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Abstract Vegetation loss and plant diversity decline
in wetlands affect carbon and nitrogen cycling and
consequently influence gas fluxes. Although extensive
grazing by livestock and climate change have caused
significant physical degradation of wetlands on the
Qinghai-Tibet Plateau (QTP), and created a clear
drainage gradient, the impact on greenhouse gas
(GHG) emissions associated with this change has
rarely been reported. A 3-year study (2013-2015) was
conducted to examine the effect of vegetation change
and seasonality on ecosystem respiration, methane
(CH,) and nitrous oxide (N,O) fluxes in four classes of
wetlands with distinct magnitudes of vegetation
degradation: healthy vegetation (HV), slightly
degraded (SD), moderately degraded, and heavily
degraded (HD). We used the dark static chamber-
chromatography method to measure the gas fluxes.
Highly degraded wetlands were larger C and GHG
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sources than HV, despite lower methane emissions,
due to the loss of gross primary production. SD and
HD exhibited the highest cumulative mean annual
ecosystem respiration and N,O emissions, respec-
tively. Ecosystem respiration and CH, fluxes were
much higher during the growing seasons than in the
non-growing seasons. Ecosystem respiration and N,O
fluxes were positively correlated with soil and air
temperatures. This points at a potential effect of global
warming on GHG emissions from the QTP wetlands.
Top soil (0-20 cm) moisture content significantly
correlated positively with CH,4 fluxes. Vegetation loss
led to a reduced C uptake and increased global
warming potential. Therefore, we recommend soil
conservation measures and reduced livestock grazing
in the wetlands in order to conserve their role as carbon
sinks.

Keywords Climate change - Wetland vegetation
degradation - Plant diversity decline - Greenhouse
gas - Atmosphere

Introduction

Wetlands are very important ecosystems with ideal
conditions for capturing and storing carbon from the
atmosphere (Mitsch et al. 2013). One-third of the
global soil carbon pool is stored in wetlands (Khatri
2014). Although wetlands occupy less than 10% of the
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global land surface (Khatri 2014), they provide diverse
beneficial services. One significant function of wet-
lands is climate change mitigation through the regu-
lation of atmospheric concentrations of carbon dioxide
(CO,), methane (CH,), and nitrous oxide (N,O) (Song
et al. 2009). Alpine wetland meadows exhibit high
carbon sequestration potential due to high soil organic
content and low decomposition (Zhao et al. 2010).
However, increased temperature and intensified live-
stock grazing have caused widespread degradation of
alpine wetlands (Gao and Li 2016; Wu et al. 2017),
which may provide conditions to reverse this trend,
leading to overall carbon loss.

The Qinghai Tibet Plateau (QTP) extends over 2.5
million km” and is the highest plateau in the world
(Cao et al. 2004). Wetlands cover about 50,000 km? of
the QTP (Zhao 1999). The QTP has received recog-
nition worldwide due to its biodiversity and ecological
significance. Specifically, the Gahai Lake Wetland
which is located on the Zoige Plateau at the eastern
edge of the QTP, covers an area of 5.78 x 10* ha and
has been included in the Ramsar List of Wetlands of
International Importance in early 2011 (Sun et al.
2014). However, almost all wetlands on the QTP are
being used for livestock grazing (Hirota et al. 2005).
Furthermore, in many areas of the Plateau, wetlands
are experiencing large-scale degradation, shrinkage
and transformation because of increasing threats from
human activity and a highly variable climate (Hirota
et al. 2005; Nie and Li, 2011). Wet meadows are
ecosystems which are abundant on the QTP and
account for 70% of the Gansu Gahai wetland Nature
Reserve (Ma et al. 2015). They serve as valuable
source of livestock feed due to their high nutrition
levels (Gao and Li 2016). With the need to raise
livestock to meet a surging population, there has been
overgrazing on the QTP. Grazing intensity on the QTP
increased from 82.3 x 10* sheep ha™' year™' in the
1950s to 306.7 x 10* sheep ha™' year™" in 2005, i.e.,
64.4% higher than the theoretical grazing capacity of
this ecosystem (Li et al. 2008), which resulted in
significant vegetation loss (Gao and Li 2016). Over-
grazing triggers degradation of wet meadows primar-
ily through vegetation loss, which if not checked, is
then exposed to rodent attack, erosion and freeze—thaw
cycles, leading to complete denudation (Gao 2016).
Overgrazing depletes grass root nutrient levels causing
incomplete root development and premature seeds that
lack the vigor to rejuvenate (Chen 2005). As reported
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by Liu and Chen (2000), the QTP has also experienced
a warming climate for over 30 years. Mean annual
temperature increased at a rate of 0.16 °C per decade
between 1955 and 1996 (Wu et al. 2017). This resulted
in drier conditions and a shift from wet meadows to
grassland meadows, followed by moderately degraded
meadows and ultimately sandy meadows at severely
deteriorating sites (Wu et al. 2017).

Little information is available on the effects of the
magnitude of wetland vegetation degradation and
season on the three most important greenhouse gases
(GHGS) in North-West China. Previous studies on the
QTP did not address the three GHGs and were mostly
conducted during growing seasons (Hirota et al. 2005;
Hu et al. 2010; Lin et al. 2015). Some continuous
studies covering growing and non-growing seasons
(Li et al. 2015) have been conducted in the QTP but
these studies were not conducted in the wet meadows.
Furthermore, in previous studies degraded wetlands
were often considered as a single homogeneous entity.
Wetland vegetation degradation, however, occurs
slowly and undergoes several changes at various
stages. Previous work in the wet meadows of the QTP
categorized these wetlands into (1) healthy vegetation
(HV), (2) slightly degraded vegetation (SD), (3)
moderately degraded vegetation (MD), and (4) heavily
degraded vegetation (HD) (Ma et al. 2015). Vegeta-
tion cover, plant species composition, soil water
content (SWC), soil organic carbon (SOC), soil total
and available nitrogen, and soil physical properties
were the indicators used to classify wetland vegetation
degradation. A similar approach was used by Gao et al.
(2011) and Gao (2016). Furthermore, another study in
the Maduo county on the QTP assessed the effective-
ness of the indicators employed in classifying wetland
degradation into four levels as above and concluded
that vegetation cover and SWC were the most
effective indicators though not perfect, especially in
same wetland types (Gao et al. 2013). Wetlands at
each magnitude of vegetation degradation exhibit
distinct physico-chemical and biological properties.
These physico-chemical and biological properties
associated with each vegetation degradation class
may also influence greenhouse gas fluxes.

The present study assessed the influence of the
magnitude of wetland vegetation degradation on GHG
fluxes and on temporal variations in the wet meadows
of the eastern QTP. This study will provide prelim-
inary data for large scale and long term modeling of
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ecosystem-atmosphere gas exchange processes in the
context of future climate and land use changes. The
specific objectives of this study were: (1) to determine
the annual, growing and non-growing season ecosys-
tem respiration, CH, and N,O fluxes in the classified
wet meadows; (2) to assess the inter-annual and
seasonal variations of ecosystem respiration, CH, and
N,O fluxes at various degradation stages; (3) to
identify the controlling factors and mechanisms of
GHG fluxes and their interactions at various stages of
wetland vegetation degradation; and (4) to estimate
the ecosystem carbon balance and global warming
potential (GWP) of GHG fluxes in the wetlands.

Materials and methods
Study area description

The field experiment was conducted in Gansu Gahai
Wetlands Nature Reserve (34°16’'N, 102°26'E),
located on the eastern Qinghai-Tibet Plateau
(Fig. 1). The altitude of the Reserve is between 3430
and 4300 m above sea level. The Gahai Lake Wetland
covers an area of 5.78 x 10* ha, with alpine lakes,
peat lands and wet meadows accounting for
0.67 x 10* ha, 1.04 x 10* ha, and 4.07 x 10* ha,
respectively (Ma et al. 2015). There is a difference in
vegetation between the various stages of degradation
in the wet meadows. The region is characterized by
cold Qinghai-Tibetan climatic conditions. According
to the Luqu weather data obtained from China
Meteorological Data Sharing Service System (http://
data.cma.cn/data/weatherBk.html), from 1981 to
2010, mean annual precipitation was 592.6 mm, with
80% occurring in the growing season (May—Septem-
ber) and only 20% occurring during the non-growing
season (October—April). In the non-growing season,
the climate is cold and the freezing period extends
from October to April which inhibits plant growth and
leads to withered vegetation. The annual average
temperature is 2.9 °C, with the lowest monthly mean
of — 8.5 °Cin January and a highest monthly mean of
12.9 °C in July. Monthly temperature data of the
Gahai station for 2013 and 2014 ranged between
— 26.2 °C in February 2014 to 26.2 °C in September
2013 as indicated in online resource 1 (ESM 1). The
soil type on the site is meadow soil with a sandy loam
texture within the 0-20 cm and clayey in the

20-55 cm profile (Liu and Ma 1997). Details of the
soil physico-chemical properties are summarized in
Table 1.

In a previous study, we conducted a vegetation
survey of the dominant species, species composition,
aboveground biomass, height and coverage of com-
munity in this research area (Ma et al. 2015), Based on
these data, four degradation grades were confirmed
and their characteristics are summarized in Table 2.
Soil samples in the categorized wetlands were simul-
taneously collected at the end of the growing season
(late September 2013).

Experimental design

Four 10 x 10 m plots were randomly marked within
each degradation category in April 2013. Within each
plot four square boxes (length x width x height =
0.5 m x 0.5 m x 0.2 m) serving as collars to sup-
port the sampling chamber were inserted directly into
the soil. The top 5 cm were left exposed above the soil
surface and the collars were kept in place for the
duration of the experiment. The four wetland vegeta-
tion degradation classes were continuously surveyed
from May 2013 to September 2015. Gas flux mea-
surements were conducted once per week during the
growing seasons (May—September) and once per
month during the non-growing seasons (October—
April) with the exception of 2 winter months (January
2014 and February 2015) when samples were not
collected due to extremely cold weather conditions.

Gas flux measurements

The static dark chamber and gas chromatography
(GC) technique was used to measure ecosystem
respiration, CHy, and N,O fluxes. The gas flux
measurements were conducted in quadruplicate and
the mean value was calculated and analyzed. During
sampling, an open bottom stainless steel chamber
(50 cm x 50 cm x 50 cm, equipped with two fans at
the top powered by 12v batteries to mix the air inside
the chamber) with a rubber seal strip pasted on the
open bottom part and placed over the collar to ensure
tightness. Air samples (five in total) were drawn from
inside the chamber right after chamber closure (Ty)
and every 10 min thereafter over a 40 min period
using 100 ml gas-tight polypropylene syringes
equipped with three-way stopcocks. The drawn
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Fig. 1 Study site within the Gansu Gahai National Nature Reserve

sample was then injected into polyethylene coated
aluminum bags via a rubber tube connected to the
valve. Gas sampling usually occurred between 9 am
and 12 pm. Fluxes measured within this period were
found to be representative of the daily average flux on
the plateau (Lin et al. 2009). Gas samples were
immediately taken to the laboratory and analyzed
within 3 days after sampling. A GC system (Agilent
4890D, Agilent Technologies, Wilmington, Delaware,
USA) was used to measure the concentration of gases
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in the air samples using the method described by Wang
and Wang (2003). Details of the methods and
description of the GC system can be found in online
resource 2 (ESM2). The data was analyzed in
Microsoft Excel (2007) and by conducting linear
regression of the five or four sample concentrations
against time. For Ecosystem respiration if correlation
yielded an P > 0.80 or ? > 0.90 for five and four
samples respectively, then the slope (dC/dt) was used
to calculate the flux, otherwise the sample results were
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Table 1 Physicochemical properties of soil (0—60 cm depth) in the experimental sites

Plots* pH BD g cm ™ SOM g kg™ TN g kg™* TP g kg™ TKgkg™' C/N

HV 7.92 + 0.04 0.36 £ 0.01 65.82 £+ 13.64 2.13 £ 1.01 1.48 £ 0.51 6.03 £ 0.41 17.11 £ 2.79
SD 7.79 &+ 0.06 0.39 &+ 0.02 65.45 &+ 9.67 1.88 & 0.66 1.29 + 0.30 6.02 &+ 0.44 20.69 £ 2.76
MD 7.77 + 0.08 0.61 &+ 0.05 54.39 £ 10.66 1.64 &+ 0.92 1.17 &+ 0.08 5.74 £ 0.26 19.66 + 3.85
HD 7.76 + 0.06 0.56 &+ 0.03 53.63 & 10.66 1.63 &+ 0.63 1.15 £ 0.22 5.58 £ 042 17.49 £ 3.44

“HV means wetland with healthy vegetation, SD means slightly degraded vegetation, MD means moderately degraded vegetation; and
HD means heavily degraded vegetation. The values are presented as mean =+ standard deviation. The same applies to the
tables below. (BD bulk density, SOM soil organic matter, TN total nitrogen, 7P total phosphorus, 7K total potassium, C/N carbon

nitrogen ratio)

Table 2 Aboveground biomass, dominant and associate plant species in the experimental sites

Plots Dominant species

Coverage (%)

Height (cm)  Aboveground biomass (dry matter)

HV  Kobresia tibetica 4+ Potentilla anserine + Poa annua 96.25 + 5.32

SD  Carex sp. + Artemisia frigida Willd. + Oxy tropis sp.
MD  Artemisia sacrorum.var.

messerschmidtiana + Kobresia capilifolia

(gm™)
16.71 &+ 2.98 355.90 + 174.64
86.347.36 13.02 &+ 2.24 293.02 £ 143.93
45.33 + 13.34 7.43 +0.97 185.73 & 134.90

HD  Only little Artemisia frigida Willd. and Polygonum viviparum

rejected. For CH4 and N,O, all sample results were
accepted because of the high variability but low value
of CH, and N,O flux rates. Fluxes were then computed
using Eq. 1 (Song et al. 2009). The flux detectable lim-
its were 0.062mgm 2h™', 6.89 mgm >h~' and

0.027 pgm2h~' for CH,, CO, and N,O
respectively.
dC M P T
e (1)
d Vo Py T

where dC/dt is the rate of concentration change; M is
the molar mass; P is the atmospheric pressure of the
sampling site; 7' is the thermodynamic temperature of
air in the chamber at the sampling time; V,,, P,, and T,
are the molar volume, atmospheric pressure, and
thermodynamic temperature under standard condi-
tions, respectively; and H is the chamber height over
the soil surface.

Measurements of environmental parameters

Chamber temperature and soil temperatures at 0, 5, 10
and 20 cm depths (Ty,;) were measured with a
portable digital thermometer (JM624, Jinming Instru-
ment Co., Tianjing, China). Soil water content (SWC)
at 10 cm depth was monitored using a soil moisture
content analyzer (QS-SFY (RS232), Qiang Sheng

Manufacturing Center of Analysis Instruments, Bei-
jing, China). Measurements were conducted concur-
rently with gas sampling. Additionally, ambient air
temperature and precipitation data (logging interval:
every 60 min) from 2013 to 2015 were taken from a
local climate station located at the Nature Reserve.

Measurement of Aboveground net primary
production (ANPP)

The aboveground plant biomass (APB) was measured
at the end of September in 2013 and 2014. The plants
in demarcated areas within the plots (0.5 m x 0.5 m)
representing the four vegetation degradation cate-
gories were cut near the ground surface. All of the
samples (in triplicate) were oven-dried to constant
mass at 80 °C, and weighed. There were no grazing
activities during the growing seasons, and therefore
we considered APB in September 2013 and 2014 to be
representative of ANPP (Zhu et al. 2015a, b).

Calculation of cumulative ecosystem respiration,
CH, and N,O fluxes

Based on measurements from May 2013 to September

2015 in both growing and non-growing seasons, we
calculated annual/seasonal ecosystem respiration,
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CH,4 and N,O fluxes using Eq. 2 below. The average
annual fluxes were calculated by using the data
measured in 2013-2014 and 2014-2015 due to
unavailable data for the non-growing season of
2015-2016.

~ (F, + F
Sum = Z (%) x 24 x (Diy1 — Dy) (2)

i=1

F; and F;, | denote ecosystem respiration, N,O and
CH, fluxes for previous and current day (mg m~> h™ ")
respectively; D; and D;,; are previous and current
sampling days, respectively.

Calculation of ecosystem carbon fluxes and GWP

In order to obtain the net ecosystem fluxes, we used
biomass measurements from September 2013 and
2014, the end of the growing season, and ecosystem
respiration as well as CH, fluxes for growing and non-
growing seasons to calculate net fluxes and the
cumulative contribution to global warming. In alpine
meadows, the proportion of ANPP/NPP (net primary
production) was found to be 0.135 (Yang et al. 2010).
Zhang et al. (2009) also found that ratio of NPP to
gross primary production (GPP) was 0.54 in herba-
ceous plants. Tian et al. (2003) found that carbon
content of herbaceous plants was 52.18% of the total
biomass. Based on these references, we estimated the
annual net flux of carbon (F(C)) using Eq. (3) (Sheng
et al. 2015):

F(C) = —F(GPP-C) 4 F(CO,-C) + F(CH4-C)

12 12
= —F(GPP-C) + F(COQ) X ﬂ—‘r F(CH4) X R

(3)

where — F(GPP-C) is the annual total amount of
carbon absorbed by plants; F(CO,) is the total annual
ecosystem respiration, F(CO,-C) is the carbon of
F(CO,), F(CH,) is the total annual CH,4 emissions, and
F(CH4-C) is the carbon of F(CHy).

In order to evaluate the GWP of carbon emissions
and absorptions, CH, fluxes were converted to CO,-
equivalents using a GWP factor of 32 (100-year time
horizon) as proposed by Neubauer and Megonigal
(2015) and added to the respective ecosystem respi-
ration values. It was assumed that N,O fluxes were too
low (Fig. 2c) to cause significant change to the
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cumulative GWP in this study, and they were therefore
ignored in its calculation. The annual CO,equivalent
flux (CO,e) from the wetland was calculated using
Eq. (4):

F(COQG) = —F(GPP—COZ) +F(C02) +F(CH4—C026)
44

= —F(GPP—C) X E+F(C02) +F(CHy) x 32

(4)
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ration, CH, and N,O in wetlands of different magnitudes of
vegetation degradation
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Statistical analysis

The Qo function (Maier and Kress 2000) was also
used to express the temperature sensitivity of ecosys-
tem respiration (ER) as

ER = aexp(BT) (5)

Qio = exp(10B) (6)

where ER and T represent ecosystem respiration and
soil temperature during the study period, respectively,
and o and f denote fitting parameters.

One way analysis of variance (ANOVA) was
employed to assess the variation of gas fluxes due to
wetland vegetation degradation. All statistical analy-
ses were conducted using SPSS version 22 for
Windows 10. A further statistical test (the paired
t test) was used to evaluate differences in annual gas
budgets among the four wetland vegetation degrada-
tion classes. Duncan’s multiple range test was used to
determine differences between treatment means. A
two-tailed Pearson correlation and regression analysis
was used to identify significant correlations between
environmental variables and CH,, N,O fluxes and
ecosystem respiration.

Results

GHG Fluxes across different magnitudes
of vegetation degradation in the wetland

Different magnitudes of vegetation degradation in the
wetland influenced GHG fluxes. Annually, the average
CH,; emission in HV was 2360.46 £+ 1595.19 mg
CH, m ~? year™! for the two complete years studied
(2013-2014 and 2014-2015) (Fig. 2a), which was
higher compared to the other degradation stages. SD
also acted as a net source of CH,4, however, it exhibited
a significant reduction in emissions of up to 43%
compared to HV (Fig. 2a) whilst MD and HD acted as
net sinks of CH, (Fig. 2a). One-way ANOVA analyses
showed that mean CH, fluxes in HV were significantly
higher than those of MD and HD (P < 0.05) but not
statistically different from SD (Table 3).

Ecosystem respiration varied significantly for all
four wetland vegetation degradation classes during the
2 year study period (2013-2014 and 2014-2015)
(Fig. 2b).  HV  respired 2676.14 + 351.04 g

CO, m_z, which was lower than SD
(3475.41 £ 27859 g CO, m ?year ') and MD
(3144.68 + 1164.80 g CO, m~* year ')(Fig. 2b).
However, ecosystem  respiration in HD
(1981.39 + 197.30 g CO, m > year ') was lower
than HV. Annual average ecosystem respiration for all
wetland  vegetation degradation classes was
502.91 + 378.66 mg CO, m~> h™'. Ecosystem res-
piration in the growing season months ranged from
280.48 to 1227.14 mg CO, m~2 h™!, which was much
higher than those in the non-growing season (Fig. 3).

For N,O fluxes, HV served as a net sink of N,O
(— 50.74 & 20.53 mg N,O m~? year ') while SD,
MD, and HD wetlands emitted 31.69 £ 48.85 mg
N,O m~? year ', 10.3 + 3.01 mg N,O m 2 year ',
and 36.04 & 8.48 mg N,O m™~ 2 year ', respectively
(Fig. 2c). However, for the growing seasons observed
in this study, HV, SD, and HD served as sources of
N,O while MD acted as a weak sink (Table 3). Mean
N,O fluxes in the growing season among the four
vegetation classes were not statistically different
(P > 0.05). In the non-growing season, there was
uptake of N,O in HV (Fig. 3, Table 3) and therefore
HV served as a net sink (Fig. 2c). SD, MD and HD
acted as net sources of N,O in the non-growing season.

Interannual changes of ecosystem respiration,
CH,, and N,O fluxes

During the test, the exchanges of CH, and N,O
between wetlands and the atmosphere and ecosystem
respiration varied significantly year by year (Fig. 4).
The annual fluxes of CHy, N,O and ecosystem
respiration for all four wetland vegetation degradation
classes were higher in 2013 than in 2014 and 2015.
The magnitude of annual flux varied so much that it
even changed from sink to source; for example, the
CH, flux for HD was negative in 2013-2014, but
positive in 2014-2015; The SD wetland changed from
an N,O source to an N,O sink releasing
66.23 + 8.32 mg N,O m ? year ' in 2013-2014
but consuming 2.85 £ 6.72 mg N,O m™ 2 year ' in
2014-2015 (Table 3).

The fluxes from different years had a greater dif-
ference in the same season (Table 3). In the growing
season, MD absorbed CH, in 2013, however, in 2014
and 2015, it emitted CH,4 Similarly, HD had a negative
CH, flux in 2013 but a positive CH, flux in 2014. The
trend changed to negative again in 2015. In the non-
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Fig. 3 Monthly values
of,CH,4 and N,»O fluxes
(mean = std) along wetland
vegetation degradation
gradient. Vertical bars
represent standard deviation

2, -1
CH Flux(mgCH,mh")

N,OFlux(ugN,0 m~h")

Ecosystem respiration

growing season, HD emitted N,O in 2013, but
absorption N,O in 2014. The magnitudes of flux
changes were also significant: in the growing season,
CH, flux from HV in 2013 was 3.2 and 11.3 times
higher than in 2014 and 2015, respectively; in SD,
fluxes of CH4 in 2013 were 4.2 and 5 times higher than
in 2014 and 2015, respectively. In MD, CH, fluxes
were 3 and 5 times higher in 2013 than in 2014 and
2015 respectively while N,O flux from MD in 2013
was more than 53 and 36 times the fluxes in 2014 and
2015, respectively. In the non-growing season, the
change of magnitude of the flux by year was relatively
small. CH, flux in 2013-2014 was only 1-2.5 times
higher than in 2014-2015.

To quantify the interannual variation of gas fluxes
in growing and non-growing seasons, we took the
coefficient of variance (CV) as the index. In the
growing season, CH, exchange between HD and the
atmosphere was the most variable with a CV of
699.7% while ecosystem respiration from HD had the
lowest variation with a CV of 17.3%. In the non-
growing season, the highest CV was observed for N,O
flux in HD (180.2%) and the lowest CV was observed

vZZ2uv [ 1SD MDD [EEEHD

Feb Mar Apr May

Sep Oct Nov Dec
Date

for ecosystem respiration in MD (2.1%) (Table 3).
Ecosystem respiration showed the lowest variability in
both seasons for the entire study period.

Seasonal variations of ecosystem respiration, CHy,
and N,O fluxes

There were clear seasonal variations in greenhouse
budget for all four different wetland vegetation
degradation classes (Figs. 3, 4). The majority of the
gas releases occurred in growing seasons, but the gas
emissions were relatively low in the non-growing
season. Higher emissions of CH, occurred in the
growing season with cumulative fluxes of
1412.95 4 829.17 mg CH, m? and
570.82 4+ 308.51 mg CH, m > for HV and SD,
respectively. Comparatively, in the non-growing sea-
son, cumulative fluxes were 375.02 + 89.05 mg
CH, m™? and 271.62 + 100.55 mg CH, m> for
HV and SD, respectively. MD and HD recorded
negative values of CH, indicating uptake both in the
growing season (— 21.63 + 55.64 mg CH, m~2 and
— 35.78 + 143.92 mg CH; m~? for MD and HD
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Fig. 4 Interannual —; 3.0
variations of ecosystem o 25
respiration, CH4 and N,O = 20
fluxes in four wetland S 15
vegetation degradation £ Lo
classes (2013 to 2015) 5 -
= 05
jan
5 00

—a&—HV —/4—8D —O0—MD —%—HD

Ecosystem respiration
(mgm’h’)

2, -1
N,OFlux(ugN,0 m™h™)

2013/5/25

respectively) and non-growing season (— 216.90 +
22.09 mgCH, m~2 and — 343.40 + 124.48 mg CH,
m 2 for MD and HD respectively). There was higher
uptake in the non-growing season than the growing
season. For both seasons, HV and SD wetlands were
sources of CH4 while MD and HD wetlands were CH,4
sinks.

Ecosystem respiration was higher in the growing
seasons for all wetland vegetation degradation classes
with values ranging between 880.80 & 34.48 g CO,
m 2 and 3194.96 + 266.39 g CO, m 2. Only 25% of
ecosystem respiration occurred in the non-growing
season (Table 3). HV wetlands served as N,O sources
during the growing season but acted as sinks in the
non-growing season. All wetland vegetation degrada-
tion classes acted as sources of N,O in both seasons
except for MD which was a sink in the growing season
(— 4.86 =+ 4.54 mg N,O m~?). Peak emission of CH,
occurred in the peak of the growing season in the
month of August while peak ecosystem respiration
happened in July (Fig. 3). For N,O, peak emissions
occurred in April in SD while relatively higher uptake

@ Springer

2013/11/25

2014/5/25

2014/11/25
Date (mm/dd/yy)

2015/5/25

rates occurred in HV between October and December
(Fig. 3).

Aboveground net primary production (ANPP)

Vegetation degradation significantly decreased ANPP
(Fig. 5) (P < 0.05). In this study, there were very
few plants in HD, and therefore we ignored its ANPP.
In 2013, ANPP in MD and SD reduced by 41.36% and
17.64% respectively compared with HV. Similarly, in
2014, ANPP reductions were 61.13% and 17.71% in
MD and SD respectively. In 2013, ANPP in both HV
and MD were significantly higher than in MD,
however, in 2014 while ANPP in HV was still
significantly higher than in MD, ANPP in SD though
higher, did not show any significance compared with
MD.

Net carbon flux and global warming potential
(GWP)

The annual net carbon flux (F(C)) and its CO,
equivalent (GWP) in 2013 and 2014 are shown in
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Table 4. There was a reduction in C uptake along the
vegetation and moisture gradient with highly vege-
tated and moister soils exhibiting a net cooling effect.
HV exhibited high uptake of C and a higher global
cooling effect compared to SD and MD while HD
showed a net global warming effect. Negative values
in HV, SD and MD indicated net C uptake while a
positive value in HD indicated net C emissions.
However, there was a reduction in net C uptake in HV,
SD, and MD in 2014-2015 compared with
2013-2014. Total climate cooling potential were
ranked in the order of HV > SD > MD; while climate
warming potential was exhibited in HD.

Discussions

Effect of environmental variables on variations
of GHG fluxes

Temperature, soil moisture and ANPP were consid-
ered as the influencing factors on CH4 and N,O fluxes,
and ecosystem respiration (Song et al. 2009; Zhu et al.

T T T T |
SD MD

Treatment

2015a, b) though with seasonal variations. Olefeldt
et al. (2013) emphasized that temperature and mois-
ture were the main controls on CH4 emissions in the
permafrost region, and their effects were interactive
and exhibited different predominance according to
ecosystem characteristics. In this study, no significant
relationship was found between CH, and soil temper-
ature (5-20 cm) in the growing season. However, in
the non-growing season, there were significant posi-
tive correlations for all wetland vegetation degrada-
tion classes except SD, which had a significant
negative correlation with soil temperature at 10 cm
depth. Surface temperature (0 cm) had no significant
relationship with CH, flux except in MD in the non-
growing season (Table 5). There were also highly
significant positive correlations between soil water
content (SWC) at 10 cm soil depth and CH, flux in HV
and SD in the growing season (P < 0.01). In the non-
growing season however, SWC was significantly
correlated with SD (P < 0.05).These results suggested
that SWC rather than soil temperature could explain
the seasonal variation in CH4 emissions in the study
area. Soil moisture drawdown significantly decreased
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F(C) (kg m™2 year™')  F(COy) (kg m~? year™')

F(CH4-C) (kg m™2 year™")

F(CO»-C) (kg m2year™")

— F(GPP-C) (kg m™> year™ ")

Treatment

Table 4 CO,-equivalent greenhouse gas fluxes in four wetland vegetation degradation categories

Year

@ Springer

— 9.5457 + 1.4562
— 6.6390 + 1.2030
— 3.4216 £ 0.7036

— 2.6312 + 1.2376
— 1.8231 + 0.9523
— 0.9302 £ 0.6232

0.0026 £ 0.0002
0.0012 £ 0.0001
— 0.0003 £ 0.0001
— 0.0005 £ 0.0001

0.7976 + 0.1027

— 3.4314 + 0.8130
— 2.8258 £ 0.6201
— 2.0122 £+ 0.4676

HV
SD
MD

2013-2014

1.0016 £ 0.1319

1.0823 £ 0.1425
0.5784 £+ 0.0705
0.6622 £ 0.1860
0.8941 £ 0.0739
0.6330 £ 0.0826
0.5023 £ 0.0652

2.0989 =+ 0.0608
— 3.6323 £+ 0.2846
— 1.7261 £ 0.5536
— 0.0574 £+ 0.2054

0.5779 + 0.0704
— 1.0005 + 0.2532
— 0.4744 £+ 0.5253
— 0.0137 £+ 0.2031

HD

0.0009 £ 0.0002
0.0003 =+ 0.0001
— 0.0002 £ 0.0001

— 1.6635 £+ 0.1871
— 1.3688 £ 0.5033
— 0.6466 £+ 0.2031

HV
SD

2014-2015

MD

1.8428 £ 0.0657

0.5024 + 0.0653

0.0001 % 0.0001

HD

Negative values of F(C) show net carbon storage, while positive F(C) values indicate net carbon emission. More negative CO,e values reflect climate cooling effects, and more

positive values reflect climate warming effects

CH,4 emissions that may be attributed to a number of
causes. First, soil moisture drawdown can make soil
less anaerobic, decreasing CH, production by metha-
nogens (Dijkstra et al. 2012). Second, soil moisture
drawdown in turn affects temperature sensitivity of the
soil and organic carbon decomposition in the soil, both
of which slow CH,4 production (Craine and Gelderman
2011). Third, soil moisture drawdown could alter
vegetation communities, especially in aerenchyma-
tous plants, leading to lower CH, emissions (Yang
et al. 2014).

Most often, soil temperature is the dominant
environmental control on wetland CO, fluxes (Liu
et al. 2015; Zhu et al. 2015a, b). Activity of
microorganisms is generally temperature-dependent
in wetland. Warm air and soil temperatures can
stimulate biological activity and consequently
increase CO, fluxes. It was a clear evident in our
study that there were significant positive correlations
(P < 0.01) between ecosystem respiration and almost
all soil temperatures for almost all degradation classes
in the growing season (Table 5). Our study also
indicated that there was positive correlation between
ecosystem respiration and soil temperature (P < 0.05)
except HD in the non-growing season (Table 5). In
HV, SD, and MD wetlands, ecosystem respiration
showed very strong positive correlations with near
surface temperatures (Toe, and Tse,) compared to
deep soil temperatures (Table 5). This may be
attributed to the organic-mineral structure of the
covered soil. The total carbon and nitrogen contents
usually decreased with depth in this study area (Huang
et al. 2014), which indicated more active decomposi-
tion and exchange of matter and energy in the surface
soil layer (Deppe et al. 2010). However, no correlation
was found between ecosystem respiration and SWC in
either season for all degradation gradients apart from
HD which indicated a strong positive correlation in the
non-growing season. These result suggested that soil
temperature were the main control on ecosystem
respiration. This is consistent with the dominant
temperature effect shown by other reports (Zhu et al.
2015a, b).

The Q¢ is commonly used to express the temper-
ature sensitivity of ecosystem respiration (Zhu et al.
2015a, b). The temperature sensitivity (Q;q value) of
ecosystem respiration assessed in this study (Table 6,
7) revealed that SD and HV wetlands were most
sensitive to temperature changes in the both seasons.
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Fig. 6 Relationships between ecosystem respiration, CH,, and N,O fluxes and ANPP. Biomass and GHG data were for September

2013 and 2014

Qo values in the non-growing season (1.31-9.87)
(Table 7) were higher than those of the growing
season (1.21-4.62), particularly in HV (Table 6). The
clear differences in the Q10 values between the four
sites and the two seasons suggested that there was
substantial spatial-temporal variation influenced by
varied environmental conditions. Hence, further stud-
ies should pay more attention to the temperature
sensitivity under controlled conditions.

There were several factors influencing N,O fluxes,
including temperatures and SWC (Table 5). However,
in different seasons, the N,O fluxes were related to
these factors differently. In the growing season, the
N,O flux was significantly negatively correlated with
Tair, and soil temperature at all depths in the SD, but
significantly positively correlated in HD. However, in
the non-growing season N,O flux was significantly
correlated with only chamber temperature for all
degradation classes except HD. Given that various
factors determine N,O emissions, positive and nega-
tive influences, such as air temperature, would offset
each other, leading to a minimal overall net effect
(Dijkstra et al. 2012). In contrast, there was no
significant correlation with SWC (0-10 cm) for any
vegetation degradation classes in either season
(Table 5). Though there was no significant relation
between SWC and N,O emissions, we still considered
that seasonal and inter-annual variations of N,O
emissions was related to the temporal dynamics of
soil water content. A study by Beringer et al. (2013)

demonstrated an increase in nitrifying rates as a
function of soil moisture content from 15 to 75%.
However, the N,O production were very minimal at
soil moisture content either dry (< 60%) or wet
(> 80%). Soil moisture contents at all study sites
ranged from 9% to 55% over observation times. This
may explain our results which showed a weak positive
correlation between the N,O flux and topsoil
(0-10 cm) moisture.

In the growing season, the ANPP was an important
variable influencing ecosystem respiration, CH,4, and
N,O fluxes in all wetland vegetation degradation
classes, excluding HD (Fig. 6). Ecosystem respiration
was negatively correlated with ANPP and accounted
for 22.5% of ecosystem respiration variations
(Fig. 6a). Vegetation degradation may destroy the
SOC balance, thus exposing a large amount of SOC,
which is oxidized into CO, and passes to the
atmosphere (Cao et al. 2012). Therefore, vegetation
degraded state of wetlands led to the increased
respiration rates. Moreover, the soils of wetland in
vegetation degradation state with lower ANPP and
plant biodiversity were more sensitive to changes in
air temperature, leading to the higher respiration rates
and carbon mineralization (Wang et al. 2010). We also
found that there were positive correlations between
ANPP and CH,4 and N,O fluxes (Fig. 6b, c). ANPP
explained about 30% and 35.7% of CH, and N,O flux
variations, respectively. Our results were consistent
with the previous findings (Zhu et al. 2015a, b),

@ Springer



350

Nutr Cycl Agroecosyst (2018) 112:335-354

possibly because the transport of plant aerenchyma of
CH, and N,0 was reduced with decreasing ANPP
(Sheng et al. 2015).

Effect of wetland vegetation degradation on GHGs
Effect of wetland vegetation degradation on CH, flux

In the present study, moderately degraded (MD) and
heavily degraded (HD) wetlands acted as CH, sinks in
the wet meadows of the eastern QTP. Monthly fluxes
ranged between — 0.03 = 0.02 and
— 0.10 & 0.03 mg CH, m *h~'(Fig. 3). These fluxes
were consistent with previous studies in a forest
ecosystem in China by Mo et al. (2005) who reported
CH, uptake rates between — 0.05 mg CH, m h™"
and — 0.15 mg CH, m>h~". In grazed alpine steppe
in the QTP, Wei et al. (2012) reported mean CHy
uptake rates of — 0.06 mg CHy; m~2 h™' and
—007mg CH;, m> h™'. HV and SD acted as
sources of CH,; with emission rates between
0.03 £ 0.02to 1.74 &+ 0.38 mg CH, m > h™"
Figure 3, which were also in the range of a study by
Liu et al. (2015) in a permafrost region in North-East
China, where an average emission rate of 0.14 mg
CH, m~>h~" was recorded. CH, emissions generally
decreased with degradation which is characterized by
moisture loss which is consistent with previous studies
(Song et al. 2009). These decreases could be attributed
to the lower moisture (ESM 4) because methane
producing archaea require anaerobic conditions typi-
cally found in wet soils, and the drier degraded sites
may therefore limit methane production. In the present
study, there was significant positive correlation
(P < 0.01) between soil moisture and CH, emissions
in HV and SD in the growing seasons (Table 5) which
further confirms that increased soil moisture condi-
tions resulted in increased CH,4 emissions. This also
confirms findings by Werner et al. (2006) and Curry
(2007). Soils with higher water filled pore space
(WFPS) due to higher moisture limits diffusion of
atmospheric CH, into the soil medium resulting in
lower uptake or even emission from highly moist soils
(Wu et al. 2010). There was reduced uptake in the
growing season compared to the non-growing season
(Table 3) which may also be attributed to seasonality
of soil moisture conditions. Apart from soil moisture
reduction, vegetation loss may also cause changes in
soil properties such as bulk density (Li et al. 2015).
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These changes in soil properties and soil moisture
stress due to vegetation degradation (online resource
3) coupled with already moisture stressed conditions
in the non-growing season, could increase CH,4 uptake
capacity of vegetation degraded wetlands (Werner
et al. 2006).

Lower biomass from degraded wetlands (Table 2
and Fig. 5) could also reduce CH, emissions due to
lower capacity of vascular transportation of CH4 from
wetlands into the atmosphere (Zhang et al. 2007).
Additionally, lower biomass reduces substrate and
root exudate supply consequently reducing methano-
genesis and leading to lower production of CH, (Bai
et al. 2018). Figure 4 and Table 3 show clear seasonal
variations in CH, fluxes. Higher emissions were
recorded in HV and SD in the growing season than
in the non-growing season whilst in MD and HD
higher uptakes of CH,4 occurred in the non-growing
season. Mean CH, emissions in the growing season
(0.745 £ 0.635 and 0.240 =+ 0.300 mg CHym > h™'
for HV and SD, respectively) were higher than those
measured  during the non-growing  season
(0.082 + 0.097, 0.059 + 0.103 mg CH, m > h™'
for HV and SD, respectively), with peak emissions
observed in August, which is the peak of the growing
season (Fig. 3). A similar observation was reported in
wetlands in the Sanjiang Plain (Song et al. 2009). For
HV and SD, higher biomass and plant diversity
(Table 2 and Fig. 5) coupled with higher moisture
conditions in the growing season account for higher
emissions of CHy.

Effect of wetland vegetation degradation on ecosystem
respiration

Throughout the study period, the average ecosystem
respiration from the wetlands with plant communities
(HV, MD, and SD) was 557.17 £ 403.61 mg CO,
m~> h™". This value is close to a previous study by
Jiang et al. (2010) in the alpine meadows on the QTP
but higher than that reported in the alpine steppe on the
central Tibetan Plateau (132.7 mg CO, m2h™ ) (Wei
et al. 2014) and in a permafrost area in North-East
China (403.47 mg CO, m 2 h™') (Liu et al. 2015).
Ecosystem respiration increased with wetland vege-
tation degradation with higher emissions in SD and
MD than in HV in both seasons. Higher ecosystem
respiration in SD and MD could be attributed to
temperature increase due to vegetation loss (Zhu et al.
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2015a, b). Temperature increase often results in higher
decomposition of stored carbon (Juszczak et al. 2012;
Zhu et al. 2015a, b). There were strong significant
correlations between temperature and ecosystem res-
piration (Table 5), which explains the influence of
temperature on ecosystem respiration. Our findings
also indicated that ecosystem respiration increased
with temperature (Table 5) for all three wetland
vegetation categories (HV, SD and MD).

Effect of wetland vegetation degradation on N,O flux

For a 2-year period (2013-2014 and 2014-2015), HV
acted as a net sink of N,O while all degraded wetlands
acted as net sources, however, cumulative fluxes of
N,O were very small in all wetland vegetation
categories (Fig. 2c). Healthy vegetation experienced
reduced N>O emissions as result of lower denitrifica-
tion in non-degraded vegetation (Yeboah et al. 2016)
thus lower N,O emissions. Higher biomass in HV may
have played a vital role in lower N,O efflux in this
experiment.In an experiment involving bare soil and
vegetated soil mesocosms, Saarnio et al. (2013)
elucidated that plants in the vegetated soils compete
with microbes for nitrogen, increasing N-uptake
which resulted in lower N,O efflux compared with
bare soil. Congruently, Zhang et al. (2012) indicated
that higher yields of rice and maize resulted in reduced
soil N,O efflux. Furthermore, lower flux in the non-
growing season (Fig. 3, 4) contributed to HV being a
net sink of N,O. The extreme cold conditions during
this period may have limited denitrification rates and
caused higher uptake in HV. Denitrification is highest
during wet and warm conditions. More so, higher
moisture in HV could reduce oxygen availability
hence reduced N,O emission (Tauchnitz et al. 2008).
The highest emissions come from HD which was also
consistent with previous studies (Hu et al. 2010; Li
et al. 2015; Zhu et al. 2015a, b), and researchers have
posited that livestock grazing enhances N,O emission
due to soil compaction (Rafique et al. 2011) and
nutrient deposition by the grazing livestock (Pendall
et al. 2010).

Effect of wetland vegetation degradation
on the overall C balance and GWP

In the four wetland vegetation degradation sites, HV
wetlands indicated greater carbon sink potential than

SD and MD wetlands, while HD was a net carbon
source (Table 4). Wetland net carbon sink capacity
was largely due to the dominance of net ecosystem
fluxes by GPP (Table 4). Therefore, vegetation
(Table 2) was an important factor influencing wetland
carbon balance in Gahai. Excluding HD in the
correlation analysis, as no ANPP was observed there,
ecosystem respiration negatively correlated with
ANPP (Fig. 6a).

The GWP in HV which had negative values which
were 1.44 and 2.79 times higher than that of SD and
MD respectively in 2013-2014, and 2.10 and 63.28
times in 2014-2015 (Table 4) indicating higher car-
bon absorption and climate cooling effects in the
healthy vegetation wetland. However, HD wetlands
had positive values of COje,indicating that HD
wetlands had been converted into carbon sources and
increased climate warming. In 2014-2015, global
cooling effect of HV compared to MD rose from 2.71
times in 2013-2014 to 46.65 times indicating that
further loss in ANPP (Fig. 5) could draw MD closer to
a net GHG source. Carbon absorptions in HV, SD and
MD in 2013-2014 were higher than in 2014-2015.
This was also attributed to higher GPP in 2013-2014
than in 2014-2015 (Table 4).

Our study suggested that the net exchange of CO,
between wetland ecosystems and the atmosphere was
dominated by GPP, since CH,; fluxes remained
relatively lower. Further research is required to
quantify photosynthesis, autotrophic respiration, lit-
terfall, and plant mortality to give more insight into the
carbon balance of the alpine wetlands (Tian et al.
2011).

Conclusion

On the basis of 3-years of continuous observation of
CH,, ecosystem respiration, and N,O fluxes as well as
carbon budget estimation in the wet meadows
under different magnitudes of vegetation degradation
on the Qinghai-Tibet Plateau, we conclude that veg-
etation degradation significantly reduced carbon
uptake of grassland ecosystems and increased global
warming potential but may cause a reduction in CHy
flux and slight influence on N,O flux. Furthermore,
response of GHGs to degradation also depends on the
magnitude of vegetation degradation and associated
changes in SOC, bulk density and soil moisture in the
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wetland. For all wetland types, in the growing season,
CH,4 flux showed the strongest interannual variation,
followed by N,O flux but in the non-growing season,
N,O fluxes varied the most, followed by CH, fluxes.
Ecosystem respiration fluxes showed the weakest
interannual variations. Generally, the wetlands tended
to have high emissions of CH,; and ecosystem
respiration in the peak growing season of alpine
wetland plants (July and August) than in the early
growing season of alpine plants (May) and the non-
growing season of alpine plants (October to April).
However, seasonal variations of N,O fluxes were more
complicated especially in the degraded wetlands;
showing no clear seasonal trends during the observa-
tion. Our study also showed that temperature was the
most dominant factor affecting ecosystem respiration
and N,O fluxes, but soil moisture mostly controlled
the variations of CH, flux. We recommend conserva-
tion measures and biodiversity protection such as
reduced livestock grazing and erosion control mea-
sures in order to reduce the impact of wetland
vegetation degradation on radiative forcing.
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