
competition between NH; and CH, for methane monooxygenase (MMO)
and the toxic effect of NH on methanotrophs (Peng et al., 2019). Most
of these studies were performed on acidic and near neutral soils. How-
ever, the total area of understudied saline-alkaline soils account for 10 %
of the global land area and covers approximately 1.17 x 107 km?
(Hassani et al., 2020); consequently, an understanding of how N levels
affect CHy4 uptake in saline-alkaline soils is crucial to the atmospheric
CH4 budget.

Salinity can affect methane oxidation in several ways (Fig. S1). Setia
etal. (2011) reported that exchangeable Na™ replaced Ca?* and Mg?" to
produce soil poor aggregates and increased the dispersion of clay
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Fig. 1. Schematic representation of the influence mechanism of N enrichment indirectly affecting CH4 oxidation by changes in plant community.

particles in alkaline soils, which thereby increased the oxygen avail-
ability and the level of CH,4 oxidation in soils. High salinities decreased
soil CH4 oxidation due to increases in cell osmotic stress and ion toxicity
(primarily Na* and CI), decreased the metabolic activity of methano-
trophs (Yan and Marschner, 2013) and enzyme activity (e.g., MMO)
(Pathak and Rao, 1998) and altered the community composition of
methanotrophs (Deng et al., 2017). High pH levels (e.g., 7.5 to 10)
reduced MMO activity (Chen et al., 2013), while pH values across cell
membranes affected the cell membrane potential differences (Burck-
hardt et al., 1992) and affected many reactions and the substrate
transport of methanotrophs. However, how the N-induced changes in
soil salinity and pH affect soil CH4 oxidation is still unclear.

High salinity decreases plant growth, root penetration and microbial
activity because of the lowered water availability caused by high os-
motic potential of soil solutions (Marschner, 1995). Thus, low soil
organic matter deposition and decomposition rates result in low avail-
able N in saline-alkaline soils (Wang et al., 2014). Long-term and high-
intensity N inputs caused soil acidification due to the loss of basic metal
ions with nitrate leaching (Tian and Niu, 2015, Chen et al., 2019).
Decreased soil pH inhibited methanotroph activities in neutral or acidic
soils but promoted these activities in saline-alkaline soils (Taumer et al.,
2020). Therefore, the effects of N additions on CH4 uptake would differ
between saline-alkaline and nonsaline-alkaline soils. However, there is a
lack of in situ research results as supporting evidence.

N additions increase plant coverage and biomass but decrease plant
diversity (Kimmel, et al., 2020). N-induced changes of plant community
also affect the activity of methanotrophs (Zhang et al., 2019) due to
changes in soil temperature and moisture (Aalto et al., 2013) and the
interactions among plants and soil microorganisms through changes in
root exudates (Huang et al., 2014, Chen et al., 2020a, Moreau et al.,
2019). However, the activities of methanotrophs should be independent
of plant production since they are autotrophic microorganisms, and
their survival does not depend on the products of photosynthesis; thus,
the majority of studies have been devoted to assessing the impact of soil
environmental factors on CH4 oxidation rates and methanotrophs in
nonsaline-alkaline soils. They found that plants did not affect the CHy
oxidation process (Lafuente et al., 2019, Zhang et al., 2019, Kou et al.,
2021). In contrast, some studies have reported that the interactions
among plants and microorganisms increased under adverse conditions
(Hu et al., 2018, Willams and de Vries, 2019), as plants and

microorganisms formed mutual relationship through plant rhizosphere
actions to resist adversity, because plants can provide food for micro-
organisms and microorganisms may mobilize mineral-bound phos-
phorus for plants through chelation, complexation and solubilization
processes (Trivedi et al., 2020, Liu et al., 2020). With N addition, the
plant root traits and the quantities and chemical compositions of root
exudates are likely to change (Zhalnina et al., 2018), which may affect
methanotrophs by changing the soil permeability and allelopathy.
Consequently, we hypothesized that the alterations in the plant com-
munity that are induced by N additions would mediate the effects of N
additions on CH4 uptake in saline-alkaline soils.

To determine the effects of N levels on CHy fluxes and the underlying
mechanisms, we designed a field experiment which used a gradient of
eight N levels in an inland saline-alkaline grassland in the Loess Plateau
of northern China and measured the in-situ CH4 fluxes during three
consecutive growing seasons between 2017 and 2019. Our objectives
were to determine (i) the relationship between the CH4 fluxes and added
N levels and (ii) whether the changes in the plant community induced by
N additions regulated CH,4 uptake in a saline-alkaline grassland.

2. Materials and methods
2.1. Study site

The study site was in a saline-alkaline grassland at the Youyu Loess
Plateau Grassland Ecosystem Research Station (E112°19'39.6",
N39°59'48.5”, 1348 m above sea level), Youyu, Shanxi Province, China.
The mean annual temperature is 4.6 °C, and the mean annual precipi-
tation is 425 mm (1991-2019). During the study, the mean air tem-
peratures during the growing seasons (e.g., May to October) in 2017,
2018 and 2019 were 15.4 °C, 14.6 °C and 15.2 °C, respectively, and the
rainfall was 356, 489 and 269 mm, respectively (Fig. S3). The soil pH in
the topsoil layer (0-10 cm) was 9.0-9.8, and the salinity was 1.44-3.90
g kg1, with Na*, HCO3 and SO% being the main ions (Chen et al.,
2020b). Soil bulk density in top soil (0-10cm) was 1.31-1.37 g cm™, soil
moisture was 16.1%-31.2%, and concentration of soil organic carbon,
total nitrogen and total phosphorus were 5.43+0.16, 0.80+0.16 and
0.3940.01 g kg'!, respectively. The soil was sandy clay loam consisting
of 19.3% clay, 24.5 gravel and 56.2% silt. The dominant plant species
were Leymus secalinus, Puccinellia distans and Saussurea amara. The study
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was conducted as part of the Global Change Network (GCN).
2.2. Experimental design

A randomized block design was used with six blocks, each with 8
plots (each 6 m x 9 m). Eight N levels, in the form of NH4sNO3, were
applied randomly in each block: 0 (Np), 1 (N1), 2 (N3), 4 (N4), 8 (Ng), 16
(N16), 24 (Nag) and 32 (N35) g Nm ™2 yr~! (Fig. S2). The N was added in
five equal doses during the growing season (e.g., the first week in May to
September). The required amount of NH4NOj3 for each treatment was
dissolved in 10 L of water (equivalent to 0.185 mm rainfall) and was
evenly applied over the entire plot. The control treatment received 10 L
of water without NH4NOs3.

2.3. CHy4 flux measurement

The CHy4 fluxes were measured during the 2017, 2018 and 2019
growing seasons by using the static chamber and gas chromatograph
method (Chen et al., 2017). In April 2017, a stainless-steel base frame
(40 cm x 40 cm) with water grooves was installed at 1 m from the edge
of each plot. During gas collection, a dark chamber of 40 cm x 40 cm x
40 cm was mounted on the base frame, and water was added to the
grooves to seal the connection between the static chamber and base. The
chamber was equipped with an electric fan to mix the air in the head-
space and was covered with a plastic film to minimize any fluctuations in
the internal air temperatures. To calculate the CH4 flux rates, four air
samples at equal time intervals (e.g., 0, 10, 20, and 30 min) were
collected every 2 weeks from 8:00 to 10:00 am (UTC/GMT + 8) from
each chamber. The air temperatures inside the chamber were continu-
ously recorded with an electric thermometer (JM224; Jinming Corp.,
Tianjin, China). Each air sample was collected in a 50-ml plastic syringe
fitted with a three-way stopcock connected to the chamber via a Teflon
tube and was stored in 100-ml plastic bags (Delin Tech, China). The gas
samples were analyzed using a gas chromatograph (Agilent GC-7890B;
Agilent Co., Santa Clara, CA, USA) within 7 days of collection.

The CH4 fluxes were calculated as:

F; = pi (V/A) (P/P,) (To/T) (dci/dy).

where F; is the flux rate, p; is the density under standard conditions, V
is the chamber volume, A is the bottom area, P is the air pressure, P, is
the standard air pressure, T is the air temperature, T, is the standard
temperature, and d¢;/d; is the CH4 accumulation growth rate (Wei et al.,
2015).

2.4. Measurement of biotic and abiotic factors

The air temperatures and precipitation amounts were recorded by a
weather station (HOBO U30-NRC; Onset Computer Co., Massachusetts,
USA), which was located at a distance of 20 m from the study site.
During gas collection, the soil temperatures (ST) and soil volumetric
water contents were recorded simultaneously with a TDR-300 probe
(Spectrum Technologies Inc., Plainfield, IL, USA).

The plant heights and coverages were measured in mid-August 2017,
2018, and 2019. To determine the aboveground biomass (AGB), all of
the biomass in a 0.2 m x 1 m quadrat was harvested according to species
and was divided into live matter and litter. The aboveground net pri-
mary productivity (ANPP) was determined from the harvested living
plant materials. To determine the belowground biomass (BGB) levels,
two soil cores each from the main distribution soil layers of the root
system in 0-10, 10-20 and 20-30 cm were collected from each quadrat
where the AGB was collected. An auger with a 10-cm diameter was used,
and two samples from each level were combined. Then, 100-mesh nylon
bags were used to clean and remove impurities and to obtain the BGB
samples. The in-growth core method was employed to determine the
below-ground net primary productivity (BNPP) (Gao et al., 2008) in
each soil layer. All aboveground and belowground plant samples were
dried at 65 °C for 72 h and were then weighed to determine the AGBs,
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BGBs, ANPPs and BNPPs. The Shannon-Wiener index was used to
determine the biodiversity of the plant community (Spellerberg, 2008).
The calculation methods are presented in the Supplementary
Information.

At the times of plant sampling, five random soil samples were
collected from the upper 10-cm of the soil by using a 5-cm diameter
auger in each plot, and each sample was mixed by the five soil cores. The
samples were combined and passed through a 2-mm mesh to remove
plant residues, visible roots, gravels and stones. Each soil sample was
separated into four subsamples. The first sample was air dried and
transported to the laboratory to measure the soil pH; the second sample
was stored at —80 °C for DNA extraction; the third sample was used to
determine the NH-N and NO3-N concentrations within 24 h; and the
fourth sample was stored at 4 °C for determinations of the dissolved
organic N (DON), microbial biomass carbon (MBC) and microbial
biomass N (MBN) levels.

The soil pH levels were determined by a pH meter (PHS-3C; INESA
Co., Shanghai, China), with a ratio of deionized water to soil of 2.5:1.
The ammonium acetate extraction method with an atomic absorption
spectrometer (AAS, Shimadzu, Kyoto, Japan) was used to determine the
soil cation exchange capacities. The soil bulk densities (BD) were
calculated from the dry soil weights contained in 100 cm® of intact soil
cores. The water-filled pore spaces (WFPS) were calculated by using the
soil volumetric water contents and measured bulk densities, with a
theoretical particle density of 2.65 g cm™ (Zhang et al., 2014). To
extract NH{-N and NO3-N, 100 mL of 2 mol/L KCl was added to 25 g of
soil and centrifuged at 220 rpm for 30 min, and the NHZ-N and NO3-N
concentrations were measured using a flow injection analyzer (Auto-
analyzer 3 SEAL, Norderstedt, Germany). The above extracts were
analyzed in a TOC (Total organic carbon) analyzer (Multi N/C 3100;
Jena, Germany) to determine the total dissolved N (TDN). The DON was
equal to the TDN minus the sum of NH4-N and NO3-N. The MBC and
MBN were determined as the differences between the dissolved C/N
concentrations in 100 mL 0.5 mol/L K3SO4 extracts of 25 g soils that
were either extracted directly for 30 min or fumigated with CHCl3 for 24
h prior to the 30 min 0.5 M KySO4 extraction and used Kgc and Kgy
factors of 0.45 and 0.50, respectively (Farrell et al., 2014). The extracts
obtained from the samples were measured for their MBC contents with
the TOC analyzer, while the MBN contents were determined with a flow
injection analyzer.

The abundance of the pmoA (the key functional gene controlling the
synthesis of particle MMO) gene in the soil samples collected in August
2019 was determined by wusing the primer pair A189f (5'-
GGNGACTGGGACTTCTGG-3')/Mb661r (5-CCGGMGC- AACGTCYT-
TACC-3') (Kolb et al., 2003). DNA extraction was conducted using a
FastDNA Spin kit (Qiagen Co., Hilden, Germany) with 0.25 g of soil. The
quality and quantity of the DNA were assessed through gel electropho-
resis with a Nanodrop ND-2000 UV-vis Spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA.). Then, the total gDNA was taken
for PCR/qPCR determinations, and the 20-pL reaction mixtures were
first connected to the T vector (InsTAclone PCR Cloning Kit, K1213,
Fermentas Inc.; Burlington, Ontario, Canada) and constructed the
standard product and standard curve [y = -3.08 log (x) + 38.98, R* =
0.99; the amplification efficiency was 112 %] was constructed. The
qPCR system was configured with 10 ul of qPCR Mix (SinoGene, Beijing,
China), 0.5 pl of forward/reverse primers (5 uM), 1 ul of DNA, and 8.5 pl
of ddH30, and the reaction was conducted on a quantitative PCR ma-
chine (Mx3000P, Stratagene; Agilent Co., Santa Clara, CA, U.S.A.). The
reaction program consisted of predenaturation at 95 °C for 2 min, 40
cycles of 95 °C for 20 s, annealing at 56 °C for 30 s, and extension at 60
°C for 45 s. The gene contents of each sample were determined ac-
cording to the standard curve.

The rhizosphere and bulk soil fractions were sampled in Mid-August
2020. The volume of 20 x 20 x 20 cm (depth) soils containing the root
system were collected (Hu et al., 2018), in each plot where the AGB were
harvested in each plot. In order to collect bulk soil, plants were shaken
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Table 1

Results (F value) of two-way repeated measures ANOVAs on the effects of ni-
trogen additions (N), experimental year (Y), and their interactions (N x Y) on
biotic and abiotic variables. *, ** and *** denoted p < 0.05, p < 0.01, p < 0.001,
respectively.

Variable

ST (°C)

Soil pH

WEFPS (%)
NHZ-N (mg kg™1)
NO3-N (mg kg ™)

DON (mg kg™) 3.28%* 11.66%** 2.21*
MBC (mg kg™1) 1.30 170.22%%* 1.51
MBN (mg kg™ 1) 0.79 92,23 1.30
MBC:MBN 2.68* 8.85%* 1.22
ANPP (g m’z) 3.76** 30.94%** 1.89%
AGB (g m~2) 2.50* 44.30%** 1.04
0-30 cm BNPP (g m %) 1.64 9,54 0.99
0-30 cm BGB (g m’z) 1.75 70.57%%* 1.74
BGB:AGB ratio 3.36%* 90.83* 2.00%
Coverage (%) 1.12 155.41* 3.08*
Shannon-Weiner index 4.07** 191.91%** 2.61**

vigorously by hand for 10 min, paying attention to the root’s integrity at
the same time (Barillot et al., 2013). Rhizosphere soil was afterwards
collected by using a small brush to remove the adhering soil of roots. The
bulk and rhizosphere soil samples were passed through a 2 mm mesh to
remove plant residue and visible roots, then the soil sample were
separated into two subsamples. One set of subsamples was air dried then
transported to laboratory to determine the soil pH. The second set of
subsamples was stored at —80 °C for DNA extraction and to determine
the pmoA gene abundance (same method as above).

2.5. Statistical analysis

All data are presented as the means + SE (n = 6), unless otherwise
stated. The data were tested for normality and homogeneity of variance
before analysis, and only the WFPS results conformed to a normal dis-
tribution were selected. The other data did not satisfy the assumptions of
normality and were subjected to ANOVA after normal transformations
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(logarithmic conversions). The effects of N level, year and their in-
teractions were analyzed by two-way repeated-measures ANOVA. The
built-in SPSS (SPSS version 22.0, SPSS Inc., Chicago, IL, USA) linear mix
model was used for multiple comparisons of the environmental factors,
vegetation characteristics, soil properties and CH,4 fluxes between
treatments to eliminate the random effects of replication (Tukey, p <
0.05) (Bolker et al., 2009). The response ratio (RR) of the soil CH4 up-
take to the level of N was calculated as follows:

y = In(x;/x.)where y is the RR and x; and x, represent the mean
values of the treatment and control, respectively (Hedges et al., 1999).
Linear and quadratic functions were used to fit the relationships among
biotic/abiotic factors and N levels, and the best fitting models were
selected using the Akaike information criterion (AIC) (SPSS version
22.0, SPSS Inc., Chicago, IL, USA). Redundancy analysis (RDA) was
applied to evaluate the relationships among the functional traits (pmoA
gene abundances and CH4 uptake rates) and environmental factors
(biotic and abiotic factors) by using the Vegan package in the R statis-
tical computing platform.

Structural equation models (SEMs) were generated to determine the
direct and indirect biotic and abiotic drivers of soil CH4 uptake, and the
theoretical basis of the influence path is shown in Fig. 1. Owing to the
collinearity among some variables, we conducted principal component
(PC) analysis to create a multivariate functional index before SEM
construction. The first component (PC1), which explained >60 % of the
total variance for these four groups, was then introduced as a new
variable to represent the combined group properties in the subsequent
analysis. The best fitting models were selected using the y? test, low root
square mean error of approximation (RMSEA), goodness-of-fit index
(GFI), comparative fit index (CFI) and AIC (Hooper et al., 2008). The
degree of model fit after adding or abandoning the path was evaluated
according to the above indices for each path selection or abandonment.
The SEMs used Amos version 23.0 (SPSS Inc., Chicago, IL, U.S.A.).

3. Results
3.1. Responses of biotic and abiotic factors to N levels

In 3 years of field experiment, nitrogen addition altered potential
influencing factors on methane fluxes. The nitrogen additions increased
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Fig. 2. Changes in soil temperature (a), water fill pore space (WFPS) (b), soil pH (c), BNPP (d), soil NHj-N concentration (d), soil NO3-N concentration (e), ANPP (g)
and Shannon-Wiener index (h) along the N addition rate, each point was mean of 2017, 2018 and 2019 growing seasons. Solid black lines indicate mean estimates

and the shaded areas in gray denote 95 % confidence intervals.



X. Chen et al.

Geoderma 429 (2023) 116235

® NO ® NI N2 A N4 B N8 H NI6 © N24 @ N32  Fig. 3. Seasonal variation of CHy flux under eight
levels N addition in 2017, 2018 and 2019 growing
()_( ) seasons (a), bars represent the means and standard
~ l g errors (n = 6). Linear mixed model results of treat-
= 54 Q ﬁ a2 ﬁ ® ’ ment effects on seasonal mean value of CH4 uptake
o uring 2017-2019 growing seasons and on pmoA
‘ d (b) and
.E -104 g ? ® a gene abundance in mid-August 2019 (d), different
= a T owercase letters denoted significant difference be-
2 ; ‘ 1 letters denoted significant diff b
® 151 1Y i?‘ ’ tween treatments (p < 0.05). NO, N1, N2, N4, N8,
é 1 N16, N24 and N32 represent the N addition rates of 0,
m‘f 2204 . 1,2,4,8,16,24,and 32 gN m2 year’l, respectively.
@) Relationship between the response ratio (RR) of CH4
25 B 1 uptake (mean of 2017, 2018 and 2019 growing sea-
sons) and N addition rate (c), and relationship be-
Jun Jul Aug Sep Jun  Jul  Aug Jun  Jul Aug Sep tween the RR of pmoA gene abundance and N
2017 2018 2019 addition rate in the mid-August 2019 (e).
= 154(b) a 0 2L©)  y=037-040 x 061006
& 2 R?=0.70, p <0.05
= ab g
~ T ~t
. c be be| =
=< c Q
s D
o =]
= <t> <> &
o 5 =4
Q
i i T N
d a g
@ = ( ) be s
S Z10/ <
i 2
5 be B
— [}
2, ab cd £
35 . “
BRI <
3 \E
§ E @ &
g2 5
- o
0 B S— ‘ . :

Ny N, N, N, Ny Njg Ny Ny, 24 8

Treatments

the soil NH4-N, NO3-N, DON, MBC:MBN, AGB and ANPP (p < 0.05) but
decreased the BGB:AGB ratio and Shannon-Wiener index (p < 0.05)
(Table 1). All of the biotic and abiotic factors differed among years (p <
0.01), and the N addition affected interannual variation (N level x year
interaction) in soil NHZ-N, NO3-N, DON, ANPP, ANPP:BNPP ratio, plant
coverage and Shannon-Wiener index (p < 0.05).

The biotic and abiotic factors changed along nitrogen addition levels.
The soil temperatures (Fig. 2a) and pH (Fig. 2¢) and Shannon-Wiener
index (Fig. 2h) decreased by 0.04°C, 0.01 and 0.008, respectively, with
each increase of 1 g N m 2 yr~ ! (Table S1). The soil NO3-N (Fig. 2f)
concentrations increased by 1.24 mg kg~! with each increase of 1 g N
m~2yr~! (Table S1). The soil NHf-N (Fig. 2€), ANPP (Fig. 2g), 0-30 cm
BNPP (Fig. 2d) and soil exchange capacity of soil Ca®* (Fig. S4c) first
increased initially with an increased N addition rate, while they
exhibited slight downward trends when the N addition rates were >24 g
N m~2 yrfl. The N levels had no effects on the WFPS (Fig. 2b) or the
exchange capacity of soil Na™ (Fig. S4a), K* (Fig. S4b), or Mg>"
(Fig. s4d).

3.2. Responses of CH4 uptake rates and pmoA gene abundance to N levels

The saline-alkaline grassland was a weak atmospheric CH4 sink
(Fig. 3a). The mean uptake rate was 6.54 + 0.16 pg m2h ! in the control
(No) plots, with a range of 3.30 + 0.26 to 16.27 =+ 3.20 pg m2h ! in all

16

24 32

N addition rate (g N m™ year™)

plots (Fig. 3b). The mean CH4 uptake rate of Nj¢ was significantly higher
than those of Ng (35.0 %), N7 (60.6 %), N5 (38.4 %), Ng (35.6 %), Noy
(23.3 %), and N3z (41.3 %) (p < 0.05), while those of N4 (38.2 %) and
Na4 (30.2 %) were higher than that of N;, whereas there were no dif-
ferences among the other treatments (p > 0.05) (Fig. 3b). Nitrogen
promoted CHy uptake in the salinized grassland (CH4-RR values > 0)
(Fig. 3c) and the correlation between CH4-RR and N additions was best
expressed by a peak function (Table S2), where the CH4-RR peaked at
10.12gN m 2 yr‘1 (Fig. 3c). The effects of added N amounts on CHy
uptake and the correlation between CH4-RR and N additions in each
observation year are presented in Fig. S5.

The abundances of pmoA gene, which is the key functional gene
controlling the methane oxidation process varied from 1.83 + 0.23 x
10° to 4.59 + 0.92 x 10° copies g~! dry soil (Fig. 3d). The pmoA gene
abundance in N3 was higher than that in N (42.55 %), Ng (80.00 %), N1¢
(24.05 %), Nog (150.82 %), and N33 (132.99 %), and that in N; was
higher than those in Ng (49.02 %), N24 (107.65 %) and N33 (92.89 %); N4
was higher than those in Ng (35.69 %), N24 (89.07 %) and N35 (75.63 %);
and N3¢ was higher than that in N24 (102.19 %) (p < 0.05). The cor-
relation between pmoA-RR and N addition rates was best expressed by a
polynomial equation (Table S2). N additions increased the pmoA gene
abundances (pmoA-RR value > 0) when the N addition rates were <6.75
g m~2 yr~!, while they decreased the pmoA gene abundances (pmoA-RR
value < 0) when the N addition rates were >6.75 g m2 yr’1 (Fig. 3e).
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3.3. Effects of biotic and abiotic factors on CH4 uptake

Redundancy analysis (RDA) results revealed that the abiotic and
biotic factors explained 39.76 % and 5.38 % of the variations of pmoA
gene abundance and CH4 uptake on the first and second axes, respec-
tively (Fig. 4a). The soil NO3-N (R? = 0.25, p < 0.01); NH-N (R? = 0.20,
p < 0.01); pH (R? = 0.12, p < 0.05) and soil temperature (R? = 0.10, p <
0.05) were the major drivers of the pmoA gene abundances and CHy4
uptake rates (Fig. 4b). However, the effects of abiotic and biotic factors
on pmoA gene abundances and CHy4 uptake rates were not consistent.
The AGB, ANPP, BGB, BNPP, MBC: MBN, NH -N and NO3-N, which have
longer projection on the CH4 uptake arrow have stronger positive cor-
relations with CH4 uptake, whereas soil temperature, pH, and
exchangeable Na* have stronger positive correlations with the pmoA
gene abundances.

According to the relationship between CH4-RR and N levels (Fig. 3c),
we can divide N addition into two scenarios: low nitrogen (<10 g N m~2
yr 1) and high nitrogen (>10 g N m~2 yr 1) additions. And the struc-
tural equation model analyses suggested the biotic and abiotic drivers of
CH4 uptake under all treatments, low and high N additions (Fig. 5).
Under all treatments, the nitrogen additions induced changes in root
activity, and the soil environmental factors promoted CHy4 uptake, while
the changes in microbial biomass C and N decreased the CH4 uptake
levels (Fig. 5a). Although the direct positive effects (path coefficient =
0.27) and indirect negative effects (path coefficient = -0.24) of vegeta-
tion on the CH,4 uptake levels nearly offset each other, combined changes
of vegetation and roots explained 21 % of the CH4 uptake changes
(Fig. 5b). Under the scenario of low N addition, the N-induced changes
in the soil pHs and soil NO3-N concentrations directly promoted CHy4
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uptake, and the plant productivities indirectly promoted CH4 uptake,
while the changes in microbial biomass C and N directly inhibited CH4
uptake (Fig. 5¢). Increased plant productivity levels explained 14 % of
the variations in CH4 uptake (Fig. 5d). Under the scenario of high N
addition, decreased pH promoted while the changes in microbial
biomass C and N inhibited CH4 uptake (Fig. 5e). The N addition induced
decreased plant biodiversity indirectly inhibited CH4 uptake (Fig. 5e)
and explained 16 % of the variations in CH,4 uptake (Fig. 5f).

3.4. N-induced rhizospheric effects on pmoA gene abundance

To ascertain the influences of plant community characteristics on soil
CH4 oxidation, we further analyzed the rhizospheric effect on soil pH,
inorganic N concentration and pmoA gene abundance. The result
showed that soil pH in the rhizosphere soils were approximately 0.6
units lower than that in the bulk soils, and the soil pH of rhizosphere
soils decreases faster (2 times, the slopes were —0.02 vs —0.01) than
bulk soils with the increasing N addition (Fig. 6a). While the inorganic N
concentration in rhizosphere soils were higher than bulk soils and the
inorganic N concentration in rhizosphere soils increases faster (4 times,
the slopes were 2.86 vs 0.67) than bulk soils with the increasing N
addition (Fig. 6b).

Rhizospheric effects of salinized grassland on soil pH and inorganic N
concentration then affect the response of pmoA gene abundance to N
addition. According to the relationship between pmoA-RR and N levels
(Fig. 3e), we divided N addition into low and high N additions with the
critical value was 7 g N m~2 yr L. High N addition decreased pmoA gene
abundance in rhizosphere and bulk soils by 51 % and 61 %, respectively
(Fig. 6¢). Rhizospheric effects significantly increased pmoA gene abun-
dance under low N addition by 54 %, while had no impact under high N
addition.

4. Discussion
4.1. Low CHy uptake rates in saline-alkaline soil

The CH4 uptake level for the saline-alkaline grassland, 6.54 pg m’
2h~1, was lower than that of nonsaline grassland (soil pHs ranged from
7.1 to 7.6), which ranged between 20.8 and 71.5 pg m2h ! for a typical
steppe (Li et al., 2018), shortgrass steppe (Mosier et al., 2003), alpine
steppe (Wei et al., 2014) and montane grassland (Unteregelsbacher
et al.,, 2013). The CH4 uptake of the saline-alkaline grassland was
comparable to the values determined under some extreme climatic
conditions or for soils with severe acidification. For example, the CH4
uptake rate was only 10.5 pg m2h~! in a temperate desert with limited
precipitation (216 mm) (Yue et al., 2019), 12.1 pg m2h~! in an alpine
meadow with low air temperatures (-5.2°C) (Chen et al., 2017), and
~5.45 pg m2h~! in a forest plantation with a soil pH of 4.3 (Li et al.,
2015). The pmoA gene abundance (copies g~ dry soil) in saline-alkaline
soil was 3.22 x 10°, which was lower than the range between 9.0 x 10°
and 2.2 x 107 determined for tropical forest soils with pHs from 5.21 to
7.53 (Bhardwaj and Dubey, 2020) and was considerably lower than the
range between 2 x 107 and 12 x 107 that was determined for an alpine
steppe with a pH of 8.46 (Peng et al., 2019). Thus, the key functional
gene abundances explain the low CH4 uptake rates in the saline-alkaline
grassland: salinization inhibits the activity of methanotrophs.

4.2. Mechanisms of unimodal CH4 uptake in response to increasing N
levels

Methanotrophs use CH4 as both an energy and carbon source and
absorb N from the soil (Biirgmann, 2011). The RRs of the pmoA gene
abundance were >0 with low N additions and were <0 with high N
additions, which explained the unimodal pattern of soil CH4 uptake in
response to increasing N levels. However, the N threshold for the RR of
CH,4 uptake was 10.12 g N m~2 yr! (Fig. 2¢) and that for RR of pmoA
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Fig. 5. Direct and indirect effects of vegetation characteristics, root dynamic, soil pH and microorganisms on CH,4 uptake under all treatments (a) (n = 144, R =
0.21, y* = 1.28, df = 8, P = 0.99, RMSEA = 0.00, AIC = 41.42, GFI = 1.00, CFI = 1.00), N addition rate of 0, 1, 2, 4and 8 g Nm > yr ' (¢) (n = 90, R> = 0.24, y* =
5.12, df = 7, P = 0.64, RMSEA = 0.00, AIC = 47.18, GFI = 0.98, CFI = 1.00), and 16, 24 and 32 g N m2 yr7l (e) (n = 54, R? = 0.29, Xz =4.5,df =6, P =0.61,
RMSEA = 0.00, AIC = 48.49, GFI = 0.98, CFI = 1.00). Single-headed arrows indicate the hypothesized direction of causation. Red and black solid arrows indicate
positive and negative relationships, respectively. Dash arrows indicate insignificant relationship. The arrow width is proportional to the strength of the relationship.
Multiple-layer rectangles represent the first component from the PC analysis (Table S3). Standardized direct and indirect effects of biotic and abiotic factors on CHy
uptake under N addition rate from 0 ~ 32 g m2 yr’1 (b),0~8(<10) g m~2 yr’1 (d) and from 16 ~ 32 (>10) g m2 yr’1 (f). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

gene abundance was 6.75 g N m ™2 yr ! (Fig. 2e). In addition, the RDA
results illustrated that the pmoA gene abundances had a small projection
on the CHy4 uptake rate arrow (Fig. 4a), which indicated that the func-
tional gene changes could not fully explain the changes in CH4 flux in the
saline-alkaline grassland.

The soil temperature, WFPS and soil pH are important environmental
factors that drive methanotrophs (Zhang et al., 2020, Kou et al., 2020).
We attributed the soil exchangeable Na™ to be a key factor in saline-
alkaline soil (Fig. S1). In the present study, the N-induced soil acidifi-
cation promoted CH,4 uptake either with low (Fig. 5d) or high (Fig. 5) N
additions. Although the soil temperature exhibited significant decreases
with N enrichments (Fig. 2a), their effects on CH4 uptake were limited,

which indicated that the methanotrophs were not sensitive to small soil
temperature changes (~1°C) in the temperate region. The N additions
had no effects on the soil exchangeable Na™ (Fig. S3a) or WFPS (Fig. 2b);
consequently, they were not involved in the regulation of CH4 uptake.

The rate of increase of NO3-N in the soil was faster than that of NHZ-
N with increasing N addition levels (Fig. 2e, f). Although NHj-N is
generally considered to be the N source for methanotrophs, NO3-N can
be used when microbes experience N starvation (Rigler and
Zechmeister-Boltenstern, 1999; Schimel and Weintraub, 2003). In
addition, the NO3-N concentration, as a potential alternative electron
acceptor, was a key factor in the CH4 oxidation process (Kolb, 2009).
Therefore, increasing the NO3-N concentrations promoted CH,4 uptake
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(Fig. 5d, D).

The MBC:MBN ratios can indicate changes in the microbial com-
munity (Paul, 2007) and N competition among microbes (Wild et al.,
2017). In the present study, high N addition levels were associated with
higher MBC:MBN ratios than low N addition levels (the mean of Ny, Ny,
N,, N4 and Ng was 6.53 and that of Nig, Noy and N3, was 8.02). The
methanotroph community in saline-alkaline soils may change, as alka-
liphilic methanotrophs belong to a specific flora (Reddy et al., 2020).
Kolb (2009) reported that excessive N amounts converted methano-
trophic communities to methanol-utilizing communities, so the ability
of soil CH4 oxidation decreased with high N additions. However, in the
absence of changes in the microbial community, high MBC:MBN ratios
increased the microbial N demand and promoted other microbes to
compete for the soil available N with methanotrophs, which decreased
the CHy4 uptake (Fig. 5d, f).

4.3. Regulation of methane by plant community changes

The impacts of plant community changes on the soil CH4 uptake
levels in upland ecosystems have rarely been studied. Because meth-
anotrophs use CH, as both an energy and carbon source and unlike other
soil microbes that are usually easily decomposable in carbon-limited
soils, N-induced increases in plant carbon inputs may have little
impact on soil CH4 uptake. However, plants subjected to biotic and
abiotic stresses (e.g., under high salinity and pH stress) can induce
changes in transcriptomics and metabolomics, which result in changes
of root and leaf exudates (Liu et al., 2020). These exudates, including
flavonoids (Hassan and Mathesius, 2012), coumarins, triterpenes
(Huang et al., 2019) and aromatic compounds (Schulz-Bohm et al.,
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2018), affect the microbiome. The changes in plant exudates altered the
plant-associated microbial community (Gu et al., 2020) and, most likely,
the methanotrophs.

The structural equation model analysis showed that the pathway of
either high (Fig. 5c) or low (Fig.5e) N-induced changes in plant biomass
or diversity affected soil temperature and moisture (physical pathways).
The pathway did not affect the methane oxidation process, as was hy-
pothesized (Fig. 1). These responses indicated that the rhizospheric ef-
fect (chemical pathway) is the main pathway of N-input-plant-
methanotrophs interaction.

As the soil pH decreased with increasing NO3-N concentrations,
which is the main N source for plants in soils lacking NH-N (Chen et al.,
2021), the N-induced increase in NO3-N promoted plant productivity.
This can increase the quantities of substrates that are easily decomposed
by microorganisms (Pichon et al., 2020) and can alleviate the soil
available N competition between other microorganisms and methano-
trophs. Therefore, the increased productivity indirectly promoted CHy4
uptake (the standard effect from SEM was 0.14, p < 0.05) by influencing
the microbial community with low N addition levels (<10.12 g N m ™2
yr~1). With high N addition levels (>10.12 g N m~2 yr™1), the plant
biodiversity (Shannon-Wiener index) decreased (Fig. 2h), which resul-
ted in nitrophillous plants (e.g., Gramineae) dominating the plant
community (Chen et al., 2021), which is detrimental to the microbial
community (Zak et al., 2003), including methanotrophs, due to the N
competition among plants and microbes and the simplification of root
exudates. Consequently, the decreased plant biodiversity had an indirect
negative effect on CH4 uptake. Another possible scenario is that the
plant biodiversity mediates the chemistry of plant litter and root exu-
dates, which promotes the activities of microorganisms (Hassan et al.,
2019).

Another possible mechanism was that the rhizosphere was the hot
spot for plant-microbe interactions, in which the impact on methano-
trophs was mediated by allelopathic effects and acidification of root
exudates (Carvalhais et al., 2015, Lombardi et al., 2018, Wang et al.,
2016). In this current study, the big differences of soil pH, inorganic N
concentration and pmoA gene abundance between rhizosphere and the
bulk soils was found (Fig. 6) and should be crucial for CH4 oxidation
process. Therefore, the root dynamics had a significant effect on CHy
uptake (standard effect from SEM was 0.18, p < 0.05) when all treat-
ments were considered in the SEM analysis. The RDA also confirmed
that the root productivity positively affected CH4 uptake (Fig. 4a).
However, the response pattern of plant rhizosphere exudates with
increasing N additions is not yet clear, and which exudates impact
methanotrophs is also unknown. In-depth research on root exudates-
methanotroph interactions is required in the future.

5. Conclusions

The saline-alkaline grassland was a weak CH4 sink. A unimodal
pattern of CH4 uptake in response to increased N addition gradients was
found, with the N threshold triggering a peak at ~10 g m? yr’l. The
nitrogen addition-induced changes in plant productivity and diversity
indirectly affected the CH,4 uptake at low and high N levels, respectively.
The plants regulated (interpretation rate is 14 %-21 %) soil CHy4
oxidation in response to increasing N addition levels in a saline-alkaline
grassland probably attributed to the rhizosphere action on methano-
trophs due to the N-induced changes in root activity. Our results indicate
that studies on the underlying mechanisms of how the rhizospheric ef-
fects regulate methanotroph activity are needed in saline-alkaline
grasslands.
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