
Geoderma 428 (2022) 116206

Available online 22 October 2022
0016-7061/© 2022 Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Long-term artificial drainage altered the product stoichiometry of 
denitrification in alpine peatland soil of Qinghai-Tibet Plateau 

Yuechen Tan a, Yifei Wang a, Zhu Chen b, Mengying Yang c, Yu Ning a, Chunyan Zheng d, 
Zhangliu Du c, Roland Bol e,f, Di Wu c,* 

a Institute of Ecological Conservation and Restoration, Chinese Academy of Forestry, Beijing 100091, China 
b College of Agriculture, Guizhou University, Guiyang 550025, China 
c Beijing Key Laboratory of Biodiversity and Organic Farming, College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China 
d Hebei Key Laboratory of Soil Ecology, Center for Agricultural Resources Research, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, 
Shijiazhuang 050021, China 
e Institute of Bio- and Geosciences, Agrosphere (IBG-3), Forschungszentrum Jülich GmbH, 52425 Jülich, Germany 
f School of Natural Sciences, Environment Centre Wales, Bangor University, Bangor, LL57 2UW, UK   

A R T I C L E  I N F O   

Handling Editor: Daniel Said-Pullicino  

Keywords: 
Alpine peatland 
Rewetting 
N deposition 
Oxic to anoxic transition 
Production source 

A B S T R A C T   

Peatlands, which play a vital role in the global storage of carbon (C) and nitrogen (N), have been artificially 
drained worldwide over the last few decades. However, the effects of long-term artificial drainage on the soil N 
cycle and subsequent potent greenhouse gas emissions in peatland soils are not fully understood. In this study, we 
investigated the effect of drainage on soil properties, aboveground and belowground community compositions, 
and the N cycle-related functional gene abundances in the world’s largest alpine peatland (Zoige Peatland, 
Qinghai-Tibet Plateau), which has been artificially drained for the past 50 years. We further examined the 
different responses of soil-borne CO2, N2O, and N2 emissions to three successive “hot moment” events (rewetting, 
nitrogen deposition, and an oxic-to-anoxic transition) between the drained and natural alpine peatlands using a 
robotized continuous flow system under an He/O2 atmosphere. A markedly lower CO2 flux (34%) was observed 
in drained peatlands compared to natural peatlands, likely associated with the increased soil bulk density, plant 
species diversity, and microbial diversity in the former. The N2O emissions in the drained peatland were 45% 
lower than those in the natural peatland under oxic conditions, with the 15N-N2O site-preference (SP) value 
indicating a higher denitrification contribution in the drained peatland (57%) than in the natural peatland 
(42%). In contrast, under anoxic conditions, higher N2O emissions (52%), lower denitrification rates (20%), 
lower denitrification functional gene abundances (nirK: 34%; nirS: 19%; nosZ: 24%), and lower N2 emissions 
(36%) were observed in drained peatlands than in natural alpine peatlands. Molecular analyses further suggested 
that the different responses of N2O emissions might be driven by the reshaping of microbial communities, which 
are strongly affected by changes in the soil physicochemical properties. Our results indicate that drainage is 
unfavorable in terms of greenhouse gases (GHGs) emissions in peatlands and that rewetting the Zoige alpine 
peatlands should be considered as a smart option from a climatic perspective in the future.   

1. Introduction 

Peatlands are unique habitats that only cover approximately 3% of 
the global land area, yet hold approximately-one-third of the total global 
soil C (Wilson et al., 2016) and large stocks of organic N (Hugelius et al., 
2020). Unfortunately, during the last century, 10%–20% of the original 
peatland area has been drained for agricultural and industrial use 

(Maljanen et al., 2010). Serious concerns have been raised that such a 
disturbance could stimulate sequestrated C and N losses, as the soils are 
no longer protected by anaerobic conditions, and subsequently trigger 
carbon dioxide (CO2) and nitrous oxide (N2O) emissions, which may 
further accelerate global warming (Petrescu et al., 2015; Pärn et al., 
2018). Among the different greenhouse gases (GHGs), N2O is known to 
be an important peatland-related GHG owing to its large warming 
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potential, radiative efficiency, and ozone-depleting capacity (Bouwman 
et al., 2002; Ravishankara et al., 2009). Two key biochemical processes, 
nitrification and denitrification, control the N2O production in peatland 
ecosystems. Nitrifying bacteria produce N2O as a byproduct of NH3 
oxidation, whereas denitrifiers produce N2O as an obligate intermediate 
in the production of N2 (Braker and Conrad, 2011; Butterbach-Bahl 
et al., 2013). Owing to the higher soil moisture and labile C content, 
denitrification is believed to be the major N loss process and the domi
nant source of N2O emissions in peatlands (Salm et al., 2012; Gil et al., 
2017). However, it has also been reported in an earlier study that a lack 
of N2O production, rather than N2O consumption, represent error 
around zero in peatland soils (Hayden and Ross, 2005). This is possibly 
because denitrification is not only the source of N2O but also a signifi
cant biological sink for N2O through the N2O reduction to N2 process. 
Indeed, nitrate is often found to be a limiting factor for denitrification in 
peatlands (Davidsson et al., 2002), whereas a higher N2O reduction to 
N2 process would be specifically enhanced under low NO3

− conditions 
with a high denitrification rate (Blackmer and Bremner, 1978; Sen
bayram et al., 2019). 

Long-term drainage in peatlands reshapes soil physicochemical 
characteristics, plant species, and soil microbial diversity, which affects 
N2O emissions in various ways (Wang et al., 2019; Xu et al., 2021). 
Artificial drainage affects community structure and composition both 
above- and below-ground in peatlands (Leroy et al., 2018). Higher plant 
species diversity and more complex microbial interactions are often 
observed in drainage peatlands (Murphy et al., 2009; Qiao et al., 2014; 
Zeng et al., 2021). However, how these changes affect the soil N cycle 
and N2O emissions within it remains unclear. Peatland drainage typi
cally increases the bulk density of peat soil through the shrinkage of 
organic peat fibers and compaction (Ali et al., 2006; Hooijer et al., 2012; 
Könönen et al., 2015). Increasing soil bulk density causes a decline in 
soil relative gas diffusivity and a reduction in soil oxygen supply, which 
may favor denitrification-derived N2O (van Groenigen et al., 2005; 
Rousset et al., 2020; Yang et al., 2022). However, when ditches are dug 
for drainage, the highly decomposed peat soil is often saturated after 
rainfall events and quickly drains again (Wang et al., 2019). Such a 
drying-rewetting cycle drives a quick soil O2 status transition from oxic 
to anoxic, which is known to trigger high N2O emissions (Groffman 
et al., 2009; Harris et al., 2021; Song et al., 2022). Furthermore, long- 
term drainage could stimulate high nutrient losses, such as dissolved 
organic carbon (DOC), which affects nitrification and denitrification 
rates in various ways (Strack et al., 2008; Macrae et al., 2013; Wu et al., 
2017b). A greater understanding of the effects of drainage on the N cycle 
processes that regulate N2O production and consumption dynamics is 
important to improve future peatland management for both climate 
change mitigation and adaptation in alpine peatlands. However, much 
of the work to date on drainage-induced changes in peatland N2O 
emissions is based on field observations, where quantification of N2O 
consumption is still not possible because of the high background at
mospheric N2 concentration (Butterbach-Bahl and Dannenmann, 2011; 
Wu et al., 2017a; Senbayram et al., 2018). Previous laboratory studies 
investigating denitrification have often used the classical acetylene in
hibition method, which is now considered unsuitable for quantifying 
denitrification rates because of a range of inevitable artefacts such as 
catalytic NO decomposition (Groffman et al., 2006; Nadeem et al., 
2013). In recent decades, robotic incubation systems have been devel
oped using a helium (He) atmosphere with real-time monitoring and 
quantification of N2 and N2O emissions, allowing for a full assessment of 
soil ecosystem N losses (Cárdenas et al., 2003; Senbayram et al., 2018). 
Furthermore, the 15N-N2O site-preference (SP) approach has been 
widely used to distinguish the different sources of N2O production 
pathways [+34‰ to +40‰ for nitrification (Ni) and fungal denitrifi
cation (fD), − 9‰ to +9‰ for bacterial denitrification (bD)] (Decock and 
Six, 2013; Toyoda et al., 2017). The combination of a robotic He at
mosphere incubation system with a SP approach has been proven to be a 
powerful tool for N2O source partitioning (Wu et al., 2019; Senbayram 

et al., 2020). 
Among the different types of peatlands, alpine peatlands are known 

to be the most susceptible to climate change due to their intrinsic low 
temperature (Braker and Conrad, 2011). The Zoige peatland, which is 
located in the sensitive region at the eastern margin of the Qinghai-Tibet 
Plateau (QTP), is the largest alpine peatland region in the world, with a 
total area of 4605 km2 and 3500 m above sea level (Chen et al., 2014; 
Xue et al., 2021). From the 1950s to the 1970s, more than 1600 artificial 
ditches were dug to enlarge rangelands, leading to a significant decrease 
in water table levels in 40% of the total area of the Zoige peatland (Xiang 
et al., 2009; Li et al., 2018; Wei et al., 2018). The response of N2O 
emissions to drainage might be different from that of other peatlands 
because of the lower atmospheric O2 content (14%). However, little 
research has been undertaken to understand the underlying mechanisms 
of drainage on the N cycle related processes and N2O emissions in this 
region, especially at an N2O emission “hot moment” event that con
tributes substantially to overall emissions (Li et al., 2015; Lee et al., 
2017). In this study, we chose two adjoining sites in the Zoige peatland 
that include one natural peatland and one that has been artificially 
drained for more than 50 years. We first investigated the effects of 
drainage on soil properties and above- and belowground community 
compositions in peatlands. Furthermore, we combined the SP isotopic 
mapping approach with qPCR and high-throughput 16S rRNA gene 
sequencing and conducted incubation experiments using a robotized 
continuous flow system under an He/O2 atmosphere robotized incuba
tion system. Based on a direct comparison between natural and artifi
cially drained peatlands, we hypothesized that: (i) long-term drainage 
increases both aboveground plant species diversity and belowground 
microbial diversity. (ii) Denitrification is the dominant source of N2O 
emitted by soil in both soils owing to its intrinsically low O2 content. (iii) 
Drainage peatlands have lower N2O emissions during the N2O hot 
moment events due to nutritional losses. 

2. Material and methods 

2.1. Soil sampling sites 

Annual precipitation in the Zoige peatland (3500 m a.s.l.) varied 
from 464 mm to 862 mm over the period from 1961 to 2015 (the 
average was 653 mm), 52.5% of which occurred from July to 
September. The mean annual air temperature was 1.3◦C, with the lowest 
mean monthly record in January (-14.1◦C, 1963) and the highest mean 
monthly record in July (13.5◦C, 2010). Meteorological data for the 
Zoige peatland were obtained from the China National Meteorological 
Information Center. The soil texture is classified as silty loam (Zhang 
et al., 2018). The main vegetation types are Kobresia humilis, Scirpus 
pumilus, Kobresia pygmaea, Kobresia setchwanensis, and Carex muliensis 
(Cao et al., 2017). Soil was collected from an alpine peatland in the 
Zoige peatland. Two sampling sites were used, including the natural 
alpine peatland site (33.92◦N, 102.82◦E) and an artificial drainage 
peatland site (33.91◦N, 102.74◦E). Most ditches have been excavated for 
drainage in the Zoige peatland since the 1950s (Wei et al., 2018) and 
have similar physical features, that is, 1–2 m width, 62–18,008 m length, 
and 0–0.224 slopes (Li et al., 2018). From July to September, water table 
depth from surface ranged between 20 cm and 40 cm on average in 
natural alpine peatland (Xiang et al., 2009), while in the artificially 
drained peatland, the water table declined. 

2.2. Plant species composition and biomass 

Before collecting the soil samples, we randomly selected 45 plots (1 
m × 1 m) within natural alpine peatlands and artificial peatlands. Any 
two plots were separated by at least 5 m. For each plot, we first inves
tigated the number of plant species and species richness and then har
vested the aboveground plant biomass. The aboveground plant biomass 
was dried at 70◦C for 48 h and then weighed. Plant total C and N were 
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measured using an element analyzer (Flash 2000, Thermo, USA). 

2.3. Incubation experimental design 

Five replicate sets of soil samples (0–30 cm) were collected by a peat 
auger from random points within each site, with a distance between 
adjacent plots of at least 30 m, and then mixed to homogenise it 
completely once after collection. The collected soils were air-dried and 
sieved to a particle size of 1 mm, and the root and plant residues were 
manually removed, and stored in sealed sterile bags. The incubation 
experiment was carried out at the China Agricultural University in a 
robotized continuous-flow incubation system (ROFLOW) (Senbayram 
et al., 2018). The experiment consisted of two soils (a natural alpine 
peatland and an artificial drainage peatland). The soils were pre- 
incubated for 3 days in a 45% water-filled pore space (WFPS) before 
the incubation experiment. Afterwards, soils (1.0 kg dry weight) were 
packed into incubation vessel (with inner diameters of 130 mm and 
heights of 180 mm) with three replicates at a bulk density (BD) of ca. 0.4 
g cm− 3 (natural peatland) and 0.6 g cm− 3 (drained peatland), which 
corresponded to the real soil BD in the field, and soil moisture was 
adjusted to 60% WFPS. The WFPS (45% in pre-incubation and 60% in 
experiment) selected in this study was determined according to the 
previous study (average 40%–60% over the year-round period, Zhang 
et al., 2018) and the measured results of collecting soil sample in this 
study (50%–60%). The incubation vessels were sealed and the atmo
spheric air in the vessels were washed with 100% ultra-high-purity He 
by repeated evacuation for three cycles, to remove N2 in the vessels. The 
incubation atmosphere was continuously flushed with a He and O2 
(86:14 v/v) mixture to simulate the actual atmospheric conditions of the 
Zoige peatland (Wang et al., 2017). The temperature of the incubation 
vessel was set at 20 ± 1◦C. The incubation experiments included three 
successive events: a rewetting event – increasing soil WFPS to 60%; N 
deposition event – equivalent to 100 kg N ha− 1 (NH4

+: NO3
− =1:1) was 

thoroughly dissolved in 20 ml deionized water and then spread on the 
soil surface using a syringe; oxic to anoxic transition event – changing 
the incubation atmosphere from 14% O2 to 0% O2 (He: O2 = 100%:0%). 

2.4. Gas and soil measurements 

Gas concentrations (i.e., N2O, N2, O2, and CO2) were monitored in 
real time and analyzed using a gas chromatograph (Agilent Technologies 
Inc., SCLA, Ca, USA) equipped with a pulsed discharge helium ionization 
detector (PDHID). The flux rate of the gas was determined by the flow 
rate and concentration difference between the inlet and outlet of the 
incubation vessel (Lindsay et al., 2010). Soil total carbon (TC) and total 
nitrogen (TN) were measured using an element analyzer (Flash 2000, 
Thermo, USA). Soil organic carbon (SOC) and Dissolved organic carbon 
(DOC) were determined via dry combustion using a vario TOC select 
elementar and an Elementar Vario Max CN analyzer (Hanau, Germany), 
respectively. The concentrations of NO3

− and NH4
+ in the soil were 

analyzed using a continuous flow analyzer (TRAACS2000, Bran +
Luebbe Co. ltd., Hamburg, Germany) after extraction with a 1 M KCl 
solution. The soil pH in each vessel was measured in water (1:5, w/v). 

2.5. Isotope analysis 

The δ15Nbulk, δ15Nα, and δ18O isotope signatures of N2O were then 
determined by analyzing m/z 44, 45, and 46 of intact N2O+ molecular 
ions and m/z 30 and 31 of NO+ fragment ions (Orellana et al., 2012) 
using an isotope ratio mass spectrometer (Isoprime100, Isoprime, 
Cheadle, UK). The δ15N value at the terminal position of the N2O 
molecule, δ15Nβ, was calculated using the following equation (Tang 
et al., 2019): 

δ15Nβ = 2 • δ15Nbulk − δ15Nα (1) 

The isotope effects during N2O reduction and the 15N site preference 
(SP value) of the initial substrate (SP0) were calculated using a Rayleigh- 
type model, assuming that the isotope dynamics followed closed-system 
behavior. 

SPN2O− r = SPN2O− 0 + ηrln(
C
C0

) (2) 

Where SPN2O− r is the SP value of the remaining substrate. SPN2O− 0 is 
the SP value of the initial substrate. ηr is the net isotope effect (NIE) 
associated with N2O reduction, and C and C0 are the residual and initial 
substrate concentrations, respectively, that is, the expression (C/C0) 
represents the product ratio (N2O/(N2O + N2)). 

Source partitioning of N2O production was based on the two-end- 
member isotopic mass balance equation: 

SPN2O− 0 = SPD × fD− SP + SPN × fN− SP (3) 

In this equation, SPD and SPN represent the SP value of bacterial 
denitrification/nitrifier denitrification and nitrification/fungal denitri
fication, respectively. fD− SP and fN− SP is the contribution of bacterial 
denitrification/nitrifier denitrification and nitrification/fungal denitri
fication to total N2O release calculated on the basis of SP values, 
respectively. It is assumed that we deal with only two end members; 
hence, fD-SP + fN-SP = 1. Distinguishing N2O originating from fungal 
denitrification and bacterial nitrification or between bacterial denitri
fication and nitrifier denitrification based on SP values is mathemati
cally impossible because of the overlapping SP values. Therefore, the 
isotopic signatures of the end members were defined as 37‰ for both 
bacterial nitrification and fungal denitrification and –2‰ for bacterial 
denitrification and nitrifier denitrification (Decock and Six, 2013; 
Toyoda et al., 2017). In this equation, fD-SP and fN-SP represent the 
contribution of denitrification and nitrification/fungal denitrification to 
the total N2O release calculated based on SP values, respectively. 

2.6. Quantification of functional gene copies and high-throughput 
sequencing of 16S rRNA gene amplicons 

The soil samples were frozen in a refrigerator at − 80◦C before DNA 
extraction. DNA was extracted from the frozen soil using the FastDNA 
SPIN Kit for soil (MP Biomedicals, Santa Ana, CA, USA). A NanoDrop 
2000 UV–Vis spectrophotometer (Thermo Fisher, USA) was used to 
assess DNA quality. The functional gene abundance of nirK, nirS, and 
nosZ was quantified in triplicate by real-time PCR using an iCycler IQ 
(Biorad, USA). The qPCR assay for standards, samples, and no-template 
control was performed in triplicate on an Applied Biosystems 7500 Real- 
Time PCR System (Thermo Fisher Scientific, USA) in a 96-well format. 
The thermal conditions were summarized as follows: the 20 μL reaction 
mixture contained 10 μL of SYBR Premix Ex Taq (Tli RNase H Plus; 2 ×
concentration) from TaKaRa (Shiga, Japan); 0.5 μL of each 10 μmol/L 
primer, 7 μL of sterile DNase-free water, and 2 μL of DNA or sterile 
DNase-free water. The PCR test was performed under the following 
conditions: 95◦C for 30 s, followed by 40 cycles at 95◦C for 5 s, 60◦C for 
40 s, and 72◦C for 20 s. The fluorescence signal was acquired after the 
extension phase of each cycle at 72◦C. Melting curve analysis was per
formed to determine the specificity of the products. PCR products that 
had been resolved on a 1% agarose gel were checked after ethidium 
bromide staining to confirm the specificity of the amplification. The 
abundance of functional genes was calculated as a copy number per 
gram of dry soil. 

The V4-V5 region of the 16S rRNA gene was amplified using PCR 
testing. The PCR program was performed under the following condi
tions: 94◦C for 5 min, 30 cycles (94◦C for 30 s, 55◦C for 30 s, 72◦C for 45 
s), and a final extension at 72◦C for 10 min. The Illumina MiSeq platform 
(Illumina, San Diego, USA) was used for high-throughput sequencing 
(Wu et al., 2021). After sequencing, sequences shorter than 200 Base 
Pair (bp) and with a quality score < 25 were excluded and then assigned 
to soil samples based on the unique barcode using the Quantitative 
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Insights into Microbial Ecology pipeline (QIIME, version 1.17; Caporaso 
et al., 2010). Operational taxonomic units (OTUs) were generated at a 
97% identity threshold, and the most abundant sequence was chosen as 
a representative sequence of each OTU. Taxonomy was then assigned to 
OTUs with reference to a subset of the SILVA 119 database 
(https://www.arb-silva.de/download/archive/qiime/). All samples 
were then rarefied to 180,000 sequences per sample to evaluate bacte
rial diversity, which allowed us to compare the general diversity pat
terns among treatments. See Supplementary Information and 
Supplementary Table S1 for the primer sets. 

2.7. Statistical analysis 

All data is presented as the mean ± SE. The cumulative gas emissions 
were calculated by linear interpolation between the measured fluxes. 
Significance statistics were carried out by t test (P < 0.05), following the 
homogeneity of variance and the tests of assumptions of normal distri
bution. Plant community indexes, such as the Shannon-Wiener index, 
Simpson index, Margalef abundance index, and Pielou evenness index, 
were calculated using the vegan package in R (version 4.1.1). The 
resulting OTU table was used in all subsequent statistical analyses of 
differentially abundant taxa as well as analyses of α- and β-diversity. 
Networks were visualized with the Gephi version 0.9.1 software pack
age. The heatmap was performed to reveal the relationships between the 
main microbial phyla and soil properties using the pheatmap package in 
R (version 4.1.1). Venn diagrams were conducted using the ggvenn 
package in R (version 4.1.1) to perform the differences of microbial 

OTUs from two soils. All statistical analyses were performed using SPSS 
22.0 (SPSS Inc., Chicago, IL, USA). Graphs were prepared using Ori
ginPro 9.1 (Origin Lab Corporation, Northampton, MA, USA). 

3. Results 

3.1. Soil properties and plant community indexes 

The natural alpine peatland had an initially higher TC and DOC 
compared with the drainage peatland, while the drainage peatland had a 
higher NO3

− concentration and bulk density (P < 0.05, Table 1). With 
long-term drainage, the density and coverage of Cyperaceae and Rosa
ceae decreased, whereas Poaceae and others began to occur more 
frequently (Table 1). Long-term drainage led to a significant increase in 
most plant diversity indexes (P < 0.05; Table 1). 

Table 1 
Properties of the soil (0–30 cm) and plant community indexes in Zoige peatland. 
Different letters indicate significant differences between natural alpine peatland 
and artificial drainage peatland (P < 0.05). Data are mean ± standard error (n =
3).   

Natural alpine 
peatland 

Artificial drainage 
peatland 

Soil properties   
Total C (g C kg− 1 soil) 121.8 ± 1.39a 114.8 ± 0.95b 
Total N (g N kg− 1 soil) 9.79 ± 0.08 9.59 ± 0.05 
Soil organic carbon (SOC, g C kg− 1 

soil) 
110.6 ± 4.52 109.7 ± 5.26 

Dissolved organic carbon (DOC, mg 
C kg− 1 soil) 

12.1 ± 0.09a 10.6 ± 0.62b 

NO3
– (mg N kg− 1 soil) 67.6 ± 1.97b 82.6 ± 1.62a 

NH4
+ (mg N kg− 1 soil) 19.3 ± 4.07 7.87 ± 2.50 

pH 7.80 ± 0.05 7.83 ± 0.03 
C/N 11.3 ± 0.47 11.4 ± 0.49 
Bulk density (BD, g cm− 3) 0.41 ± 0.03b 0.61 ± 0.03a 
Sand (%) 63.1 53.8 
Silty (%) 24.5 33.6 
Clay (%) 12.4 12.6 
Plant community indexes   
Average number of species (m− 2) 5.29 ± 0.20 6.02 ± 0.38 
Plant density (plant m− 2) 301 ± 19.4a 185 ± 10.0b 
Shannon-Wiener index 1.03 ± 0.04b 1.31 ± 0.06a 
Simpson index 0.53 ± 0.02b 0.64 ± 0.02a 
Margalef abundance index 0.77 ± 0.04b 0.97 ± 0.07a 
Pielou evenness index 0.63 ± 0.02b 0.77 ± 0.02a 
Aboveground Biomass (g m− 2) 443 ± 53.2 364 ± 44.0 
C content (mg g− 1) 430 ± 4.66a 381 ± 6.49b 
N content (mg g− 1) 18.6 ± 0.61 21.7 ± 2.41 
P content (mg g− 1) 1.86 ± 0.19 1.29 ± 0.15 
Plant density (plant m− 2) 
Poaceae 9.29 ± 3.72 35.2 ± 5.23 
Cyperaceae 200.8 ± 14.4 50.9 ± 7.71 
Rosaceae 51.0 ± 4.44 30.8 ± 3.37 
Others 40.0 ± 1.93 68.4 ± 3.12 
Coverage (%) 
Poaceae 4.76 ± 1.67 22.8 ± 3.37 
Cyperaceae 61.7 ± 3.91 25.2 ± 3.80 
Rosaceae 31.6 ± 3.06 27.4 ± 4.51 
Others 23.4 ± 1.16 45.6 ± 2.23  

Fig. 1. CO2, N2O, N2 fluxes and N2O/(N2O + N2) production ratio of natural 
alpine peatland and artificial drainage peatland during incubation time. Black 
solid arrow indicates N deposition. Error bars show the standard error of the 
mean value (n = 3). There is no data from 400 to 430 h due to equipment 
malfunction. 
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3.2. Gas emissions 

The maximum CO2 flux from natural peatland and drainage peatland 
was observed after the onset of the experiment (18.4 ± 0.93 mg CO2-C 
kg− 1 vs 12.3 ± 0.90 mg CO2-C kg− 1), and decreased gradually until the 
end; and a higher flux was observed immediately after N addition in 
natural peatland (Fig. 1A). The cumulative CO2 emissions in the natural 
peatland were 54.0%, 51.0%, 46.1%, and 51.3% higher than those in the 
drainage peatland during the three events and total cumulative emis
sions, respectively (P < 0.05, Fig. 2A). 

During the rewetting event, natural alpine peatlands had higher N2O 
and N2 fluxes than drainage peatlands (Fig. 1B and 1C). Cumulative N2O 
emissions in the natural alpine peatland were 11 times higher than those 
in the drainage peatland during the rewetting event (P < 0.05, Fig. 2B). 
During the N input event, the N2O fluxes showed a trend similar to that 
of the rewetting event (Fig. 1B). The N2 fluxes of the drainage peatlands 
were always lower than those of the natural peatlands (Fig. 1C). Cu
mulative N2O and N2 emissions in the natural peatland were 74.3% and 
48.2% higher than those in the drainage peatland, respectively (P <
0.05, Fig. 2B and 2C). N2O and N2 fluxes were triggered by an oxic-to- 
anoxic transition event, with a higher N2O emission and lower N2 
emission observed in the drainage peatland (Figs. 1 and 2). A higher 
N2O/(N2O + N2) ratio was observed in natural peat soil than in drainage 
peat soil during rewetting and N deposition events, whereas the opposite 
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Fig. 2. Cumulative CO2 (A), N2O (B), N2 (C), and N2O + N2 (D) emissions and N2O/(N2O + N2) ratio (E1-3) during different Event in natural alpine peatland and 
artificial drained peatland. Different letters and * indicate significant differences in total emissions and in each event between two soils (P < 0.05), respectively. Data 
are mean ± standard error (n = 3). 

Table 2 
Nitrification/fungal denitrification proportion calculated on the basis of N2O SP 
values and the two-end-member model in natural alpine peatland and artificial 
drainage peatland.      

Natural alpine 
peatland 

Artificial 
drainage 
peatland 

N deposition First time Min  0% 0% 
Median  50.2% 25.7% 
Max  100% 87.8% 

Second 
time 

Min  32.2% 6.90% 
Median  66.3%±3.8% 59.4%±6.1% 
Max  100% 100% 

Anoxic 
condition 

Third 
time 

Min  0% 0% 
Median  23.8%±2.9% 25.5%±2.9% 
Max  93.4% 95.0% 

Tables 2 calculated the contribution of nitrification/fungal denitrification on the 
basis of parameters from Sutka et al. (2006), Lewicka-Szczebak et al. (2017), and 
Wu et al. (2019), include the weighted median and the range of SP of bacterial 
denitrification and nitrification/fungal denitrification (‰). 
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Fig. 3. The proportional abundance of microbial dominant phyla from natural 
alpine peatland and artificial drainage peatland. * indicate significant differ
ence between natural alpine peatland and artificial drainage peatland (P <
0.05). Error bars show the standard error of the mean value (n = 3). 

Table 3 
Numbers of OTUs, Shannon and Simpson biodiversity indexes of 16S rRNA of 
soil samples in Zoige peatland. Different letters indicate significant difference 
between natural alpine peatland and artificial drained peatland (P < 0.05). Data 
are mean ± standard error (n = 3).   

Natural alpine peatland Artificial drainage peatland 

PD 226 ± 5.68 230 ± 3.77 
Chao1 3675 ± 79.1 3835 ± 97.2 
Observed OTUs 3059 ± 53 3162 ± 42 
Shannon-Wiener index 8.83 ± 0.02b 9.11 ± 0.02a 
Simpson index 0.98 ± 0.00b 0.99 ± 0.00a 

PD, Phylogenetic diversity index; Chao 1, Chao1 richness index. The diversity 
indexes were calculated using 180,000 randomly selected sequences per sample. 
Different letters indicate significant difference between natural alpine peatland 
and artificial drainage peatland. 
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was observed during anoxic events (Fig. 1D and 2E). 

3.3. Isotopic signatures of soil-emitted N2O and source partitioning 

In general, in both natural peatlands and drainage peatlands, the 
δ15Nbulk and δ18O values of soil-emitted N2O increased with time during 
the N deposition event and then decreased during the oxic to anoxic 
transition (Fig. S1). The δ15Nbulk and δ18O values in the natural peatland 
were higher than those in the drainage peatland, except for the δ18O 
value in the second sampling period (Fig. S1). In the endmember map 
with δ18O versus SP values, the second sampling data points were 
generally far away from the reduction line within the nitrification/ 
fungal denitrification source area (Fig. S2). 

The SP values ranged from 4.20‰ to 21.5‰ in the natural peatland 
and from 4.92‰ to 20.8‰ in the long-term drainage peatland (Fig. S1). 
Based on the SP values and the two-end-member mixing model, the soil- 
emitted N2O of the first emission peak was mainly produced by the 
mixture source (≈50% each, nitrification and denitrification) in the 
natural peatland and the denitrification pathway (≈74.3%) in the 
drainage peatland during the N deposition event, and the nitrification 
process was the main N2O source in the second sampling time (Table 2). 
Most of the soil-emitted N2O was produced by denitrification in the oxic 
to anoxic transition event (Table 2 and Fig. S2). The isotopic signature of 
emitted N2O during the rewetting event is not shown, as the N2O con
centration was too low for the accurate determination of its isotopic 
values. 

3.4. Diversity, functional gene abundance, relative abundance and 
relationships between soil properties and microbial dominant phylum 

In this study, the most abundant bacterial phyla (> 1%) accounted 

for > 97% of the bacterial community (Fig. 3). Compared with drainage 
peatlands, natural peatlands showed a greater relative abundance of 
Proteobacteria, Actinobacteria, Planctomycetes, and Nitrospirae, and a 
lower relative abundance of Crenarchaeota and Bacteroidetes (P < 0.05, 
Fig. 3). The Shannon and Simpson indices of drainage peatlands were 
significantly higher than those of natural peatlands (P < 0.05), whereas 
no differences were found in other indices (Table 3). Natural peatlands 
had higher denitrification functional gene copy numbers, ratios of nirK/ 
nirS and log (nirK + nirS) compared with drainage peatlands (P < 0.05, 
Fig. 4). 

The natural soil and drainage soil shared 2834 OTUs (41.3%), 
whereas the drainage peatland soil had 2095 unique OTUs (Fig. S3). The 
overall network of bacterial phyla in soil samples revealed a total of 486 
connections, which were identified in natural peatland, including 265 
(54.5%) inferred positive interactions and 221 (45.5%) inferred nega
tive interactions (Fig. 5). The natural peatland network contained higher 
nodes and higher average geodesic distances while exhibiting a lower 
average node degree and lower average clustering coefficients than the 
drainage peatland (Fig. 5 and Table S2). Soil NO3

− concentration was 
positively correlated with Crenarchaeota and Bacteroidetes, and nega
tively correlated with Proteobacteria, Actinobacteria and Planctomy
cetes (P < 0.05), whereas the opposite results were found for other 
indices, such as NH4

+, TN, DOC, and TC (Fig. 6). SOC and C/N ratio had 
no significant effects on the dominant microbial phyla (Fig. 6). 

4. Discussion 

Hot-moment events, including rewetting, N input, and oxic-to-anoxic 
transition, are known to contribute markedly to the overall soil N2O 
emissions in peatlands (Lee et al., 2017; Harris et al., 2021 Song et al., 
2022). Contrasting N2O and N2 flux patterns were observed between 
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natural and drainage peatlands in response to hot-moment events 
(Fig. 1), indicating the complex impacts of drainage on N2O production 
and consumption processes in peatlands. In line with previous studies 
(Murphy et al., 2009; Qiao et al., 2014; Zeng et al., 2021), we found that 
drainage increased plant diversity in peatlands (Table 1), which is likely 
due to the succession of plant species from aquatic plants to terrestrial 
plants (Rinnan et al., 2007; Wertz et al., 2009). Plant diversity has been 
reported to decrease N2O emissions under nitrogen-limited conditions 

(Niklaus et al., 2016), which is consistent with the considerably lower 
N2O fluxes in the drainage peatlands observed in our study after 
rewetting and N addition (Fig. 1). However, some studies have also 
found that high plant diversity and richness enhance both N2O and CO2 
emissions due to increased soil moisture and carbon input (Regina et al., 
1998; Sun et al., 2013; Niklaus et al., 2016). This discrepancy is possibly 
due to the potentially different responses of plant species to rewetting/N 
addition. A significant decline of CO2 fluxes after N loading were 

Fig. 5. Network interactions showing relationships among bacterial phylum at natural alpine peatland and artificial drainage peatland, respectively. Different node 
colors indicate different predominant phyla, as indicated below the networks. Red connections show positive correlations between two individual nodes and blue 
connections show negative correlations between nodes. The size of each node is proportional to its degree. 

Fig. 6. Heatmap showing the correlation between soil properties and the main microbial phyla. * and ** indicate significant correlations at P < 0.05 and 0.01, 
respectively. TC, total carbon; TN, total nitrogen; DOC, dissolved organic carbon; SOC, soil organic carbon. 
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observed, which could be due to the inhibition effect of N addition on 
soil respiration (Ramirez et al., 2010) and decreased DOC content during 
incubation. The bulk density in drainage soil was much higher than that 
in natural soil (0.6 vs 0.4 g cm− 3), which is consistent with previous 
studies that found that peatland degradation typically increases the bulk 
density of peat soil through shrinkage of the organic peat fibers and 
compaction (Könönen et al., 2015; Liu et al., 2019). The higher bulk 
density in drainage soil led to lower soil gas diffusivity and aeration 
compared to natural soil, which would increase the proportion of 
denitrification-derived N2O (Rousset et al., 2020; Yang et al., 2022). 
This is supported by the N2O 15N site preference value observed during 
the oxic phase, which suggests that nitrification was the dominant 
source of N2O emissions in natural soil, while the majority of soil- 
emitted N2O in the drainage peatland was produced by denitrification 
(Table 2). 

Under anoxic conditions, natural soil showed a markedly higher 
denitrification rate than drainage soil (5.24 ± 0.08 vs 4.22 ± 0.20 mg N 
kg− 1 day− 1). This is further supported by the higher denitrification 
functional gene abundance observed in natural soil, indicating that long- 
term drainage decreased the denitrification potential (Xue et al., 2021). 
The lower denitrification rate in drainage soil is possibly due to long- 
term drainage caused by a lower labile C in the soil (Xue et al., 2021), 
as indicated by the considerably lower CO2 fluxes observed in the 
drainage peatland (Fig. 1). This is supported by the lower TC and DOC in 
drainage peatlands compared to natural peatlands, implying accelerated 
C decomposition in peat and degradation in drainage soil (Krüger et al., 
2015; Urbanová and Bárta, 2016). Interestingly, instead of a lower N2O 
emission, the drainage peatland showed a higher N2O emission and a 
much lower N2 production rate during the anoxic phase compared with 
natural soil (Figs. 1 and 2). As a non-significant difference between 
drainage and natural soil was observed on log (nirK + nirS)/log (nosZ) 
(Fig. 4), we speculate that this is possibly because the high DOC content 
and low nitrate availability of natural peatland promoted N2O reduction 
to N2 (Kandeler et al., 2006; Long et al., 2017). 

Apart from aboveground plant succession, long-term drainage also 
drives soil microbial activities towards aerobic processes (Espenberg 
et al., 2018), which accelerates peat C decomposition and soil degra
dation due to persistent aerobic conditions (Fenner and Freeman, 2011; 
Liu et al., 2018). Natural and drainage peatland soils shared only 41.3% 
OTUs of the total OTUs, indicating a significant shift in the microbial 
composition after long-term drainage (Urbanová and Bárta, 2016). The 
drainage peatland showed a higher Shannon and Simpson biodiversity 
index than the natural peatland (Table 3, Fig. 5), implying that long- 
term drainage increased soil microbial diversity (Urbanová and Bárta, 
2016). As shown in Fig. 6, soil properties such as NO3

− , DOC, and TC 
strongly affected the microbial community structure. Furthermore, NO3

−

concentrations were significantly correlated with Actinobacteria and 
Proteobacteria (organic matter decomposers), and the network inter
action showed that these two phyla were interconnected in peatland 
soils (Fig. 5), implying that NO3

− content is a primary soil physico
chemical property influencing microbial community composition (Kraft 
et al., 2011). Since important ecosystem services are provided by 
healthy peatlands (Marsden and Ebmeier, 2012), considerable efforts 
have been made worldwide in the last few decades to rewet peatlands by 
installing dams, refilling drainage ditches, and pumping water into the 
peatlands (Thom et al., 2019). Recent analysis suggests that the resto
ration of drained peatlands is the most resource-efficient way to improve 
soil carbon sequestration (Leifeld and Menichetti, 2018). With the 
growing public awareness of environmental protection and social 
development in recent years, rewetting of the Zoige peatland (e.g., 
protection strategies) is expected in the coming decades. Based on this 
study, we showed that drainage altered the product stoichiometry of 
denitrification in the Zoige alpine peatlands in an unfavorable way in 
terms of N2O mitigation. Thus, rewetting the Zoige alpine peatland 
should be considered as a climate-smart option. Recent studies suggest 
that rewetting might mitigate N2O emissions in peatlands (Liu et al., 

2020; Minkkinen et al., 2020; Lin et al., 2022). Nevertheless, given that 
the changes in surface vegetation and soil chemistry that govern the 
microbial community response may take years to establish after a 
change in the water table level, it is important to evaluate the response 
of N2O emissions to rewetting over the long-term. 
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Liu, H., Wrage-Mönnig, N., Lennartz, B., 2020. Rewetting strategies to reduce nitrous 
oxide emissions from European peatlands. Commun. Earth Environ. 1 (1), 17. 
https://doi.org/10.1038/s43247-020-00017-2. 

Long, X., Shen, J., Wang, J., Zhang, L., Di, H., He, J., 2017. Contrasting response of two 
grassland soils to N addition and moisture levels: N2O emission and functional gene 
abundance. J. Soils Sediments 17 (2), 384–392. https://doi.org/10.1007/s11368- 
016-1559-2. 

Macrae, M.L., Devito, K.J., Strack, M., Waddington, J.M., 2013. Effect of water table 
drawdown on peatland nutrient dynamics: Implications for climate change. 
Biogeochemistry 112 (1), 661–676. https://doi.org/10.1007/s10533-012-9730-3. 

Maljanen, M., Hytönen, J., Martikainen, P.J., 2010. Cold-season nitrous oxide dynamics 
in a drained boreal peatland differ depending on land-use practice. Can. J. Forest 
Res. 40 (3), 565–572. https://doi.org/10.1139/X10-004. 

Minkkinen, K., Ojanen, P., Koskinen, M., Penttilä, T., 2020. Nitrous oxide emissions of 
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