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Abstract

Rapid climate change and intensified human activities have resulted in water table lowering (WTL) and enhanced
nitrogen (N) deposition in Tibetan alpine wetlands. These changes may alter the magnitude and direction of green-
house gas (GHG) emissions, affecting the climate impact of these fragile ecosystems. We conducted a mesocosm
experiment combined with a metagenomics approach (GeoChip 5.0) to elucidate the effects of WTL (—20 cm relative
to control) and N deposition (30 kg N ha™' yr ') on carbon dioxide (CO,), methane (CH,) and nitrous oxide (N,O)
fluxes as well as the underlying mechanisms. Our results showed that WTL reduced CH, emissions by 57.4% aver-
aged over three growing seasons compared with no-WTL plots, but had no significant effect on net CO, uptake or
N,O flux. N deposition increased net CO, uptake by 25.2% in comparison with no-N deposition plots and turned the
mesocosms from N,O sinks to N,O sources, but had little influence on CH, emissions. The interactions between WTL
and N deposition were not detected in all GHG emissions. As a result, WTL and N deposition both reduced the glo-
bal warming potential (GWP) of growing season GHG budgets on a 100-year time horizon, but via different mecha-
nisms. WTL reduced GWP from 337.3 to —480.1 g CO,-eq m~2 mostly because of decreased CH,4 emissions, while N
deposition reduced GWP from 21.0 to —163.8 g CO,-eq m 2, mainly owing to increased net CO, uptake. GeoChip
analysis revealed that decreased CH,4 production potential, rather than increased CH, oxidation potential, may lead
to the reduction in net CH, emissions, and decreased nitrification potential and increased denitrification potential
affected N,O fluxes under WTL conditions. Our study highlights the importance of microbial mechanisms in regulat-
ing ecosystem-scale GHG responses to environmental changes.
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Introduction

Carbon dioxide (CO,), methane (CH,) and nitrous
oxide (N,O) are three major greenhouse gases (GHGs)
that contribute to the anthropogenic greenhouse effect
(IPCC, 2013). Wetlands play a dual role in affecting the
atmospheric budgets of these GHGs. Waterlogged con-
ditions lead to significant carbon (C) accumulation
because of limited decomposition, which exerts a cool-
ing effect on climate (Frolking et al., 2006; Yuan et al.,
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2015). Meanwhile, low redox potentials are conducive
to CHy and N,O emissions, which have a warming
effect on climate (Smith ef al., 2003; Frolking et al.,
2006). Human activities and climate change have
resulted in numerous environmental changes, includ-
ing water table lowering (WTL) in wetlands (Dise,
2009). However, it still remains unclear how the GHG
emissions and their net climate impact respond to these
changes (Petrescu et al., 2015).

The water table is the key factor controlling the
boundary between oxic and anoxic soils (Dinsmore
et al., 2009) and has aroused considerable concern in
peatlands and marshes in boreal (Aurela et al., 2007;
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Chivers et al., 2009), temperate (Webster et al., 2013;
Yang et al., 2013) and subtropical zones (Malone et al.,
2013). As the water table lowers, on the one hand, soil
CO; emission increases because of accelerating organic
matter decomposition (Aurela et al., 2007; Webster
et al., 2013). On the other hand, water stress may reduce
plant photosynthesis, leading to a decrease in CO,
uptake (Chivers ef al., 2009; Malone et al., 2013). Mean-
while, WTL also reduces CH, production and enhances
CH, oxidation due to elevated soil oxygen content
(Smith et al., 2003; Karbin et al., 2015), as well as stimu-
lates N>O emissions because of increased nitrogen (IN)
availability associated with N mineralization (Goldberg
et al., 2010).

N deposition is another issue directly linked to wet-
land GHG emissions. N deposition affects CO, fluxes
by increasing plant productivity, improving the chemi-
cal quality of litter (lower C/N ratio) and alleviating N
constraints on microbial metabolism (Bragazza et al.,
2006; Lebauer & Treseder, 2008). N also alters CH,
emissions through impacts on microbes and plants,
because N influences the activity of methanogens and
methanotrophs (Liu & Greaver, 2009), and affects plant
productivity and species composition involved in CH,4
production, oxidation and transport (Joabsson et al.,
1999; Bubier et al., 2007; Lai et al., 2014). In addition, N
input increases N,O emissions by supplying available
N for nitrifying and denitrifying bacteria (Dalal et al.,
2003; Lohila et al., 2010). More importantly, nutrient
status has been observed to modulate the effect of WTL
on GHG emissions in northern peatlands (Martikainen
et al., 1993; Aerts & Ludwig, 1997); however, few stud-
ies have investigated the interactive effects of WTL and
N deposition in alpine wetlands.

Currently, our understanding of GHG emissions is
constrained by limited knowledge of microbial medi-
ated mechanisms (McCalley et al., 2014). For CH4 and
N;O, the linked processes of production and consump-
tion involve methanogens and methanotrophs, as well
as nitrifying and denitrifying bacteria (Le Mer & Roger,
2001; Dalal et al., 2003). However, determining the roles
of these microbes in mediating GHG emissions under
WTL and N deposition is difficult. The recently devel-
oped microarray-based metagenomics tool (GeoChip
5.0) enables the detection of over 144000 gene
sequences from 393 gene families associated with bio-
geochemical processes (Wang et al., 2014a). For exam-
ple, the CH,4 production potential of methanogens is
detected by mcrA gene encoding methyl coenzyme M
reductase A (Luton et al., 2002). The CH, oxidation
potential of methanotrophs is detected by pmoA and
mmoX genes. The nitrification potential is detected by
amoA gene encoding ammonia monooxygenase and hao

gene encoding hydroxylamine oxidoreductase. The
denitrification potential is detected by narG gene encod-
ing nitrate reductase, nirS and nirK genes encoding
nitrite reductase, and norB gene encoding nitric oxide
reductase (Yue et al., 2015). Therefore, GeoChip 5.0
offers an unprecedented opportunity to investigate the
links between microbial functional potentials connected
with these processes and net CH; or N,O emissions
(Yang et al., 2014b).

The aim of this study is to explore how and by what
mechanisms GHG fluxes respond to WTL and N depo-
sition in the alpine wetlands of the Tibetan Plateau,
which play an important role in regulating regional
GHG budget and are subjected to intensified human
activities and rapid climate change (Chen et al., 2013).
Over the past five decades, the wetlands in this plateau
(with the exception of riverine and lacustrine wetlands)
have undergone widespread degradation (Zhang et al.,
2011b; Chen et al., 2013) that has largely been ascribed
to artificial drainage for cultivation (An et al., 2007;
Zhang et al., 2011a) or permafrost degradation associ-
ated with climate warming (Cheng & Wu, 2007; Piao
et al., 2010; Zhang et al., 2011b). Meanwhile, this pla-
teau has experienced increasing N deposition (Liu
et al., 2015), particularly in the northeastern region,
where N deposition rates (including dry and wet depo-
sition) have ranged from 4 to 13.8 kg N ha ' yr ' (Lu
& Tian, 2007; Fang et al., 2012). Although several stud-
ies have reported that CH,; emissions are affected by
water table (Chen et al., 2008, 2009; Yang et al., 2014a;
Song et al., 2015), or N deposition (Gao et al., 2014) in
this fragile ecosystem, no study to date has focused on
the effects of these changes on net climate impact of
GHG emissions and the molecular mechanisms under-
lying GHG responses.

We hypothesize that WTL decreases net CO, uptake
and CH, emissions but increases N,O emissions (hy-
pothesis I), since aerobic conditions accelerate organic
matter decomposition, decrease CH; production,
increase CH, oxidation, and provide more available N
for nitrification and denitrification by stimulating N
mineralization. We also hypothesize that N deposition
increases net CO, uptake as well as CH4 and N,O emis-
sions (hypothesis II), since increased N availability
favors nitrifying and denitrifying bacteria and stimu-
lates plant growth under N-limited conditions. Conse-
quently, increased plant productivity could supply
more substrate for CH, production and more conduits
for CH, transport. Finally, we hypothesize that N depo-
sition modulates the effects of WTL on GHG fluxes
(hypothesis III). WTL could physiologically threaten
the function (e.g. the production and consumption of
GHGs) of soil microbes by imposing a lower
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environmental water potential (Schimel ef al., 2007). N
deposition would reduce the WTL-induced negative
impact on the microbial function because more N can
be used to synthesize chaperones and osmolytes
(Csonka, 1989; Yerbury et al., 2005). In addition, we
quantified the effect of WTL and N deposition on the
global warming potential (GWP) of three GHGs on a
100-year time horizon. Using a metagenomics tech-
nique, this study is the first to investigate whether vari-
ations in CH4 and N,O emissions align with that of
functional genes associated with CH, production and
oxidation, nitrification and denitrification in a Tibetan
wetland.

Materials and methods

Study site and mesocosm collection

This study was conducted at the Luanhaizi wetland (37°35'N
latitude, 101°20'E longitude, 3250 m a.s.l.), located in the
northeastern part of the Tibetan Plateau. This area is character-
ized by a continental monsoon climate, with short, cool sum-
mers and long, cold winters. From 1981 to 2010, the mean
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annual air temperature was —1.1 °C; the mean annual precipi-
tation was 480 mm, and more than 80% of the precipitation
was concentrated in the growing seasons (May to September).
The wetland is dominated by the vascular plant Carex pamiren-
sis and dotted with Carex atrofusca, Hippuris vulgaris, Triglochin
palustre and Heleocharis spp (Fig. 1a). In the 0- to 10-cm soil
layer of the wetland, the soil pH, total C and N content are 7.7,
16.2% and 1.1%, respectively. The local level of atmospheric N
deposition ranges from 8.7 to 13.8 kg N ha ' yr ! (Fang et al.,
2012).

A homogeneous area was selected for mesocosm collection.
Twenty bottomless tanks (0.6 m length x 0.6 m width x
0.65 m height, n = 20) were inserted into the wetland soil in
September 2010, which is close to the end of the growing sea-
son. After the soil froze at the end of October, the tanks were
excavated (Fig. 1b), the bottom of the tanks was welded, and
the outside of the tanks was wrapped with polystyrene foam
to avoid heat exchange with their surroundings. To eliminate
rain effects on the maintenance of the water table, the meso-
cosms were placed under a rainfall shelter that is approxi-
mately 1000 m away from the excavated site. The rainfall
shelter was constructed with anti-ultraviolet plastic transpar-
ent plates (Fig. 1c). We let the mesocosms recover from collec-
tion and transportation until May 2011 by maintaining the
water table at the same depth as that of the natural wetland.

60 cm |

Fig. 1 The landscape of the Luanhaizi wetland in the growing season (a), mesocosm collection in the non-growing season (b), experi-

mental arrangement (c) and sketch map of experiment system (d).
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Experimental design

Two water table levels and two N deposition levels were
applied in a complete factorial design (2 water table x 2 N
deposition). Each treatment had five replicates; twenty meso-
cosms were randomly arranged into five blocks. Two water
table levels (WT°, 3 cm above the soil surface, and WT",
20 cm below the soil surface) simulated the present and future
water table. Two N deposition levels (N° 0 kg N ha™! yr’1
addition; N*, 30 kg N ha ! yr ! addition) mimicked the sce-
nario of doubled N deposition.

The control water table was set to 3 cm above the soil sur-
face, which was in line with the mean water table under natu-
ral growing season conditions. Because the lowest water table
at this wetland dropped to approximately 20 cm below the
soil surface in the 2010 growing season, the water table in the
WTL plots was set to this water level. Wetland water was
automatically supplemented by micropumps to control the
water table accurately. Manostat systems connected to the
micropumps (PULANDI 1205 Diaphragm Pump, Pulandi
Machine Equipment Co., Shijiazhuang, China) were used to
regulate the water table. When the water table was below the
set points, the micropumps turned on and supplemented the
tanks with wetland water transported from where the meso-
cosms were collected. Simulated N deposition was divided
into four portions and applied monthly during the growing
seasons from 2011 to 2013. The N deposition plots were
sprayed with ammonium nitrate (NH4NO;) mixed with 1 L of
water from the wetland, while the no-N deposition plots were
sprayed with the same amount of water without NH;NO;.

GHG fluxes measurements

CO; fluxes. Net ecosystem CO, exchange (NEE) was mea-
sured with a transparent chamber (0.4 m length x 0.4 m width
x 0.6 m height; without bottom) using an infrared gas ana-
lyzer (IRGA; LI-6400, LI-COR Inc., Lincoln, NE, USA). This
method has been used and validated in a number of previous
studies (e.g. Niu et al., 2008). Before the measurements, square
collars (0.4 m length x 0.4 m width x 0.1 m height) were
inserted 5 cm below the soil surface. During each measure-
ment, the chamber was placed on the collar and sealed with
water. A fan was fixed on the top of the sampling chamber to
mix the air. Six consecutive values of CO, concentration were
recorded at 10-s intervals during a measurement period of
1 min after steady-state conditions were reached. The CO, flux
rate was calculated by the slope of linear regression of the six
records in the time series of concentration. After the NEE mea-
surements, we ventilated the chamber, replaced it on the same
square collar, and finally covered it with an opaque cloth.
These obtained values represent the ecosystem respiration
(ER). Gross ecosystem productivity (GEP) was calculated by
subtracting ER from NEE. Positive and negative values of CO,
fluxes indicate CO, release and uptake, respectively. We mea-
sured CO, fluxes twice or thrice per month on sunny days
between 9:00 and 12:00 local time for all treatments. We
observed the diurnal patterns at 2-h intervals on 21 June, 14
July, 21 August and 6 September 2012.

CHy and N,O fluxes. CH, and N,O fluxes were measured
according to Yu ef al. (2013) using static opaque chamber
and gas chromatography. The chambers were made of stain-
less steel and consisted of removable cover boxes (0.4 m
length x 0.4 m width x 0.4 m height; without bottom) and
square collars. The square collars were the same as those for
the CO, measurements. A fan in each opaque chamber was
used to mix the air during sampling. Gas samples were col-
lected at 10-min intervals over 30 min using plastic syringes.
Samples were stored in syringes following sampling and
subsequently analyzed via gas chromatograph (Agilent
7890A, Agilent Co., Santa Clara, CA, USA) within 24 h. The
chromatograph was equipped with a flame ionization detec-
tor (FID) to analyze the CH, concentration and an electron
capture detector (ECD) to analyze the N,O concentration
(Wang & Wang, 2003). The carrier gas was Ny, and the oper-
ation temperature for the FID was set at 250 °C and ECD at
300 °C. CH4 and N,O fluxes were calculated by the slopes
of linear regressions between gas concentrations and sam-
pling time (0, 10, 20 and 30 min after chamber closure). The
coefficients of determination (R? of the linear regressions
were sometimes low for N,O (<0.4). To avoid a bias from
omitting low fluxes, we kept those values when CH, concen-
trations showed a good linear trend with time as described
by Dijkstra et al. (2013). Sampling was conducted twice or
thrice per month between 9:00 and 12:00 local time for all
treatments, and the diurnal patterns were measured on 26
June, 29 July, 21 August and 1 September 2012. CH, fluxes
were measured from 2011 to 2013, and N,O fluxes were
measured in 2012 and 2013.

GWRP. Daily fluxes were calibrated as the ratios of daily aver-
age values to daytime (9:00-12:00) average values. The calibra-
tion coefficients were 0.25 for NEE, 0.91 for ER, 0.86 for CH,
and 0.98 for N,O based on the diurnal patterns of CO,, CHy
and N,O fluxes of the control plots in 2012 (Figs S4 and S5).
Seasonal cumulative GHG fluxes were calculated by multiply-
ing the average daily fluxes between two consecutive sam-
pling dates by the time interval, and then by summing up the
daily fluxes for all time intervals during the growing seasons.
We further assessed the climate impact of growing season
GHG budgets using the GWP, which is defined as time-inte-
grated radiative forcing. The 100-year GWP (in g CO,-eq
m~?), which was adopted by the UNFCCC and the Kyoto Pro-
tocol, was calculated by adding the GWP from NEE, CHy, (sea-
sonal cumulative CH, fluxes in g CH; m ™2 multiplied by 28)
and N,O (seasonal cumulative N,O fluxes in mg N,O m 2
multiplied by 265 x 107°) (IPCC, 2013). It should be noted
that the GWP in 2011 was calculated only by NEE and CHy;
however, the GWP showed no large differences because of the
small contribution of N,O (<5% in 2012-2013).

Water table depth and soil temperature measurements

While GHGs were sampled, water table depth and soil tem-
perature at 10 cm depth were recorded. A slotted 2.5 cm
diameter polyvinyl chloride pipe was installed in each tank to

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829
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measure water table depth (Fig. 1d). No significant changes in
soil temperature at 10 cm depth were observed under WTL
and N deposition conditions using portable temperature
probes (JM 624 Digital Thermometer, Jinming Instrument Co.,
Ltd., Tianjin, China) (Fig. S1).

Estimation of aboveground net primary production and
belowground biomass

The height and density of the plants were measured in the
mesocosms during August in 2011, 2012 and 2013. A simu-
lated method was used to estimate the aboveground net pri-
mary production (ANPP) nondestructively (Wang et al., 2012).
To develop the simulation model, the height and density of
the plants in 0.4 m length x 0.4 m width quadrats in the natu-
ral wetland were measured, and the aboveground biomass
was harvested, dried and weighed in August 2012. Based on
the measurements from the natural wetland, a linear equa-
tion was established to simulate aboveground plant biomass
(APB): APB=-9375+0.089 A+0972 H (P <0.001,
R? =0.93, n = 41), where A is the total amount of plant stems
and H is the mean plant height. The APB in each mesocosm
was estimated using this equation to represent the annual
ANPP because APB peaks in mid-August in this area.

Upon the completion of the experiment in September 2013,
one soil core of 5.0 cm in diameter from each mesocosm was
collected to a depth of 50 cm and washed with sieves. Live
and dead roots were dried and weighed, and belowground
biomass was estimated by the ratio of the live standing root
crops to the total root biomass (0.56).

Soil sampling, DNA extraction and GeoChip 5.0
experiments

In mid-September 2013, three soil cores of 5.0 cm in diameter
from a depth of 0—50 cm were randomly collected in each
mesocosm and then well mixed as a composite soil sample by
soil depth (0—-10 cm, 10-20 cm, 20—-30 cm and 30-50 cm).
The soil samples were kept on ice before transportation to the
laboratory. Soil samples were then sieved using 2-mm mesh to
remove the plant roots and stones and preserved at —80 °C
before DNA extraction. Soil samples of 0—10 cm were used
for GeoChip 5.0 experiments because the topsoil was signifi-
cantly affected by WTL and N deposition. Soil DNA was
extracted using the MoBio PowerSoil DNA isolation kit
(MoBio Laboratories, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The DNA was further purified by
precipitation with ethanol and then dissolved in nuclease-free
water. Approximately 0.6 ug of community DNA was labeled
with the fluorescent dye Cy-3 and hybridized with GeoChip
5.0 at 67 °C for 24 h in an Agilent hybridization oven. Then,
GeoChip microarrays were scanned using a NimbleGen
MS200 scanner (Roche, Madison, WI, USA). The detailed
descriptions of DNA extraction, purification, labeling,
hybridization to GeoChip 5.0, raw data processing and statisti-
cal analyses were reported in a previous study (Wang et al.,
2014a).

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829

Data analysis

Repeated-measures analysis of variance was used to test
the effects of the main factors on CO,, CHy N,O and
ANPP, with water table and N deposition as between-sub-
ject factors and year as a within-subject factor, including
interactions. Repeated-measures analysis of variance was
also used to examine the effects of the main factors on
CO,, CHy and N,O fluxes within each year, with water
table and N deposition as between-subject factors and sam-
pling date as a within-subject factor, including interactions.
We used post hoc tests (Tukey HSD) to test the differences
among treatments. A paired test was used to analyze the
effect of water table across different N deposition levels
and the effect of N deposition across different water table
levels. All statistical analyses were conducted using spss
16.0 (SPSS Inc., Chicago, IL, USA).

Results

Aboveground net primary production and belowground
biomass

Over the three years of the mesocosm experiment, WTL
had no detectable effect on ANPP compared with the
no-WTL plots (Fig. 2a). However, the effect of WTL
varied with time, with a decrease (16.0%) in 2011, no
changes in 2012 and an increase (13.7%) in 2013. Over-
all, N deposition enhanced ANPP by 11.5% across dif-
ferent water table levels (Fig. 2b). Additionally, this
enhancement varied during the study period, with no
effect on ANPP in 2011, an increase of 15.5% in 2012,
and an increase of 12.4% in 2013.

At the end of the experiment, WTL significantly
increased belowground biomass by 22.6% in compar-
ison of the no-WTL plots, and N deposition elevated
belowground biomass by 25.7% compared with the
no-N deposition plots (Fig. 2c).

Carbon dioxide fluxes

GEP was higher than ER, leading to a net CO, absorp-
tion of 1019.1 g CO, m > averaged by the three consec-
utive growing seasons (Fig. 3a—c). Seasonal CO, flux
dynamics (P < 0.001) were observed within each year
(Table 1), and CO, fluxes peaked in July or August.
Although WTL did not significantly affect net CO,
uptake because of simultaneous increases in ER and
GEP across the three years (Table 2), the effect varied
with time and the trend changed from negative to posi-
tive in August 2012 (Fig. S2a). In comparison with the
no-N deposition plots, N deposition elevated the net
CO, uptake across the three years with an average
increase of 25.2%, because of a smaller increase in ER
than in GEP (Fig. S2a—c).
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Fig. 2 Effects of water table lowering and nitrogen deposition
on aboveground net primary production (ANPP) in 2011-2013
(a, b) and on belowground biomass in September 2013 (c). Bars
show + SE (1 = 10). WT® and WT~ indicate no water table low-
ering and water table lowering across different nitrogen deposi-
tion levels, respectively. N° and N* indicate no nitrogen
deposition and nitrogen deposition across different water table
levels, respectively. ns and *: not statistically significant and sta-
tistically significant at P < 0.05.

Methane and nitrous oxide fluxes

CH, emissions ranged from 339 to 39.5 g CH, m2
across all treatments in the three years (Fig. 4a). Signifi-
cant seasonal dynamics (P <0.01) were observed
(Table 1), and the highest value appeared in mid-August.
WTL substantially reduced CH, emissions by 67.0% in
2011, 52.7% in 2012 and 52.7% in 2013 compared with the
no-WTL plots, whereas N deposition had no significant
effect on CH, emissions (Fig. S3a, Table 2).

The absorptions of N,O were weak and varied from
-34 to 129 mg N,O m~2 in the control plots
(Fig. 4b). No significant seasonal dynamics were
detected (Table 1), and the N,O fluxes fluctuated
around zero. WTL had no significant effect on N,O
fluxes, whereas N deposition significantly increased
N,O release (P < 0.001), resulting in net N,O emissions
(Fig. S3b, Table 2). Moreover, no significant WT x N
interactions were observed.

Global warming potential

The GWP of growing season GHG budgets ranged
from 14.6 to 876.3 g CO,-eq m > for the control plots
(Fig. 5a). Overall, WTL turned the GWP of this wetland
from positive (337.3 g CO,-eq m~2, warming) to nega-
tive (—480.1 g CO,-eq m?, cooling) across different N
deposition levels, and this change was mainly caused
by the decrease in CH, emissions (Fig. 5b). Compared
with the no-N deposition plots, N deposition reduced
the GWP from 21.0 to —163.8 g CO,-eq m 2, because
the increase in net CO, uptake exceeded the enhance-
ment in CO, equivalents from CH4 and N,O emissions
(Fig. 50).

Abundance of genes associated with CHy and N,O fluxes

The abundance of methane-producing gene (mcrA)
markedly decreased (P = 0.04; Fig. 6a), whereas the
abundance of methane-oxidizing genes (pmoA and
mmoX) remained unchanged under WTL conditions
(Fig. 6b).  Similarly, N deposition considerably
decreased the abundance of methane-producing genes
(P = 0.08), but did not affect that of methane-oxidizing
genes. These results imply that both WTL and N depo-
sition mainly influence CH,; production potential,
rather than CH, oxidation potential.

WTL significantly decreased the abundance of genes
(amoA and hao) involved in nitrification (P = 0.01;
Fig. 6¢c), but marginally increased the abundance of
genes (nirS, nirK, narG and norB) involved in denitrifi-
cation (P = 0.06; Fig. 6d), suggesting that both nitrifica-
tion and denitrification potentials were influenced by
WTL. More specifically, WTL decreased the abundance
of amoA or nirS, increased the abundance of narG and
did not affect that of hao, nirK or norB (Fig. S6). N depo-
sition did not affect the abundance of the nitrifying and
denitrifying genes.

Discussion

Our results partially support hypotheses I and II; that
is, WTL decreases CH, emissions and N deposition
increases net CO, uptake and N,O emissions. In

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829
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Fig. 3 Seasonal dynamics of daytime (9:00-12:00) average net ecosystem carbon dioxide exchange (NEE) (a), ecosystem respiration
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ues indicate sinks. The arrows indicate the dates of nitrogen application. CK, control; WT, water table lowering; N, nitrogen deposition;

WT + N, combined water table lowering and nitrogen deposition.

contrast to our predictions, WTL did not affect net CO,
uptake or N,O fluxes, and N deposition had no effect
on CH, emissions. Hypothesis 11, which states that the
effects of WTL on GHG emissions are modulated by N
deposition, is not supported. This study shows that
both WTL and N deposition reduced the overall GWP
although the mechanisms differed. That is, the WTL-
induced reduction was mainly caused by decreased
CH, emissions, whereas the N-induced reduction was
largely caused by increased net CO, uptake. GeoChip
analysis suggests that changes in CH,; production

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829

potential, rather than CH,; oxidation potential, pro-
vided explanation to the variations in net CH,; emis-
sions, and decreased nitrification potential and
increased denitrification potential affected N,O fluxes
under WTL condition in this alpine wetland.

WTL decreased CH4 emissions but did not affect NEE
and N,O fluxes

This three-year study provides direct evidence that
simultaneous increases in ER and GEP led to little NEE
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Table 1 Repeated-measures ANOvA on the effects of water table lowering, nitrogen deposition, sampling date and their interactions
on daytime (9:00-12:00) average carbon dioxide (NEE, net ecosystem carbon dioxide exchange; ER, ecosystem respiration; GEP,
gross ecosystem productivity; mg CO, m 2 h"), methane (CH,, mg CH, m 2 h!) and nitrous oxide (N,O, ug N,O m2hl
fluxes during the growing seasons (June-September)

2011 2012 2013
df F df F df F
NEE
WT 1,16 13.0%* 1,16 0.1 1,16 27
N 1,16 16.2% 1,16 32.3%%% 1,16 12.7%%
WT x N 1,16 0.01 1,16 03 1,16 6.1%
Date 8,128 4104 9,144 173 5% 9,144 4654+
Date x WT 8,128 5.9% 9, 144 15.6%% 9,144 1.7
Date x N 8,128 12 9,144 8.0% 9,144 0.9
Date x WT x N 8,128 1.6 9,144 0.9 9,144 04
ER
WT 1,16 68.3%%* 1,16 295.2%%* 1,16 186.7%%%
N 1,16 23 1,16 23.4%%% 1,16 13.4%%
WT x N 1,16 14 1,16 2.9 1,16 38
Date 8,128 70.9%%* 9,144 118.6%%* 9,144 47 8+
Date x WT 8,128 9.4%% 9, 144 14.6%% 9,144 11.5%*
Date x N 8,128 1.8 9,144 15 9,144 2.0
Date x WT x N 8,128 12 9,144 16 9,144 05
GEP
WT 1,16 0.1 1,16 28.3%%* 1,16 27.9%%*
N 1,16 15,455 1,16 33.6%%% 1,16 15,748
WT x N 1,16 03 1,16 0.9 1,16 6.7%
Date 8,128 78.1%%* 9,144 286.3%%* 9,144 69.5%%*
Date x WT 8,128 1.9 9,144 8.6%* 9,144 1.9
Date x N 8,128 1.9 9,144 9.8%* 9,144 0.9
Date x WT x N 8,128 16 9,144 0.9 9,144 05
CH,
WT 1,16 233.2%%* 1,16 301.0%** 1,16 59.8%**
N 1,16 03 1,16 0.1 1,16 0.8
WT x N 1,16 44 1,16 43 1,16 0.6
Date 11,176 11.2%% 14,224 167.6%% 8,128 116.4%%%
Date x WT 11,176 29.9%%% 14,224 53.7%%% 8,128 39.1%%%
Date x N 11,176 13 14,224 0.6 8,128 13
Date x WT x N 11,176 0.7 14,224 0.9 8,128 05
N,O
WT 1,16 0.3 1,16 0.03
N 1,16 41.0%%x 1,16 218+
WT x N 1,16 33 1,16 0.8
Date 14,224 13 8,128 1.9
Date x WT 14,224 1.2 8,128 15
Date x N 14,224 1.0 8,128 15
Date x WT x N 14,224 22 8,128 12

WT, N and Date indicate water table, nitrogen deposition and sampling date, respectively. N,O fluxes were not measured in 2011.
*, %% and ***: statistically significant at P < 0.05, P < 0.01 and P < 0.001.

response to WTL in this alpine wetland. Despite no decreased net CO, uptake, which is mainly attributed
detectable change across the three years, the response to increased soil CO, emission due to improved aera-
of NEE to WTL varied with time. In 2011, WTL tion (Wang et al., 2014b) and decreased water supply

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829
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Table 2 Effects of water table lowering and nitrogen deposition on cumulative carbon dioxide (NEE, net ecosystem carbon dioxide
exchange; ER, ecosystem respiration; GEP, gross ecosystem productivity; g CO, m2), methane (CH,, g CH, m ) and nitrous oxide
(N,O, mg N,O m~?) fluxes during the growing seasons (June-September)

NEE ER GEP CH, N,O
Mean SE Mean SE Mean SE Mean SE Mean SE

2011

WT° —681.9Db 423 823.8b 483 —1505.7 a 80.7 51.0a 2.6

WT~ —551.8a 33.7 1390.5 a 59.5 —1942.3 Db 76.3 169b 1.5

N° —539.6 a 22.8 1039.0 b 92.1 —1578.6 a 76.6 32.8a 6.9

N* —694.1b 45.0 11753 a 119.2 —1869.4 b 111.2 35.1a 5.1
2012

WT° —1114.8 a 60.2 1274.0b 70.0 —2388.8 a 125.0 498a 1.4 83a 6.1

WT~ —1068.5 a 59.3 2856.3 a 111.6 —3924.8Db 166.2 23.6 b 0.9 7.6a 52

NP —953.1a 37.0 1853.4 b 239.5 —2806.5 a 237.4 36.6 a 5.1 -31b 39

N* —1230.2b 403 22769 a 298.5 —3507.1b 301.1 36.8a 3.9 19.0 a 4.6
2013

WT° —15212a 66.0 1735.7 b 72.2 —3256.9 a 130.1 53.6a 2.8 152 a 10.8

WT~ —1668.9 a 111.3 33133 a 142.1 —4982.2Db 240.8 254b 2.6 213a 14.8

N° —14412a 67.2 2308.7 b 241.9 —37499 a 257.5 37.7a 5.9 -78b 47

N* —17489b 90.5 2740.3 a 307.9 —44892 b 379.0 412a 49 442a 12.8
Overall

WT° —1106.0 a 50.7 1277.8 b 58.3 —2383.8a 104.0 515a 1.8 11.7 a 8.0

WT~ —1096.4 a 61.0 2520.0 a 98.9 —3616.4Db 155.7 219b 1.4 144 a 8.8

N° —978.0a 34.8 1733.7b 188.7 —2711.7 a 186.7 357 a 5.8 —54b 3.7

N* —12244b 412 2064.2 a 239.2 —3288.6b 257.2 37.7a 45 31.6a 7.2

WT and WT™ indicate no water table lowering and water table lowering across different nitrogen deposition levels, respectively.
N and N* indicate no nitrogen deposition and nitrogen deposition across different water table levels, respectively. Different letters
indicate significant differences between levels (n = 10, P < 0.05).

for plants (Malone ef al., 2013). Interestingly, the nega-
tive influence of WTL on net CO, uptake became posi-
tive influence after August 2012. One possible
explanation is plant acclimation to WTL. It is well docu-
mented that drought increases investment of carbon
assimilation to roots (Farooq et al., 2009). More deep
roots under WTL (Fig. 2c) would enable plants to
access water in the subsoil. Another explanation is soil
nutrient changes during the experiment. WTL-induced
increase in N mineralization may stimulate photosyn-
thetic CO, fixation in this low N availability ecosystem
(Updegraff et al., 1995; Laiho, 2006). In short, this
study shows that the effect of WTL on NEE varied with
time, and demonstrates the necessity of long-term
observations.

WTL substantially decreased CH,4 emissions over the
three-year observation period, which is consistent with
the finding of mesocosms experiment in Zoige peat-
lands (Yang et al., 2014a). This result is also supported
by a study showing that seasonal CH, emissions are
positively correlated with water table depth using eddy

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829

covariance methods in the same wetland (Song et al.,
2015). Decreased CH, emissions can be caused either
by inhibition of CH4 production, or stimulation of CH,
oxidation, or both. Using GeoChip approach, we fur-
ther proved that decreased CH, production, rather than
increased CH, oxidation, was responsible for the
changes in CH, emissions under WTL conditions. The
lack of change in CH,4 oxidation may be attributed to
the following seasons. First, Carex pamirensis with well-
developed aerenchyma has a higher capacity in trans-
porting CHy to the atmosphere bypassing the oxidized
zones of CH4 consumption (Bridgham et al., 2013).
Thus, CH,4 oxidation may play a minor role in net CH,4
emission, and improved aeration under WTL condi-
tions led to a limited increase in CH4 consumption. Sec-
ond, the low oxygen density at high elevations
(3200 m, approximately 70% of that at sea level) can to
some extent limit CH4 oxidation, because low oxygen
availability reduces the activities of methanotrophs (Le
Mer & Roger, 2001). Further evidence is required to
verify these speculations.



824 H. WANG etal.

(@)

o 40 B
=
E
IV
O
o
E
x
&
Iﬂ
(@]

100
=
=
=" —O— CK
=2 A WT
5 of -
= —A— WT + N
ON
pd

sl b

Jun Jul Aug Sep Jun

2011

Fig. 4 Seasonal dynamics of daytime (9:00-12:00) average methane fluxes (CHy4) (a) and nitrous oxide fluxes (N,O) (b) under different
treatments from 2011 to 2013. Bars show + SE (1 = 5). Negative values indicate sinks. The arrows indicate the dates of nitrogen applica-
tion. CK, control; WT, water table lowering; N, nitrogen deposition; WT + N, combined water table lowering and nitrogen deposition.

Generally, improved aerobic condition induced by
WTL favors N mineralization and subsequent N,O
emissions (Updegraff et al., 1995). Nevertheless, our
results show that WTL did not affect N,O fluxes. This
may be attributed to high C/N ratio (16.8) in the
0-30 cm soil layer in this alpine wetland (Song et al.,
2015), since high C/N ratio limits the influence of WTL
on N,O emissions, as reported by Klemedtsson et al.
(2005). It is well-known that nitrifying bacteria prefer
aerobic conditions but denitrifying bacteria prefer
anaerobic conditions. However, GeoChip analysis
shows, on the one hand, that WTL decreased nitrifica-
tion potential (amoA; Fig. 56). One explanation is that
the alpine sedge negatively influences soil nitrification
by competing for soil ammonium. In this present study,
WTL increased ANPP and belowground biomass in
2013, thereby stimulating plant uptake of soil available
N. Moreover, the alpine sedge prefers ammonium over
nitrate (Raab et al., 1999), which may lead to less soil
ammonium for nitrifiers. Other explanation is that the
WTL-induced decrease in soil moisture reduces the dif-
fusion of soil ammonium, resulting in low nitrification

rate, as supported by a previous study (Osborne et al.,
2016). On the other hand, GeoChip data show that
WTL increased denitrification potential. This may
result from the increased availability of soil nitrate
because of the stimulating N mineralization under aer-
obic conditions and the relatively low uptake of the
alpine sedge.

N deposition stimulated NEE and N,O emissions but did
not affect CHy emissions

N deposition stimulated net CO, uptake (Fig. 3a),
suggesting that alpine wetlands may sequester more
atmospheric CO, under N deposition during growing
seasons. Notably, the observed changes in NEE may
not be applied to future long-term projections,
because shifts in plant community composition in the
long term can influence the response of NEE to N
treatment. For example, Bubier et al. (2007) and Lar-
mola et al. (2013) reported that N addition increases
vascular plants but decreases moss, leading to little
impact after 5 years and a negative impact after

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829



GHG EMISSIONS, WATER TABLE AND N DEPOSITION 825

1500
. (a)
1000
£
§ 500 [
8 0
o
a -500f —C—CK
= A WT
© 1000+ < N
—A— WT +N
—1500 : | l
2011 2012 2013
s 500
s E (b)
T8 —
= 0 0 —
83
=
g o
ST -—500 -
T C
)
$ & 1000
0o
< 2
£ _1500 ' ' I
2011 2012 2013
. 500
by c
A (c)
.c o~
23
32 =500
;Jg_ 5 —= CO,
== == CH,
(G4 =1000 - — N,O
<59 —— GWP
< —1500 ' ' '
2011 2012 2013

Fig. 5 The global warming potential (GWP) of growing season
GHG budgets under different treatments (a) and differences in
GWP induced by water table lowering (b) and nitrogen deposi-
tion (c). In panel (a), bars show + SE (n = 5); CK, control; WT,
water table lowering; N, nitrogen deposition; WT + N, com-
bined water table lowering and nitrogen deposition; ns, * and
*#%: not statistically significant and statistically significant at
P <0.05 and P < 0.001. In panels (b) and (c), bars show + SE
(n = 10).

7 years on net CO, sink in an ombrotrophic bog.
Hence, it remains unknown how long N-induced
stimulation in NEE lasts in this wetland. However, at
least in the short term, the increased CO, absorption
partly compensated for the reduced CO, sink in
ombrotrophic bogs.

CH,4 emissions were not affected by N deposition in
this current study, which may result from the counter-
action of direct and indirect influences. The direct influ-
ence was the reduced activity of methanogens, as
indicated by decreased CH,; production potential

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829

(P = 0.08; Fig. 6a). This is supported by the results of
an experiment using soil columns in a peatland of the
eastern Tibetan Plateau (Gao et al., 2014) showing that
N addition inhibits CH, emissions. The indirect influ-
ence was caused by the increased plant ANPP, which
benefits CH, emissions (Hirota et al., 2004). Therefore,
in the current study, the observed no effect of N deposi-
tion on CH, emissions is probably a result of a positive
effect from plants being offset by a negative effect from
microbes.

In the present study, N deposition generally shifted
this alpine wetland from a N,O sink to a N,O source
over the whole growing season, but variations existed
in specific sampling period. For instance, no significant
changes in N,O emissions were detected under N
deposition in mid-September 2013 (Fig. S3b). Our soil
sampling for GeoChip experiment was also in this per-
iod. GeoChip data show no changes in nitrification and
denitrification potentials, which is consistent with N,O
flux response to N deposition. We acknowledge that
this low sampling frequency in GeoChip analysis due
to the high cost is a limitation to the understanding of
the mechanisms underlying the overall N,O flux
response.

No interactive effects of WI'L and N deposition

Concurrent changes in water and N deposition in
wetlands challenge the ability to extrapolate GHG
responses based on the results of single-factor experi-
ments. This study is among a few studies focusing
on the interactions between water and N deposition
at the ecosystem scale. For example, WTL stimulates
N,O emissions from nutrient-rich soils in peatlands,
but has no impact on emissions from nutrient-poor
soils (Martikainen et al., 1993; Aerts & Ludwig,
1997). In a California grassland, water addition alone
increases net CO, uptake, but has no effect under N
addition (Harpole ef al., 2007). However, our finding
suggests that N deposition did not alter the effects
of WTL on GHG emissions in this alpine wetland.
One possible explanation is that stimulated N miner-
alization increases N availability under WTL condi-
tions in this wetland, thereby overlapping the effect
of N deposition. Another explanation is that micro-
bial community structure has changed except for
physiological acclimation of microbes, when facing a
larger soil water gradient. It has been reported that
WTL increases fungi but decreases Gram-negative
bacteria in the upper soil of a boreal fen (Jaatinen
et al., 2007). We speculate that microbes reduce the
demand for N because of shifting in community
composition after three years of WTL in the current
study.
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WTL and N deposition both reduced the GWP of GHG
emissions

Few studies have quantified the climate impact of
alpine wetlands and its response to environmental
changes. Using the widely used 100-year GWP, this
study estimates that the pristine Tibetan alpine wet-
lands have a positive net GWP with growing season
GHG budgets, that is exerting a net warming impact on
global radiation balance. We further found that

decreased CH,; emissions led to reduction in GWP
under WTL conditions, as supported by an earlier
study in arctic wet tundra (Merbold et al., 2009). The
weakened CH, source strength of alpine wetlands and
the corresponding climate impact deserve more atten-
tion because the wetland of the Tibetan Plateau is one
of the two largest natural sources of CH; in China
(Ding et al., 2004). By contrast, our results suggest that
increased net CO, uptake was the dominant contributor
to the reduction in GWP following N deposition. This

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829



GHG EMISSIONS, WATER TABLE AND N DEPOSITION 827

finding is inconsistent with previous studies based on
in situ experiments (Zhang et al., 2013), meta-analyses
(Liu & Greaver, 2009) and coupled biogeochemical
models (Lu & Tian, 2013), reporting that N-driven stim-
ulation in CH4 and N,O emissions increases GWP. This
discrepancy is possibly because of the larger responsive
intensity of net CO, uptake than CH; and N>,O emis-
sions in this alpine wetland.

On the Tibetan Plateau, continued climate warming
has been projected by the IPCC global climate models,
and it has been suggested that climate warming will
lead to more permafrost degradation and WTL in typi-
cal alpine wetlands (Cheng & Wu, 2007; Trenberth
et al., 2007). With intensified human activities, N depo-
sition may increase in the near future. We estimated
that the reduction in GWP ranged from 919.1 to
1132.5 g COz-eq m > when WTL and N deposition
were combined. If we simply extrapolate our results to
the alpine wetlands (with the exception of riverine and
lacustrine  wetlands) of the Tibetan Plateau
(6.3 x 10* km?, Wei et al., 2015), approximately 57.9-
71.3 Tg CO,-eq per growing season will be taken up if
all Tibetan wetlands are simultaneously subject to WTL
and N deposition.

Our study was motivated by the alpine environments
of the Tibetan Plateau, which are expected to strongly
influence the GHG responses to environmental
changes. The low oxygen density, among the unique
environments, reduces the activities of methanotrophs.
In addition, the alpine sedges acclimate to WTL by allo-
cating more resources to deep roots. Furthermore, the
sedge plants are efficient in CH, transportation and
prefer ammonium over nitrate. Further studies should
investigate these mechanisms for the influence of WTL
and N deposition on GHG emissions.

It should be noted that wintertime GHG fluxes were
not observed due to the harsh conditions of this wet-
land, which causes an underestimation of annual GHG
emissions. However, this underestimation should not
affect our general conclusions because the wetland is
covered by ice during most of the non-growing season.
In addition, we do not have inter-annual data on
belowground biomass and soil properties to explain the
inter-annual variations in ecosystem-scale GHG
responses. These detailed ecosystem-level parameters,
although need destructive sampling, warrant further
investigation.

Here, for the first time, we examined the net cli-
mate impact of three GHG emissions and explored
the possible molecular mechanisms underlying the
changes in GHG emissions under WTL and N deposi-
tion in a Tibetan alpine wetland. Our results reveal
that both WTL and N deposition decrease the GWP
of GHG emissions by affecting different gas species.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 815-829

More importantly, the variances in microbial func-
tional genes are aligned with the changes in ecosys-
tem-scale GHG emissions. Our results suggest that
microbial mechanisms should be considered when
predicting ecosystem-scale GHG responses to future
environmental changes.
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