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Abstract

Alpine peatlands are recognized as a major natural contributor to the budgets of atmospheric methane (CHs) but as a weak
nitrous oxide (N,O) source. Anthropogenic activities and climate change have put these fragile nitrogen (N)-limited peatlands
under pressure by altering water table (WT) levels and enhancing N deposition. The response of greenhouse gas (GHG)
emissions from these peatlands to these twin changes is uncertain. To address this knowledge gap, we conducted a mesocosm
experiment in 2018 and 2019 investigating individual and interactive effects of three WT levels (WT.3, 30 cm below soil
surface; WT), soil-water interface; WT1o, 10 cm above soil surface) and multiple levels of N deposition (0, 20, 40, 80 and 160
kg N ha! yr'") on growing season CH4 and N>O emissions in the Zoige alpine peatland, Qinghai-Tibetan Plateau. We found
that the elevated WT levels increased CH4 emission, while the N deposition had non-linear effects (stimulation at moderate
levels and inhibition at higher). In contrast no clear pattern of the effect of WT levels on the cumulative N,O emission was
evident, while N deposition led to a consistent and linear increase (emission factor: 2.3%-2.8% and 1% in IPCC), and this was
dependent on the WT levels. Across the two years, the scenario with the greatest GWP (from CH4 and N,O) was an N deposition
of ca. 20 kg N ha! yr! and high WT levels (at soil surface or above). Given the current N deposition in the Zoige alpine
peatland (1.08-17.81 kg N-ha!), our results suggested that the CH, and N>O emissions from the alpine peatlands could greatly
increase in response to the possible doubling N deposition in the future. We believe that our results provide insights into how
interactions between climate change and human disturbance will alter GHG emissions from this globally important habitat.

Keywords Cumulative GHG emissions; multi-level N enrichment; critical threshold; non-linear effect; Qinghai-Tibetan

Plateau
1. Introduction

Peatlands only cover ca. 3% of the land surface of the Earth but store one third of the global carbon pool (Yu et al. 2010).



https://doi.org/10.5194/bg-2022-53
Preprint. Discussion started: 20 May 2022
(© Author(s) 2022. CC BY 4.0 License.

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

60

2

In pristine peatlands, the shallow water table (WT) and waterlogged conditions allow accumulation of organic matter and
favour anaerobic production of methane (CHs) and nitrous oxide (N,O). Traditionally, the large carbon pool is nitrogen
deficient and is recognized as a moderate CH4 source and a weak N>O source (Frolking et al. 2011, Han et al. 2019).
Nevertheless, these conditions could be markedly changed by anthropogenic disturbance and climate change, and growing
evidence shows that peatlands are experiencing drainage and increasing nitrogen deposition (Chen et al. 2013, Evans et al.
2021). Consequently, the magnitude of CH4 and N,O emissions from peatlands is potentially changing from low to high. The
high-altitude or alpine peatlands are of particular interest because this carbon-rich ecosystem is vulnerable and highly sensitive
to the climate change and anthropogenic activities (Squeo et al. 2006).

Large-scale artificial drainage of peatlands was initiated hundreds of years ago and escalated in the 20" century (Evans
et al. 2021). As a result, about 10-20% of the global peatlands were primarily drained for the purposes of agriculture, peat
extraction and forestry (Frolking et al. 2011). The resulting lower WT altered the anaerobic conditions of the peat soil and led
to oxidative loss of peat (Laine et al. 2019, Wilson et al. 2016). Generally, the drainage decreased the CH, efflux and increased
N>O emissions (Cao et al. 2017). The increase in N,O emissions from drained peatlands is small, but may potentially reach a
high level at sufficient nutrient input, especially when the soil is fertilized (Laine et al. 2019). Ecological restoration has been
proposed as a measure to conserve the drained or degraded peatlands, particularly in order to meet the demand for mitigation
of GHG emissions outlined in the Paris Agreement (Evans et al. 2021). Numerous studies have reported a remarkably decreased
CO; effflux in rewetted or restored peatlands, but the rising WT levels have also augmented the emissions of CHs and N,O
(Audet et al. 2013, Jarveoja et al. 2016).

Atmospheric N deposition, primarily caused by anthopogenic activities (i.e. fossil fuels combustion, fertilizer application),
has increased consistently during the past decades (Gomez-Casanovas et al. 2016, IPCC 2013), and it is predicted to increase
two- or three-fold in terrestial ecosystems by the end of the century (Lamarque 2005). The increasing N deposition could
alleviate the N stress on peatlands, but the N effects on CHs and N>O emissions are controversial (Deng et al. 2019). Thus,
positive (Juutinen et al. 2018), negative (Gao et al. 2014) or neutral (Wang et al. 2017) effects of N deposition on CH4 emissions
in peatlands have been observed. We speculate that the contrasting results probably are a result of the prevailing environmental
conditons and the N addition rate. Besides CH4 emisison, N deposition generally stimulates N,O emissions from peatlands due
to the increasing supply of N substrate (Wang et al. 2017). However, previous studies have also shown that a higher N input
leads to a transition of the grassland into a state of declining N saturation as well as a reduction of the sensitivity of the GHG
exchange to the continuously increasing N deposition (Gomez-Casanovas et al. 2016). To eliminate the possible gap resulting
from the N addition rate, multiple levels of N deposition are required to study the possible linear or non-linear effects of

deposition on GHG emissions.
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Numerous studies have reported on the individual effects of WT and N deposition on GHG emissions in peatlands (Evans
etal. 2021, Saiz et al. 2021). To our knowledge, only a few studies (Gao et al. 2014, Wang et al. 2017) exist that focus on their
interactive effects on peatland GHG emissions. Gao et al. (2014) found that N addition in peatlands decreased CH,4 emissions
but increased N,O emissions without any siginificant interaction with WT levels. Wang et al. (2017) observed no interactive
effects of a lower WT and increasing N deposition on GHG emissions in an alpine wetland. The above-mentioned studies were,
however, limited to a single level of N addition and associated water addition. The response of GHG emissions in peatlands to
the gradients of N deposition and WT levels remains to be elucidated, in particular at the N saturation stage, even though it
may be a key factor in shaping GHG emissions. The large uncertainties regarding the interactive effects of N deposition and
WT levels on GHG emissions severely hamper obtaining a reliable estimation of the reponse of peatlands to climate change
and anthropogenic activities.

To address this knowledge gap we conducted a mesocosm investigation to study the influence of three WT levels (from
drained to inundated) and multi-level N deposition (from non-addition to 160 kg N ha™! yr'') on the soil CH, and N>O emissions
in the Zoige alpine peatland, located on the eastern edge of the Qinghai-Tibetan Plateau. Being the largest and highest swamp
wetland area in China, its sensitivity to the global climate change and human activities is high (Chen et al. 2013). Exposure to
a potential influence of drainage, restoration or increasing N deposition (Yang et al. 2017, Zhang et al. 2011) may increase the
risk of high GHG emissions from this area. In this study, we hypothesised that i) a slight increase in N deposition might
stimulate both CH4 and N>O emissions, but a highlevel would inhibit GHG emissions. ii) The effects of N deposition on CH4
and N>O emissions would be associated with WT levels due to the influence of WT-induced aerobic conditions on the efficiency

of utilising nutrients for CH,4 and N>O production.

2. Methods and Materials

2.1 Study site

This study was conducted in the Zoige alpine wetland, situated on the eastern edge of the Qinghai-Tibetan Plateau,
Southeast China, during the 2018 and 2019 growing seasons. This alpine wetland covers an area of 6180 km?, which is 31.5%
of the whole Zoige plateau. The mean annual temperature is 1.4°C, with a maximum of 9.1 to 11.4°C in July and a minimum
of -8.2 to -10.6°C in January, while the average annual precipitation is approximately 650 mm (Chen et al. 2013, Yang et al.
2014). Over the past four decades, the mean annual air temperature has increased by 0.4°C per decade, while the total annual
precipitation has decreased by 22 mm per decade (Chen et al. 2013, Yang et al. 2014). Data on precipitation and air temperature
in this study were obtained from the closest meteorological station belonging to the Chinese National Meteorological

Information Center (www.nmic.gov.cn) and are shown in Figure S1. The depth of peat in the vertical profile is around 1.2 m,
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4
soil pH is 6.8-7.2 and soil bulk density around 0.78 g m™ (Zhang et al. 2020). The plant growing season ranges from July to

September, and the dominant plants are Carex mulienses, Lancea tibetica, Potentilla anserina L. and Trollius farreri Stapf.

2.2 Experimental design

Our experiment was carried out at the Sichuan Zoige Wetland Ecosystem Research Station, Tibetan Autonomous
Prefecture of Aba (33°57'N, 102°52'E, 3500 m a.s.l.). A homogeneous swamp wetland was selected for collection of soil and
plants to be used in the mesocosm. Forty-five tanks (0.6 m length x 0.6 m width x 0.6 m height) were kept above ground and
filled with intact soil cores and vegetation. The bottom of the tanks was welded, and the outside of the tanks was wrapped with
polystyrene foam to avoid heat exchange with the surroundings.

The experimental treatments consisted of five levels of added N and three water table levels and applied in a factorial
design (5 N addition x 3 water table). The treatments were replicated three times, giving a total of 45 experimental plots. Based
on previous studies indicating water levels effects on GHG emission in the Zoige peatland (Cui et al. 2017, Yang et al. 2017),
three water table levels (WT.3,- 30 cm below the soil surface; WT, 0 cm at the soil-water interface; and WTo, 10 cm above
the soil surface) were selected. To maintain the water table at the selected three levels, we developed a water table control
system composed of three water table detectors, a manostat, a relay and micropumps. Three water table detectors were placed
in the PVC pipe (diameter 3 cm) of each tank at the exact water table level and at +2 cm and -2 cm water table. When the
water table was below the -2 cm detector, the pump switched on, supplying the tanks with local tap water until the water table
reached the +2 cm detector. To prevent the water table from becoming too high due to pump water or precipitation, four small
holes (diameter 1 cm, and two holes for two sides) were drilled at the precise position of the water table in each tank to allow
water overflow.

The current N deposition in the Zoige area is 1.08-17.81 kg N-ha™!-yr!, NH4" and NO5being the main component, and N
deposition is expected to increase further in the future (Han et al. 2019). NH4sNO3 was adopted as N source to simulate the
different stages of the response of alpine peatlands to multi-level N deposition, and five N addition levels were established for
each water table level, namely 0 (No), 20 (Nag), 40 (N4o), 80 (Nso), and 160 (N160) kg N ha! yr'. The annual added N doses
were further divided into four portions and applied at the beginning of every month from June to September in 2018 and 2019.
25% of the added N was dissolved into 1 L water and sprayed evenly upon the surface of each plot. while the control plot only

received 1 L water (Wang et al. 2017).

2.3 GHG sampling and measurements

We measured CH4 and N,O fluxes once a month from June to October in 2018 and two or three times a month from June

to September in 2019. In each tank, CH, and N,O fluxes were measured using static opaque chambers and gas chromatography
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5
(GC) (Zhang et al. 2017). The cubic chamber was made of stainless steel (0.5 m length x 0.5 m width x 0.5 m height; without

bottom). At the top surface of the chamber, there were two ports for headspace gas sampling and enclosed air temperature
measurements, respectively. A dry battery-powered fan was placed in the chamber to avoid stratification of the gases during
sampling. Meanwhile, 45 square collars (0.5 m length x 0.5 m width x 0.2 m height) were produced and buried into the middle
part of the soil core in each tank at about 0.4 m depth. Before placing the chambers on top of the collars to collect gas samples,
the collars were sealed with water to ensure minimum gas exchange between chamber and atmosphere.

Gas samples (20 mL) were collected from each chamber using a rubber tube connected to the valve of the chamber and
a syringe at 10 min intervals over a 20-minute period (0, 10 and 20 min). The samples were then injected into a pre-evacuated
10 ml vacuum vial (Aladdin, Shanghai, China). The samples were kept cold and dark until the CH4 and N>O fluxes were
determined via GC (Agilent 7890A, Agilent Co., Santa Clara, CA, USA) within 72 hours. The GC was equipped with a flame
ionization detector (FID) to analyse the CH4 concentration and an electron capture detector (ECD) to analyse the N,O
concentration. The carrier gas was N>, and the operation temperature for the FID was set at 250 °C and ECD at 300 °C.

The CH4 and N,O fluxes were calculated by the slopes of linear regression between gas concentration and sampling time
(0, 10, 20 min after chamber closure). Each linear regression was assessed individually, and the estimates of the data quality
of the fluxes were uniformly dependent on R-squared values. However, the coefficients of determinations (R?) of the linear
regression for CH4 and N,O were sometimes low (<0.4), particularly when the fluxes were low. We did not want to create bias
against these low fluxes and therefore kept them if the CO, concentration (data not shown) showed a good linear trend with
time (Laine et al. 2019). Apart from these fluxes, values were generally accepted only if the R-squared values of the linear
regressions were equal to or greater than 0.8 and 0.7 for CH4 and N>O (Lafuente et al. 2020, Laine et al. 2019), respectively.

The CHj4 flux had 5.29% discarded values, while the N>O flux had 3.70% discarded values.

2.4 Analysis of soil properties

To determine soil properties, soil samples were collected in late September, considered as the end of the growing seasons
in 2018 and 2019. Three sub-samples of soil were collected from each tank at the top 5 cm depth and then bulked into a
composite sample representing a reliable replicate. The collected soil samples were stored under cold and dark conditions and
then forwarded to the laboratory within three days. The soil samples were passed through a 2 mm sieve and air dried for the
determination of soil pH, soil organic carbon (SOC) and total nitrogen (TN). Soil pH was measured at a soil:water ratio of
1:2.5 with a pH electrode (PHS 29, China). SOC and TN were determined via dry combustion using an Elementar Vario Max
CN analyzer (Hanau, Germany). Soil water content (SWC) was determined by using a TDR300 moisture meter (Spectrum

Technologies Inc., Plainfield, Illinois, USA).
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148 2.5 Statistical analysis

149 Generalized least square (GLS) ANOVA was used to assess the effect of WT and N (fixed factor) on the cumulative CHy
150 and N,O emissions in 2018 and in 2019 (respectively), and the soil properties were determined via the R package n/me (Pekar
151 et al. 2016, Tiemeyer et al. 2016). We also used the GLS method to compare the effects of N deposition on CH4 and N,O
152 emissions at each WT level in each year, followed by a Tukey HSD test. The GLS model included an autoregressive structure,
153 accommodated for unequal time of sampling, and a variance function allowing for unequal variance in the fixed factors
154 (Wanyama et al. 2019).

155 A Generalized Additive Model (GAM) was used to fit the relationship between the cumulative CH4 emissions and N
156 deposition dosages at different water table levels as well as the relationship between the global warming potential (GWP) of
157 growing season GHG emissions and N deposition dosages. Compared to the linear models, GAM directly and smoothly fitted
158 the non-linear relationship between the response variable and the multiple explanatory variables, despite the data distribution

159  (Chenetal. 2021).

160 The cumulative GHG emissions in the growing seasons in each year were calculated by the following equation:
161 Cumulative CHs4 (or N>O) emission =
162 Fy X (ty = toare) X 24+ 2 (Fi+ Fian)/ 2 X (tiaq — £) X 24 + Fy X (tong — to) X 24

163  where F is the CHs (g C m? h'!') and N>O flux (g N m? h'), n is the total number of measurements each year, F; and F, stand
164 for the GHG flux from the first and last sampling each year, and t; and t, represent the time of the first and last sampling each
165 year. iis the ith measurement, (t+1—t;) is the days between two adjacent measurements, tya and tenq are 1 June and 30 September
166 each year. To reduce the heterogeneity of the first and last sampling occasion each year, the GHG emission from 1 June to the
167 first sampling and from the last sampling to 30 September was taken into consideration and compared to the results of previous
168 studies (Goldberg et al. 2010).

169 GWP was used to define the cumulative impacts of the growing season GHG budgets (CH4 and N>O) as a time-integrated
170 radiative force over a period of 100 years. The GWP of cumulative CH, and N>O emissions was calculated using the formula:
171 GWP (g COz-eq m?) = 28%Fcps.cx16/12 + 265X Fy20.x%<44/28

172 where Fepysc and Fyzo.y are the growing season cumulative emissions of CHys (g CH4-C m?2 yr!) and N,O (g NO-N m2 yr'!)
173 based on the mass of C and N, respectively. The radiative forcings of CHs and N,O are 28 and 265 in terms of a CO»-eq unit
174  ata 100-year time horizon.

175 Statistical analysis was carried out by applying the statistic R software (version 3.4.3) (R Development Core Team, 2011),
176 and graphs were drawn using OriginPro 9.8.0.200. Final p values were Bonferroni adjusted to mitigate the risk of type I error.

177 A significance level of a = 0.05 was used for all statistical tests.
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3. Results

3.1 Soil properties

During the two years of the growing season mesocosm experiment, the soil water content (SWC) varied from 63.5% to
81.1% and was only significantly affected by the water table levels (Table 1 and 2). The higher WT levels significantly
increased the SWC in both years. The soil pH varied within the range 7.3 to 7.8 and was only significantly affected by N
deposition. Large variability of SOC was observed within the range 215.9 g kg! to 296.1 g kg'!, and both the WT and N
treatments showed significant effects on SOC, without any interactive effects. Compared with the control treatment without N
deposition, N deposition increased SOC by 1.4% to 31.1% (except WTyNieo in 2019). Soil TN varied between 12.9 g kg and
19.1 gkg! and was elevated by N deposition, whereas no significant response to the WT treatments was observed. N deposition

enhanced soil TN by 1.3% to 110.5% compared to the Ny treatment at each WT level.

Table 1. Soil properties (mean + SE) (n=3) in the different water table (WT) treatments and nitrogen deposition (N) levels in

2018 and 2019.

2018 2019

WT30 WT, WTio WT. WT, WTio
SWC No 65.8+£2.5 67.4+2.6 69.8+1.5 62.8+1.7 70.4£1.0 81.1£1.6
(%) Nao 66.8+1.8 74.2+1.6 74.2+1.9 63.5+2.0 71.3+£0.4 79.0+£2.0
Nao 67.3£1.5 73.2£3.0 71.0+1.7 64.4+1.9 71.6£1.9 79.8£1.6
Ngo 67.4+2.2 72.0+£0.8 73.1£1.1 67.8+0.8 69.6+1.4 77.4£2.1

Nigp 644413  68.0+22  72.8+1.8 68.1£0.7  72.2+1.8 81.1+1

pH No 7.6+0 7.7£0.1 7.7+0.1 7.7+£0 7.8+0.1 7.8+0.1
Ny 7.5+0 7.7£0 7.440.1 7.740.1 7.5+0.2 7.6%0.1

Nao 7.3+0 7.6%0.1 7.6+0.1 7.5+0.1 7.6+0.2 7.7+0.2

Nso 7.6+0 7.44+0.1 7.5+0.1 7.4+0.1 7.6+0.1 7.4+0

Niso 7.5+£0 7.6£0 7.3+0.1 7.5+0.1 7.4+0.1 7.5+£0

SOC No 231.3+£54  237+243  246.6+16.0 215.9+3.6  227.3£14.4 218.3+£14.0
(gkg") Ny 296.1+45.7  285.848.4 279.2423.4 228.749.6  249.9+12.0 273.3£11.8
Nao 292.3+14.1 281.2+18.7 262.8+20.9 241.8+6.7 281.0£17.8 253.3x17.5
Nsgo 265.4+17.7 294.3+7.7  291.4+93 240.9+12  230.6+10.8  286.2+9.1
Nigo  275.6£7.0 276.8+10.1 266.8+32.4 254.6+18.2 226.8+13.7 251.5+19.1

™™ No  176t08 16111  18.7:08 129:09 14403 147421
(gkg') Ny  187+07 191206  19.3+0.8 219422 212432 233450
Ny 184%11 188409  19.2+0.4 191415 214440  15.042.7
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Neo 183208 194202  19.7+0.2 186£1.1  162+1.0  31.0+2.6
Niw 18108  182+04  19.0:0.4 19.542.0  21.7%6.6  21.9+4.6

SWC, soil water content; SOC, soil organic carbon; TN, total nitrogen.

Table 2. Effects of water table (WT) and nitrogen (N) deposition levels and their interactions on soil properties using

generalized least square (GLS) models.

SWC pH SOC TN
F P F P F P F Vd
WT 194  <0.001%** 0.34 0.7103 9.92  <0.001*** 2.08 0.1319
N 0.64 0.6352 6.78  <0.001*** 5.18 0.001** 4.49 0.002**
WTXN 0.25 0.9807 0.35 0.944 0.91 0.5147 0.74 0.6526

Bold font denotes significant values. The statistical significance levels used were: *: 0.01<P < 0.05; **: 0.001< P < 0.01; ***:

P<0.001. SWC: soil water content; SOC: soil organic carbon; TN: total nitrogen.

3.2 Methane

The Zoige alpine peatland acted as a net source of CH4 in the WT, and WT) treatments throughout the two growing
seasons, although the CH,4 flux was almost 0 in the WT_3o treatment. Seasonal variability of the CHs4 flux was observed (Figure
1). The cumulative CH4 emissions of the growing season ranged from -0.26 to 29.26 g CHs-C m™ yr'! in 2018 and from -0.35
to 16.36 g CH4-C m yr'! in 2019 (Figure 2). During the two years, the WT treatments and their interaction with the N
treatments had significant effects on the cumulative CH4 emissions, while N deposition only had significant effects in 2019
(Table 3). Along the WT level gradient from WT.39 to WTo, the cumulative CH4 emissions increased markedly. The response
of the cumulative CH4 emissions to N deposition was non-linear under WT, and WT) conditions (Figure 3), the highest value
occurring in the Ny treatment. Compared to the N treatment, the Ngo and N treatments remarkably decreased the cumulative
CH4 emissions by 36.5% to 97.4%, while N4y was in the same order of magnitude as in the Ny treatment. The GAM results
showed that the cumulative CH4 emissions could be explained by N deposition for 55.9% under WT, conditions and for 45.4%
under WT)o conditions. The modelling results also indicated that the critical thresholds for the highest cumulative CHs
emissions were 14.41 g C m? yr'! with 20.9 kg ha! yr! N deposition under WT, conditions and 21.60 g C m? yr! with 16.2

kg ha! yr'! N deposition under WT}o conditions.
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216  Figure 2. Effects of nitrogen deposition levels on cumulative CH4, N2O emissions and GWP (from CH4 and N>O) at three

217  water table levels during the rowing seasons in 2018 and 2019. For the GWP figures, the shaded area indicates GWP generated

218 from cumulative N>O, while the unshaded area from CHj. Error bars represent the SE (n=3). Different letters above the bars

219  indicate statistically significant differences (P < 0.05).

220

221 Table 3. The individual and interactive effects of water table (WT) and nitrogen (N) deposition levels on GWP (global warming

222 potential), cuamulative CH4 and N>O emissions in 2018 and 2019 using generalized least square (GLS) models.

CH4 N0 GWP
F P F P F P

2018

WT 2488 <0.007 *** 36.68 <0.001*** 177.63 <0.001***

N 1.37 0.27 239.38 <0.001%** 103.82 <0.001***

WTxN  15.15 <0.001*** 4.28 0.002** 13.59 <0.001***
2019

WT 61589 <0.001%** 351.26 <0.001*** 702.04 <0.001***

N 5.99 0.001** 989.75 <0.001*** 66.67 <0.001***
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WTxN  18.01 <0.001%** 523 <0.001%** 7.61 <0.001%**

Bold font denotes significant values. The statistical significance levels used were: *:0.01<P < 0.05; **: 0.001< P < 0.01; ***:

P<0.001.
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Figure 3. The relationship between cumulative greenhouse gas (CH4 and N,O) emissions and nitrogen deposition levels at
three water table levels. A linear model was used to estimate cumulative N,O emission at five nitrogen deposition levels,
while a generalized additive model (GAM) was used to assess the response of cumulative CH,4 emission to nitrogen
deposition levels. The statistical significance levels used were: * = P <0.05 and > 0.01; ** = P <0.01 and > 0.001; ***

P<0.001; NS = not significant (P > 0.05). The shaded areas indicate 95% confidence intervals.

3.3 Nitrous oxide

The Zoige alpine peatland acted as a net N,O source during the growing seasons, the N>O fluxes showing clear seasonal
variability in 2018 and 2019. The N,O flux tended to be highest in early September 2018 and in mid-August 2019, while the
lowest flux was observed at the start or the end of the growing seasons (Figure 1). The cumulative N,O emissions ranged from
0.02 to 0.49 g N;O-N m? yr! in 2018 and from 0.05 to 0.50 g N;O-N m? yr! in 2019. The cumulative N>O emissions were
significantly affected by the WT levels, N deposition and their combination (Table 3). N deposition significantly increased the
cumulative N>O emission by 28.9% to 1974.6%, most significantly in the Ni¢o treatment. However, there was no clear effect
of WT levels on N,O emissions. We observed a significantly positive and linear relationship between the cumulative N,O
emissions and N application doses, and the slope and intercept of the linear correlation depended on the WT levels (Figure 3).

The linear results also showed that the 1 kg N ha'! addition increased the cumulative N>O emission by 0.0028, 0.0024 and
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0.0023 g N,O-N m2 yr'! under WT.39, WTo and WT}y conditions, respectively.

3.4 Global warming potential

During the two study years, the combined GWP from the cumulative CH4 and N>,O emissions varied within the range
11.17 g COz-eq m? to 1113.86 g CO»-eq m? (Figure 2 and Table S1). Both the WT and N treatments and their combination
showed significant effects on GWP (Table 3). According to the GAM results (Figure 4), the higher WT level increased GWP,
the predicted curve following the order: WTo > WTo > WT.30. Similar to the cumulative CH4 emissions, the GWP emission
showed a non-linear relationship with N deposition levels under WTy and WT)o conditions (Figure 4), and the highest value
occurred in the Ny treatment. Nevertheless, under WT_3) conditions, the response of GWP to N deposition was positive and
linear and thus similar to the pattern of N,O, with the highest value being recorded in the N treatment. Meanwhile, the
contribution of cumulative CH4 emissions to GWP was negative (-112% to -4%) in the WT_3, treatment but much higher in
the WTo (3% to 97%) and WTo (35% to 97%) treatments, especially for the Ny treatment (84% to 97%) (Table S1). The
contribution of cumulative N,O emissions to total GWP was highest in the low WT level (WT.30) and high N deposition
treatments (Nso and Nio).
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Figure 4. Effects of nitrogen deposition levels on the global warming potential (GWP) of greenhouse gas (CH4 and N,O)

budgets at three water table levels using generalized additive models. The statistical significance levels used were: * = P <
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0.05 and > 0.01; ** = P <0.01 and > 0.001; *** P<0.001; NS = not significant (P > 0.05). The shaded areas indicate 95%

confidence intervals.

4. Discussion

To better understand the sensitivity of alpine peatlands to climate change and anthropogenic disturbance, our mesocosm
experiment focused on the CH4 and N,O emissions in response to multiple levels of N deposition at three WT levels in an
alpine peatland. Ours is one of few studies (Gao et al. 2014, Wang et al. 2017) exploring the interactive effects of WT levels
and N deposition on GHG emissions in alpine peatlands. Our main finding was that N deposition non-linearly affected the
cumulative growing season CH, emissions and linearly enhanced the N,O emission, the effect being highly dependent on the
WT levels. Our results partially supported hypothesis I — that N deposition would consistently enhance the N>O emissions and
that moderate N deposition would increase and high N deposition decrease the emissions (hypothesis I). This provides clear

evidence of the interactive effects of WT levels and N deposition on GHG emissions, supporting hypothesis II.

4.1 Effects of WT and N deposition on CHs emission

In the two-year mesocosm experiment, corresponding with the results of previous studies (Hoyos-Santillan et al. 2019,
Wang et al. 2017), WT levels had a significant positive effects on CH4 emissions, and the higher WT levels generally increased
the SWC and CH4 emissions. The extent of the CH, release from the Zoige peatland to the atmosphere depended on the balance
between the microbial processes of CHy4 production and oxidation. At the higher WT levels, the oxygen content in the surface
peat declined and the exposure of CH4 production process to anaerobic conditions increased, elevating CH4 emissions (Evans
et al. 2021, Hoyos-Santillan et al. 2019, Zhang et al. 2020).

The effects of N deposition on peatland CH4 emissions reported in previous studies varied considerably with positive
(Juutinen et al. 2018), negative (Gao et al. 2014) or neutral (Wang et al. 2017) relationships reported. In the current study, a
moderate level of N deposition positively stimulated the CH4 emissions, but subsequently the positive effect declined with
further N addition, despite the extremely low uptake or emission of CHy4 at low WT levels. This result is not unique as those
of Li et al. (2012), Lafuente et al. (2020) and Qu et al. (2021) all showed a similar non-linear pattern for grasslands, drylands
and steppe, respectively, although the aforementioned three regions acted as CHs sinks. The response of CH4 emissions to N
deposition was depending on a threshold value of added N doses. Below this threshold, we observed positive effect — the
increasing N input alleviated of N constraints on microbial metabolism and, finally, increased CH4 production (Currey et al.
2009, Deng et al. 2019). Above the threshold, the large amounts of available NOs™ led to negative and inhibitory effects on the

methanogenic activity due to the competition of NO3-reducing bacteria with methanogens (Liu et al. 2020). In addition, NO3
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might be used as an alternative electron acceptor to O, in order to support the microbial CH4 oxidation process, and thus the
produced CH, was more consumed by the methanotrophic microbes (Qu et al. 2021, Wang et al. 2017).

The interactive effects of WT levels and N deposition on the cumulative CH4 emissions were distinct in our study (Table
3 and Figure 3). Thus, we found that the WT levels were more likely to determine the direction and magnitude of CH4 emissions
from alpine peatlands than N deposition. The N deposition non-linearly affected the CH4 emissions, but the optimal scenario
for CH4 emissions was roughly ca. 20 kg N ha™! yr'!, which could be slightly changed by the WT levels. This was not consistent
with the findings in previous studies showing no interactive effects of WT and N treatments on the CH4 uptake or emissions
in the Qinghai-Tibetan Plateau (Wang et al. 2017, Wu et al. 2020). A possible explanation of this may be that WT levels may
significantly influence the positive or negative effects of N deposition on the microbial process of CH4 production due to its
limitation on peat anaerobic conditions. It is likely that the manipulated N supply and aerobic conditions simultaneously
affected the microbial processes of CH4 production and oxidation and thereby determined the level of CH, emissions. We also
speculate that the WT levels were associated with nutrient exploitation by microorganisms and, accordingly, that the higher
WT levels promoted diffusion of the added N in the water-filled soil pore, N thus becoming readily accessible in the microbial

process (Wang et al. 2017).

4.2 Effects of WT and N deposition on N2O emission

The mesocosms in the Zoige alpine peatland acted consistently as a N,O source in the two years, and we observed
significant positive and linear effects of N deposition on N>,O emissions but no clear pattern of WT effects. This is not unique,
and Wang et al. (2017) reported that elevated WT levels under drained to inundated conditions had no effects on the N,O flux
in the alpine peatlands of the Tibetan Plateau. The present results show that the N,O emissions from alpine peatland were
likely primarily determined by N deposition rather than by WT levels. This is partially consistent with the study of (Gao et al.
2014), which also indicated the N addition (5.0 g N m 2 yr'!") significantly increased and the higher WT level slightly decreased
N>O emissions in the alpine peatlands of the Qinghai-Tibetan Plateau. The alpine peatlands are generally under pressure by N
deficits and highly sensitive to the climate change (Squeo et al. 2006). The N input via deposition could supply more N
substrate and activate the microbial process of N,O production. Our study showed that the N deposition did increase soil TN
(F =4.49, P = 0.002); however, this did not exhibit a linear relationship similar to N>O emissions with N deposition. This is
common, and some studies have even reported no effects of N addition on TN on the alpine steppe and grasslands of the
Tibetan Plateau, respectively (Qu et al. 2021, Zhao et al. 2017). The possible reason is WT- or N deposition-induced availability
of N substrate in soil peat, which is favourable for microbial N,O production (Cui et al. 2016, Yue et al. 2021, Zhu et al. 2020).
Both the WT levels and N deposition may affect the N availability in top layer soil and consequently regulate the denitrification

process (Han et al. 2019, Wang et al. 2017).
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Studies on the interactive effects of WT levels and N deposition on N>O emissions in peatlands are rare and have
contradictory findings. For example, Wang et al. (2017) revealed no interactive effects of WT and N addition on N,O emissions
in the alpine peatlands of the Tibetan Plateau, while Gao et al. (2014) showed the N addition increased the N>O emissions;
albeit this was slightly inhibited by water addition. Our results confirmed the occurrence of an interactive effect of WT and N
deposition on N,O emissions, but it was neither synergistic nor antagonistic. N deposition had linear positive effects on N,O
emission, and WT did not alter this linear relationship but slightly changed the slope and intercept. This finding is quite novel,
and we have not identified any similar results in the previous studies. Because of this, we speculate that the N supply was the
primary factor determining the N>O emissions in the N-limited Zoige alpine peatland, but this process was associated with the
WT levels via impacts on the efficiency of utilising N substrate for microbial N>O production.

The growing season (June to September) N,O emission responded to the 1 kg N ha™! yr! deposition and increased by
0.0023-0.0028 g N m? yr'! in the current study. This is slightly lower than the levels of previous studies, for instance that of
(Gong et al. 2019), who found that 1 kg annual N ha' addition led to an increase of ca. 0.0076 g N;O-N m yr'! during the
growing season (May to October) in a boreal peatland. This could be attributed to the relatively low air temperature at this
particular alpine peatland, which hampered the microbial N>O production. Furthermore, IPCC (2013) suggested that the
emission factor (the fraction of nitrogen added that is released as N,O) is 1%, indicating that 1 kg annual N ha! may increase
N0 emissions by 0.001 g N m™ yr''. The relatively higher emission factor for N;O-N in our study was probably due to the

high dose of N addition.

4.3 Effects of WT and N deposition on GWP

The 100-year GWP was used as a tool to quantify the combined effect of CH4 and N>O emissions and its response to N
deposition at different WT levels in the investigated Zoige alpine peatland. The response of GWP to the N deposition was
complex, and the largest increase in the GWP occurred at high WT levels (i.e. WT at soil surface or above) and ca. 20 kg N
ha'! yr'! deposition. This is partially consistent with the results of a previous study, which indicated that the threshold value of
N addition rates for the highest 100-year GWP (CO, CHs4 and N>O) in the Qinghai-Tibetan Plateau was 20 kg N ha! yr! in
2013 (Qu et al. 2021). We also observed that the elevated WT levels increased the magnitude of total GWP in the region due
to the contribution of largely enhanced CH4 emissions, this being supported by an earlier study in Qinghai-Tibetan Plateau by
Wang et al. (2017) indicating that the strength of the CH,4 source was the primary reason for the changed GWP in response to
the changed WT levels. Meanwhile, N deposition showed linear and non-linear effects on GWP depending on the WT levels.
The reason behind this was the main contributor to the total GWP changed from CHs to N,O along the elevated WT levels,
which led to a change in the response of total GWP to N addition from linear to non-linear. This result is quite novel, and

further studies should be conducted with focus on the long-term interactive effects of WT and N deposition on GWP from CO,
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346  CHsand N,O combined.
347 4.4 Implications for future GHG emissions in alpine peatlands
348 The undisturbed peatlands are currently a weak carbon sink (~0.1 Pg C yr'') with a moderate source of methane (~0.03

349 Pg CH,4 yr!) and a very weak source of nitrous oxide (~0.00002 Pg N>O-N yr!), but artificial drainage transitioned it into a
350 net C source (~0.1 Pg C yr'!), with a 10% decrease in CH, emissions and 20-fold increase in N>O emissions (Frolking et al.
351 2011). In addition, a further study indicated that if we do not rehabilitate or restore the drained peatlands, they might constitute
352 12-41% of the GHG emissions budget by 2100 (Leifeld et al. 2019). Restoration of the drained peatlands is already regarded
353 as crucial to safeguard natural ecosystems and decrease GHG emissions (Laine et al. 2019), particularly to meet the
354  requirement of mitigation of GHG emissions in the Paris Agreements. Numerous studies have confirmed the relief of GHG
355 emissions (primarily mitigation of CO, but acceleration of CHy4) from peatlands due to the artificial restoration (Evans et al.
356 2021, Laine et al. 2019). However, accurate estimates of CH4 and N>O emissions are still unavailable, in particularly associated
357  with the climate change.

358 Alpine or high-altitude peatlands constitute an exceptional group among the global peatlands (Le et al. 2020) and
359 traditionally, they are more fragile water bodies and sensitive to climate changes and human disturbances (Squeo et al. 2006).
360 The Zoige alpine peatland, the largest and highest wetland area in Qinghai-Tibetan Plateau, accounts for 6.2% of the SOC
361 storage in China and 1% in the world (Cao et al. 2017). Previous studies have already shown the Qinghai-Tibetan Plateau is
362 experiencing increasing N deposition (Zhu et al. 2020), drainage (Zhang et al. 2011) or ecological restoration (Xu et al. 2021).
363 However, the response of this vulnerable but large carbon pool to the increasing N deposition and fluctuating WT levels as
364  well as its contribution (particularly CH4 and N,O emissions) to the future global GHG budgets is still uncertain.

365 Our study estimated the CH4 and N,O emissions from an alpine peatland in response to the multi-level increasing N
366 deposition and fluctuating WT levels, and our results do not argue against full restoration or drainage of peatlands or the
367 reliability of the maybe too high level of N deposition. Our scenario of water table level (at soil surface or above) and N
368 deposition (ca. 20 kg N ha'! y!) effectively increased the CH4 and N>O emissions from the studied Zoige alpine peatland.
369 Furthermore, additional N deposition enhanced the N>O emissions and slightly increased or even inhibited CH4 emissions.
370 Considering the current N deposition of 1.08-17.81 kg N-ha'! in the Qinghai-Tibetan Plateau (Han et al. 2019) and of 21.1 kg
371 N ha! in China (Liu et al. 2013), the future trend predicting a possible doubling or tripling of N deposition by the end of the
372 century (Lamarque 2005) as well as the restoration of drained peatlands to safeguard their function and to mitigate GHG
373 emissions, we need to pay attention to the probably increasing CH4 emissions and the shift in the presently underestimated
374 N>O emissions from low to high levels. We believe that our results are strongly useful for predicting the GHG emissions from

375 alpine peatlands in response to the climate change and anthropogenic activities in the future.
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376 5. Conclusion
377 The N-limited fragile alpine peatlands are highly sensitive to climate change and anthropogenic activities. Hence, we
378  need to improve our understanding of the response of GHG emissions from alpine peatlands to the increasing nitrogen
379 deposition and changing water table levels. Our results showed that CHs4 emissions were determined by N deposition, WT
380 levels and their interactive effects. A modest input of N deposition and high WT levels both stimulated CH4 emissions. N,O
381 emissions were remarkably sensitive to N deposition, which consistently and linearly increased the N>O emissions, irrespective
382 of WT levels. The N deposition supplied more nutrients and substrate for the GHG-related microbes, while the WT levels
383 determined the soil aerobic conditions. Moreover, we speculated that the WT levels influenced the exploitation of nutrients for
384 CH4 and N,O production. The highest GWP was observed at high WT levels and ca. 20 kg N ha'! yr'! deposition. The current
385 annual N deposition in the Qinghai-Tibetan Plateau (1.08-17.81 kg N-ha!) is not as high as in China as a whole (21.1 kg N-ha"
386 1. However, the projected increasing N deposition suggests that the GHG emissions from alpine peatlands have not yet peaked,

387  and there is therefore a risk for higher CH4 and N>O emissions in the future.
388  Data availability

389  All data are available from the corresponding author by request.

390  Author contributions

391 Wantong Zhang: Conceptualization, Data curation, Software, Writing - original draft, Writing - review & editing,

392 Validation, Formal analysis. Zhengyi Hu: Conceptualization, Supervision. Joachim Audet: Data curation, Supervision,
393  Writing — review & editing. Thomas A. Davidson: Supervision, Data curation, Writing — review & editing. Enze Kang:
394 Investigation. Xiaoming Kang: Investigation, Project administration. Yong Li: Investigation. Xiaodong Zhang:

395 Investigation, Project administration. Jinzhi Wang: Investigation, Conceptualization, Project administration, Writing -

396  review & editing..
397  Competing interests
398  The contact author has declared that neither they nor their co-author has any competing interests.

399 References

400  Audet]., Elsgaard L., Kjaergaard C., Larsen S. E. , Hoffmann C. C.: Greenhouse gas emissions from a Danish riparian wetland

401 before and after restoration, Ecol. Eng., 57, 170-182. https://doi.org/10.1016/j.ecoleng.2013.04.021, 2013.
402 Cao R., Xi X., Yang Y., Wei X., Wu X. , Sun S.: The effect of water table decline on soil CO, emission of Zoige peatland on
403 eastern Tibetan Plateau: A four-year in situ experimental drainage, Appl. Soil Ecol, 120, 55-61.

404 https://doi.org/10.1016/j.aps0il.2017.07.036, 2017.



https://doi.org/10.5194/bg-2022-53
Preprint. Discussion started: 20 May 2022
(© Author(s) 2022. CC BY 4.0 License.

405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

18

Chen H., Zhu Q., Peng C., Wu N., Wang Y., Fang X., Gao Y., Zhu D., Yang G., Tian J., Kang X., Piao S., Ouyang H., Xiang
W., Luo Z., Jiang H., Song X., Zhang Y., Yu G., Zhao X., Gong P., Yao T. , Wu J.: The impacts of climate change and
human activities on biogeochemical cycles on the Qinghai-Tibetan Plateau, Glob. Change Biol., 19, 10, 2940-55.
https://doi.org/10.1111/gcb.12277, 2013.

Chen Q., Wang S.,Ni Z., Guo Y., Liu X., Wang G., Li H.: No-linear dynamics of lake ecosystem in responding to changes of
nutrient regimes and climate factors: Case study on Dianchi and Erhai lakes, China, Sci. Total Environ., 781.
https://doi.org/10.1016/j.scitotenv.2021.146761, 2021.

Cui L., Kang X., Li W,, Hao Y., Zhang Y., Wang J., Yan L., Zhang X., Zhang M., Zhou J. , Kardol P.: Rewetting Decreases
Carbon Emissions from the Zoige Alpine Peatland on the Tibetan Plateau, Sustainability, 9, 6.
https://doi.org/10.3390/su9060948, 2017.

Cui Q., Song C., Wang X., Shi F., Wang L. , Guo Y.: Rapid N,O fluxes at high level of nitrate nitrogen addition during freeze-
thaw  events in  boreal peatlands of Northeast China, Atmos. Environ., 135, 1-8.
https://doi.org/10.1016/j.atmosenv.2016.03.053, 2016.

Currey P. M., Johnson D., Sheppard L. J., Leith . D., Toberman H., Van Der Wal R., Dawson L. A. , Artz R. R. E.: Turnover
of labile and recalcitrant soil carbon differ in response to nitrate and ammonium deposition in an ombrotrophic
peatland, Glob. Change Biol., 16, 8, 2307-2321. https://doi.org/10.1111/j.1365-2486.2009.02082.x, 2009.

Deng L., Huang C., Kim D. G., Shangguan Z., Wang K., Song X. , Peng C.: Soil GHG fluxes are altered by N deposition: New
data indicate lower N stimulation of the N,O flux and greater stimulation of the calculated C pools, Glob. Change
Biol. https://doi.org/10.1111/gcb.14970, 2019.

Evans C. D., Peacock M., Baird A. J., Artz R. R. E., Burden A., Callaghan N., Chapman P. J., Cooper H. M., Coyle M., Craig
E., Cumming A., Dixon S., Gauci V., Grayson R. P., Helfter C., Heppell C. M., Holden J., Jones D. L., Kaduk J., Levy
P., Matthews R., McNamara N. P., Misselbrook T., Oakley S., Page S., Rayment M., Ridley L. M., Stanley K. M.,
Williamson J. L., Worrall F. , Morrison R.: Overriding water table control on managed peatland greenhouse gas
emissions, Nature., https://doi.org/10.1038/s41586-021-03523-1, 2021.

Frolking S., Talbot J., Jones M. C., Treat C. C., Kauffman J. B., Tuittila E.-S. , Roulet N.: Peatlands in the Earth’s 21st century
climate system, Environ. Rev., 19, 371-396. https://doi.org/10.1139/a11-014, 2011.

Gao Y., Chen H. , Zeng X.: Effects of nitrogen and sulfur deposition on CH4 and N,O fluxes in high-altitude peatland soil
under different water tables in the Tibetan Plateau, Soil Sci. Plant Nutr, 60, 3, 404-410.
https://doi.org/10.1080/00380768.2014.893812, 2014.

Goldberg S. D., Knorr K.-H., Blodau C., Lischeid G. , Gebauer G.: Impact of altering the water table height of an acidic fen
on N,O and NO fluxes and soil concentrations, Glob. Change Biol., 16, 1, 220-233. https://doi.org/10.1111/j.1365-
2486.2009.02015.x, 2010.

Gomez-Casanovas N., Hudiburg T. W., Bernacchi C. J., Parton W. J. , Delucia E. H.: Nitrogen deposition and greenhouse gas
emissions from grasslands: uncertainties and future directions, Glob. Change Biol., 22, 4, 1348-1360.
https://doi.org/10.1111/gcb.13187, 2016.

Gong Y., Wu J., Vogt J. , Le T. B.: Warming reduces the increase in N20 emission under nitrogen fertilization in a boreal
peatland, Sci. Total Environ., 664, 72-78. https://doi.org/10.1016/j.scitotenv.2019.02.012, 2019.

Han Y., Dong S., Zhao Z., Sha W., Li S., Shen H., Xiao J., Zhang J., Wu X., Jiang X., Zhao J., Liu S., Dong Q., Zhou H. ,
Yeomans J. C.: Response of soil nutrients and stoichiometry to elevated nitrogen deposition in alpine grassland on
the Qinghai-Tibetan Plateau, Geoderma, 343, 263-268. https://doi.org/10.1016/j.geoderma.2018.12.050, 2019.

Hoyos-Santillan J., Lomax B. H., Large D., Turner B. L., Lopez O. R., Boom A., Sepulveda-Jauregui A. , Sjogersten S.:
Evaluation of vegetation communities, water table, and peat composition as drivers of greenhouse gas emissions in
lowland tropical peatlands, Sci. Total Environ., 688, 1193-1204. https://doi.org/10.1016/j.scitotenv.2019.06.366, 2019.

IPCC: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, UK and New York, NY,
USA, 2013



https://doi.org/10.5194/bg-2022-53
Preprint. Discussion started: 20 May 2022
(© Author(s) 2022. CC BY 4.0 License.

451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

19

Jarveoja J., Peichl M., Maddison M., Soosaar K., Vellak K., Karofeld E., Teemusk A. , Mander U.: Impact of water table level
on annual carbon and greenhouse gas balances of a restored peat extraction area, Biogeosciences, 13, 9, 2637-2651.
https://doi.org/10.5194/bg-13-2637-2016, 2016.

Juutinen S., Moore T. R., Bubier J. L., Arnkil S., Humphreys E., Marincak B., Roy C. , Larmola T.: Long-term nutrient addition
increased CHs emission from a bog through direct and indirect effects, Sci. Rep., 8, 1, 3838.
https://doi.org/10.1038/s41598-018-22210-2, 2018.

Lafuente A., Recio J., Ochoa-Hueso R., Gallardo A., Perez-Corona M. E., Manrique E. , Duran J.: Simulated nitrogen
deposition influences soil greenhouse gas fluxes in a Mediterranean dryland, Sci. Total Environ., 737, 139610.
https://doi.org/10.1016/j.scitotenv.2020.139610, 2020.

Laine A. M., Mehtatalo L., Tolvanen A., Frolking S. , Tuittila E. S.: Impacts of drainage, restoration and warming on boreal
wetland greenhouse gas fluxes, Sci. Total Environ., 647, 169-181. https://doi.org/10.1016/j.scitotenv.2018.07.390,
2019.

Lamarque J. F.: Assessing future nitrogen deposition and carbon cycle feedback using a multimodel approach: Analysis of
nitrogen deposition, J. Geophys. Res., 110, D19. https://doi.org/10.1029/2005jd005825, 2005.

Le T. B.,, WulJ., Gong Y., Vogt J.: Graminoid Removal Reduces the Increase in N,O Fluxes Due to Nitrogen Fertilization in a
Boreal Peatland, Ecosystems, 24, 2, 261-271. https://doi.org/10.1007/s10021-020-00516-5, 2020.

Leifeld J., Wiist-Galley C. , Page S.: Intact and managed peatland soils as a source and sink of GHGs from 1850 to 2100, Nat.
Clim. Change, 9, 12, 945-947. https://doi.org/10.1038/s41558-019-0615-5, 2019.

Liu X., Zhang Y., Han W., Tang A., Shen J., Cui Z., Vitousek P., Erisman J. W., Goulding K., Christie P., Fangmeier A. , Zhang
F.: Enhanced nitrogen deposition over China, Nature, 494, 7438, 459-62. https://doi.org/10.1038/nature11917, 2013.

Liu Z., Li D., Zhang J., Saleem M., Zhang Y., Ma R., He Y., Yang J., Xiang H. , Wei H.: Effect of simulated acid rain on soil
CO,;, CHs; and N,O emissions and microbial communities in an agricultural soil, Geoderma, 366.
https://doi.org/10.1016/j.geoderma.2020.114222, 2020.

Pekar S., Brabec M. , Bshary R.: Marginal Models Via GLS: A Convenient Yet Neglected Tool for the Analysis of Correlated
Data in the Behavioural Sciences, Ethology, 122, 8, 621-631. https://doi.org/10.1111/eth.12514, 2016.

QuS.,XuR.,Yul, LiF., WeiD., Borjigidai A.: Nitrogen deposition accelerates greenhouse gas emissions at an alpine steppe
site on the Tibetan Plateau, Sci. Total Environ., 765, 144277. https://doi.org/10.1016/].scitotenv.2020.144277, 2021.

Saiz E., Sgouridis F., Drijthout F. P., Peichl M., Nilsson M. B. , Ullah S.: Chronic Atmospheric Reactive Nitrogen Deposition
Suppresses Biological Nitrogen Fixation in Peatlands, Environ. Sci. Technol,, 55, 2, 1310-1318.
https://doi.org/10.1021/acs.est.0c04882, 2021.

Squeo F. a., Warner B. g., aravena R. , espinoza D.: Bofedales: high altitude peatlands of the central Andes, Rev. Chil. Hist.
Nat., 79, 245-255. http://dx.doi.org/10.4067/S0716-078X2006000200010, 2006.

Tiemeyer B., Albiac Borraz E., Augustin J., Bechtold M., Beetz S., Beyer C., Drosler M., Ebli M., Eickenscheidt T., Fiedler
S., Forster C., Freibauer A., Giebels M., Glatzel S., Heinichen J., Hoffmann M., Hoper H., Jurasinski G., Leiber-
Sauheitl K., Peichl-Brak M., Rosskopf N., Sommer M. , Zeitz J.: High emissions of greenhouse gases from grasslands
on peat and other organic soils, Glob. Change Biol., 22, 12, 4134-4149. https://doi.org/10.1111/gcb.13303, 2016.

Wang H., Yu L., Zhang Z., Liu W., Chen L., Cao G., Yue H., Zhou J., Yang Y., Tang Y. , He J. S.: Molecular mechanisms of
water table lowering and nitrogen deposition in affecting greenhouse gas emissions from a Tibetan alpine wetland,
Glob. Change Biol., 23, 2, 815-829. https://doi.org/10.1111/gcb.13467, 2017.

Wanyama L., Pelster D. E., Butterbach-Bahl K., Verchot L. V., Martius C. , Rufino M. C.: Soil carbon dioxide and methane
fluxes from forests and other land use types in an African tropical montane region, Biogeochemistry, 143, 171-190.
https://doi.org/10.1007/s10533-019-00555-8, 2019.

Wilson D., Farrell C. A., Fallon D., Moser G., Muller C. , Renou-Wilson F.: Multiyear greenhouse gas balances at a rewetted
temperate peatland, Glob. Chang Biol., 22, 12, 4080-4095. https://doi.org/10.1111/gcb.13325, 2016.

Wu X., Wang F., Li T., Fu B., Lv Y., Liu G.: Nitrogen additions increase N>O emissions but reduce soil respiration and CH,4

uptake during freeze—thaw cycles in an alpine meadow, Geoderma, 363.



https://doi.org/10.5194/bg-2022-53
Preprint. Discussion started: 20 May 2022
(© Author(s) 2022. CC BY 4.0 License.

497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525

526

20
https://doi.org/10.1016/j.geoderma.2019.114157, 2020.

XuY., Dong S., Gao X., Yang M., Li S., Shen H., Xiao J., Han Y., Zhang J., Li Y., Zhi Y., Yang Y., Liu S., Dong Q. , Zhou H.:
Aboveground community composition and soil moisture play determining roles in restoring ecosystem
multifunctionality of alpine steppe on Qinghai-Tibetan Plateau, Agr. Ecosyst. Environ., 305.
https://doi.org/10.1016/j.agee.2020.107163, 2021.

Yang G., Chen H., Wu N, Tian J., Peng C., Zhu Q., Zhu D., He Y., Zheng Q. , Zhang C.: Effects of soil warming, rainfall
reduction and water table level on CH4 emissions from the Zoige peatland in China, Soil Biol. Biochem., 78, 83-89.
https://doi.org/10.1016/j.s0ilbi0.2014.07.013, 2014.

Yang G., Wang M., Chen H., Liu L. F.,, WuN., Zhu D., Tian J. Q., Peng C. H., Zhu Q. A. , He Y. X.: Responses of CO, emission
and pore water DOC concentration to soil warming and water table drawdown in Zoige Peatlands, Atmos. Environ.,
152, 323-329. https://doi.org/10.1016/j.atmosenv.2016.12.051, 2017.

Yu Z., Loisel J., Brosseau D. P., Beilman D. W. , Hunt S. J.: Global peatland dynamics since the Last Glacial Maximum,
Geophys. Res. Lett., 37, 13. https://doi.org/10.1029/2010g1043584, 2010.

Yue P, Zuo X., Li K., Cui X., Wang S., Misselbrook T. , Liu X.: The driving effect of nitrogen-related functional
microorganisms under water and nitrogen addition on N,O emission in a temperate desert, Sci. Total Environ., 772,
145470. https://doi.org/10.1016/j.scitotenv.2021.145470, 2021.

Zhang L., Hou L., Guo D., Li L. , Xu X.: Interactive impacts of nitrogen input and water amendment on growing season fluxes
of CO,, CHs and N,O in a semiarid grassland, Northern China, Sci. Total Environ., 578, 523-534.
https://doi.org/10.1016/j.scitotenv.2016.10.219, 2017.

Zhang W., Wang J., Hu Z., Li Y., Yan Z., Zhang X., Wu H., Yan L., Zhang K. , Kang X.: The Primary Drivers of Greenhouse
Gas Emissions Along the Water Table Gradient in the Zoige Alpine Peatland, Water Air Soil Poll., 231, 5.
https://doi.org/10.1007/s11270-020-04605-y, 2020.

Zhang Y., Wang G. , Wang Y.: Changes in alpine wetland ecosystems of the Qinghai-Tibetan plateau from 1967 to 2004,
Environ. Monit. Assess., 180, 1-4, 189-99. https://doi.org/10.1007/s10661-010-1781-0, 2011.

Zhao Z., Dong S., Jiang X., Liu S., JiH., Li Y., Han Y. , Sha W.: Effects of warming and nitrogen deposition on CHs, CO and
N,O emissions in alpine grassland ecosystems of the Qinghai-Tibetan Plateau, Sci. Total Environ., 592, 565-572.
https://doi.org/10.1016/j.scitotenv.2017.03.082, 2017.

Zhu J., Chen Z., Wang Q., Xu L., He N, Jia Y., Zhang Q. , Yu G.: Potential transition in the effects of atmospheric nitrogen
deposition in China, Environ. Pollut., 258, 113739. https://doi.org/10.1016/j.envpol.2019.113739, 2020.



