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Abstract

Alpine wetlands play a sensitive function in global carbon cycle during the ongoing climate warming, yet the temporal patterns
of carbon dynamics from in situ ground-based long-term observations remains unclear. Here, we analyzed the continuous net
ecosystem CO2 exchange (NEE) measured with the eddy covariance technique over an alpine peatland on the northeastern
Qinghai-Tibetan Plateau from 2007 to 2016. The wetland acted as a net CO2 source with a positive NEE (120.4 + 34.8
gCm-2year-1, Mean + S.D.), with the mean annual gross primary productivity (GPP) of 500.3 £+ 59.4 gCm-2year-1 and annual
ecosystem respiration (RES) of 620.7 + 74.2 gCm-2year-1. At the seasonal scale, the classification and regression trees (CART)
analysis showed that aggregated growing season degree days (GDD) was the predominant determinant on variations in monthly
NEE and monthly GPP. Variations in monthly RES were determined by soil temperature (Ts). Furthermore, non-growing
season T's had a significant positive correlation with the following year annual GPP (p<0.05). Non-growing season RES only
accounted for about 25% of annual RES, but had significant correlation with annual RES and annual NEE (p<0.05). The
further partial correlation analysis showed that non-growing season air temperature (Ta, p = 0.05), rather than precipitation
(PPT, p = 0.25) was a predominant determinant on variations in annual NEE. Our results highlighted the importance in carbon
dynamics of climate fluctuations and CO2 emission from the non-growing season in alpine wetlands. We speculated that the
vast peadlands would positively feedback to climate change on the Tibetan plateau where the non-growing season warming was

significant.

1. INTRODUCTION

The ongoing global warming have caused wide spread changes the carbon cycle in terrestrial ecosystems
(Ganjurjav et al., 2015). The wetland accounts for only 5%-8% of land surface area, but it accounts for 25%—
30% soil organic carbon (SOC) in terrestrial ecosystem, which is crucial for global carbon balance (Mitsch et
al., 2007). The Qinghai-Tibetan Plateau (QTP) contains approximately 33% of wetland area in China, which
accounts for 30%—-40% soil organic matter of Chinese wetland (Zheng et al., 2013), where is experiencing
an intense increase in surface temperature (IPCC, 2013). Due to the special environment of high altitude
and low temperature in QTP, the carbon dynamics in alpine wetland are sensitive to global climate change
(Barichivich et al., 2013). Therefore, understanding the carbon budgets from alpine wetland ecosystems
has become increasingly important in accurately projecting global carbon cycling in future climatic change
(Hirota et al., 2006; Shen et al., 2015).

Past studies have not reached a consistent conclusion about the wetland ecosystem is carbon sink or carbon
source. Due to the difference of environmental factors, the CO; fluxes of wetland ecosystem have large
inter-annual variability (Griffis et al., 2000; Heinsch et al., 2004; Lafleur et al., 1999; Liikannen et al.,



2005;). Many investigations indicated that wetland CO4 fluxes are affected by a variety of ecological factors,
such as air and soil temperature, PPFD, precipitation, and average water depth, which are usually non-
linear associations (Hao et al., 2011; Hirota et al., 2006). Furthermore, changes in hydrothermal conditions
and other key environmental factors, along with the increased concentrations of COs, will influence plant
community characteristics and photosynthetic productivity (Song et al., 2018). Therefore, due to different
environmental factors in different wetland ecosystem, the carbon source or sink of wetland ecosystems are
not consistent (Heinsch et al., 2004; Song et al., 2018). However, the studies of carbon balance on the QTP
were mainly focused on alpine shrub and alpine meadow (Kang et al., 2014; Saito et al., 2009; Zhao et al.,
2010; Zhu et al., 2015). In recent, there are few studies on the carbon sources/sinks and their influencing
mechanisms in alpine wetland ecosystems (Kato et al., 2006; Zhao et al., 2005; Zhang et al., 2008). There
is still no unified result about the source or sink of alpine wetland in QTP (Hao et al., 2011; Zhao et al.,
2005). Furthermore, previous studies on carbon balance of wetland ecosystem were limited to short time
series data, which was difficult to fully explain the dynamics of carbon balance and its influence mechanism
(Kang et al. 2014; Zhang et al., 2011). Therefore, the study based on the field measurement for many years
could more accurately understand the COq fluxes of the alpine wetland ecosystems (Chen et al., 2016; Griffis
et al., 2000; Marcolla et al., 2011; Song et al., 2018).

Under the background of global climate change, a large number of studies have shown that the increase of
temperature promotes the extension of growing season and the early greening of vegetation (Li et al., 2015),
and promote alpine ecosystem to absorb carbon and improve the vegetation productivity (Zhang et al., 2013;
Shen et al., 2015). In addition, the increase of temperature is beneficial to the activity of microorganisms
and would accelerate the decomposition of soil organic matter, thus stimulating soil C emission (Chen et al.,
2016). However, the in situ observational response of carbon balance in alpine wetland under the current
climate change remains limited (Hao et al., 2011). As permafrost melts and glaciers recede, the area of
wetlands on the QTP might increase, which will have an important impact on the carbon dynamic of the
alpine ecosystem (Sturm et al., 2005; Zhang et al., 2011). Therefore, we used ten consecutive years of flux
data from January 2007 to December 2016 to study an alpine wetland in QTP. The purposes of the research
are to (1) investigate the variation patterns of the seasonal and inter-annual COy fluxes (gross primary
production (GPP), ecosystem respiration (RES) and net ecosystem COgexchange (NEE)); and (2) clarify
the environmental drivers for the change of seasonal and annual CO> fluxes. We proposed the following
hypotheses: (1) the hydrothermal condition is the dominant factor controlling the change of seasonal COq
fluxes; and (2) COq emission during the non-growing season are crucial to annual COs fluxes in alpine
wetland (Hao et al., 2011; Song et al., 2018; Zhao et al., 2005).

2. MATERIALS AND METHODS
2.1. Study area

The study site was located in the Luanhaizi wetland (37°35’N, 101deg20’E, 3250m a.s.l.), which was adjacent
to the Haibei Research Station, Chinese Academy of Sciences, in Qinghai Province, China. The region was
controlled by the continental monsoon climate of the plateau, with cool summers and cold winters. Based
on past monitoring data, the annual average temperature was -1.1 and the average minimum (-18.3) and
maximum (12.6) temperature occurred in January and July, respectively. The mean annual precipitation
is about 490mm, and precipitation in the growing period accounts for more than 80% of the annual total
precipitation. The grass began to photosynthesize and sequester carbon at the end of April. The soil in this
study site is a silty clay loam of Mat-Cryic Cambisols, which was rich in organic matter content. The study
site has many scattered mounds due to the seasonal freeze-thaw process. The constructive species of the
alpine wetland was Carex pamirensis , and the other common species including Carex alrofusca , Hippuris
vulgaris , Triglochin palustre , and Heleocharis spp (Song et al., 2015; Wang et al., 2016; Zhao et al., 2010;
Zhang et al., 2008).

2.2. Flux and abiotic measurements

The eddy covariance sensor array included a three-dimensional ultrasound anemometer (CSAT3, Campbell,



Scientific Inc., Logan, Utah, United States), open-path infrared CO5/H2O analyzer (CS7500, Campbell
Scientific Inc.). The data collector records the raw data at a frequency of 10 Hz. The mean, variance, and
covariance values of the raw data were calculated and logged every 30 min with a data logger (CR5000,
Campbell Scientific Inc., Logan, Utah, United States). The collected data were adjusted by WPL (Webb,
Pearman and Leuning) density adjustment. The microclimate observation system includes wind direction
and wind speed (150 cm and 250 cm), air temperature and humidity (150 cm and 250 cm), net radiation
(150 cm), soil temperature (0, 5, 10, 20, 40 cm) and rainfall sensor (50 cm) and photosynthetic photon flux
density (LI-190SB, LI-Cor, USA). Due to there are much water on the wetland surface, so soil moisture and
soil heat flux were not measured

2.3. Data processing

After data collection, we performed quality control on all flux and meteorological data. Since small deviations
can be ignored with low canopy height in flat study sites, axial rotation and trend elimination for raw eddy
data were not performed (Zhao et al. 2006, Fu et al. 2009). We use the data processing method of flux from
ChinaFLUX (Yu et al. 2008). The data quality was improved by spike screening and night-time filtering.
The spike was defined as the beyond 4.5 standard deviations of a 10-day moving window. The night-time
flux data collected under low atmospheric turbulence conditions were screened using thresholds of friction
velocity (ux), and flux data were rejected when us < 0.15 m*s™'. Then, the missing CO, flux data were
filled by empirical non-linear regression of valid data with environmental variables (Ma et al., 2007; Li et
al., 2016). Daily GPP was obtained by subtracting NEE from RES (Eq. (1)), and daily RES was the sum
of nocturnal respiration (RES,) and daytime respiration (RES4), which was extrapolated the exponential
regressions of RES,, with nighttime soil temperature to the daytime periods. Negative and positive NEE
represent the ecosystem to absorb and release CO2 (Yu et al. 2008).

GPP = RES - NEE = (RES4 + RES,) - NEE (1)
2.4. Statistical analysis

Classification and regression tree (CART) analysis is a machine learning algorithm, which is able to identify
relatively important variables. CART is a non-parametric model based on graphics, which is easier to
understand than traditional statistical techniques. Use CART to judge what the environment factors (air
temperature (Ta), soil temperature (Ts), aggregated growing season degree day (GDD), photosynthetic
photon flux density (PPFD), precipitation (PPT), air relative humidity (RH) and vapor pressure deficit
(VPD)) played a major control role on variations of COs fluxes. The maximum number of split was 5,
and the minimum Proportional Reduction in Error (PRE) was 0.01. The growing season is from May to
October, and the other months belong to the non-growing season (Zhang et al. 2008). Linear regression
and correlation analysis were used to explore the inter-annual variation characteristics of CO4 fluxes and
its response mechanism to environmental factors. We used SYSTAT 13.0 (Systatsoftware Inc, USA) for the
CART and linear regression analyses.

3. RESULTS
3.1. Seasonal and inter-annual variations of meteorological

Environmental factors varied greatly in different seasons from January 2007 to December 2016 (Fig. 1). The
peaks of monthly environmental factors (Ta, Ts, GDD, PPFD, PPT, RH and VPD) were not consistent (Fig.
1). The maximum value of monthly GDD occurs in July (Fig. la). The average annual air temperature
(Ta) and soil temperature (Ts) were -1.0 +- 0.5 and 3.0 +- 0.8degC, respectively. Only in April, May and
June, the average monthly Ta is higher than monthly Ts (Fig. 1a). This may be caused by melting of snow
and ice, which absorbed heat from the soil. Based on a threshold deviation from average annual Ta of 20%,
the years 2014 and 2015 were classified as warmer years (>0.8 Ta), the years 2007, 2010, 2013, 2016 were
considered normal years, and the years 2008, 2009, 2011, 2012 were defined as cooler years (<1.2 Ta) (Fig.
1). The average annual precipitation (PPT) was 456.5 +- 86.2 mm. The minimum annual rainfall was 323.1
mm occurred in 2012 year, and the maximum annual rainfall was 578.1 mm occurred in 2013. The years



2007, 2013, 2014 were classified as wetter years (>1.1 PPT) and 2012, 2015, 2016 were classified as drier
years (<0.9 PPT) (Fig. 1).

3.2. Seasonal and inter-annual variations of GPP, RES and NEE

Both monthly GPP (162.7 +- 8.4 ¢ C m™2month™?, mean +- S.E., with the same notation hereon in) and
monthly NEE (-61.1 +- 6.3 g C mmonth™!) peaked in July, while the maximum monthly RES (109.4 +-
8.8 g C m™2month™!) appeared in August (Fig. 2a). The wetland ecosystem is a carbon sink from June
to August with a negative NEE (Fig. 2a). During the growing season, linear regression analysis indicated
that compared to monthly RES (r2= 0.44, p < 0.001), monthly GPP (r?= 0.88, p < 0.001) played a more
important role in controlling the change of monthly NEE.

Annual GPP was 500.3 +- 59.4g C m2year! and annual RES was 620.7 +- 74.2g C m2year™!, respectively
(Fig. 2b). Both monthly GPP (1= 0.11, p =0.33) and monthly RES (1?= 0.28, p = 0.12) in the peak growing
season (July and August) were not predominantly determined for variations of annual GPP and annual RES.
Thel0-year mean NEE was 120.4+-34.8 g C m2year™! and a range of 76.3 ¢ C m2year™! in 2010 to 184.8 g
C m2year! in 2014 (Fig. 2b). The change of annual NEE was neither directly controlled by annual RES
(p = 0.06) nor directly controlled by annual GPP (p = 0.61), which was controlled more strong by annual
RES to a certain extent compared to annual GPP. The sum of monthly NEE of July and August was also
not predominantly determined for variations of annual NEE (r?= 0.12, p =0.32). The non-growing season
RES accounts for a small proportion of annual RES, but it is significantly positively correlated with annual
NEE (1= 0.50, p < 0.05) and annual RES (r?= 0.45, p < 0.05). This finding suggested that COsfluxes in
alpine wetland during the non-growing season were crucial for annual carbon balance of alpine wetland.

3.3. Influence of environmental factors on seasonal variations of GPP, RES and NEE

The value of proportional reduction in error is more than 0.92, indicating that the analysis results of CART
on monthly COs fluxes (GPP, RES and NEE) are acceptable. The results of CART indicated that GDD was
the main control factor that affecting the change of monthly GPP and NEE. GDD accounted for 78% and
79% change of monthly GPP (Fig. 3a) and NEE (Fig. 3c), respectively. Furthermore, the splitting values
of GDD were all around 230d, and appeared at the beginning of July or the end of August, indicating that
thermal condition was the main control factor that determined the change of monthly GPP and NEE during
the peak of plant growth stage. The factor of the second right root node of GPP is Ta, suggesting that Ta
was crucial to the photosynthetic and carbon fixation capacity of plants in wetland ecosystem during the
peak growth period. Variability in monthly RES was predominantly determined by Ts in the whole year
(Fig. 3b). The factor of the second right root node of NEE was Ts, suggesting that the carbon dynamics
of wetland ecosystem to some extend was controlled by RES more than GPP in non-peak growth period.
In addition, during the growing season, the influence of GDD on variations of monthly GPP was stronger
than the change of monthly RES (p < 0.001) (Fig. 4). Furthermore, the growing season NEE had no
significant correlation with growing season Ta (r?=0.06, p=0.48) and PPT (1= 0.15, p=0.27). However, the
non-growing season NEE significantly correlated with non-growing season Ta (Fig. 5a) and PPT (Fig. 5b).

3.4. Influence of environmental factors on annual GPP, RES and NEE

Annual GPP and RES had no significant correlation with annual environmental factors (p > 0.05, Table.1).
The correlation analysis showed annual GPP had significant positive and negative correlation with the
growing season Ta (p<0.05) and PPT (p<0.05), respectively, suggesting that the increase of temperature
and decrease of precipitation in growing season was beneficial to the improvement of GPP. The result was
noteworthy that the T's during the non-growing season had significant impact on annual GPP of the following
year (p<0.05), indicating that the warmer Ts during the non-growing season promoted the activities of
microorganisms and accelerates the decomposition of litters and soil organic matter. Therefore, the soil of
wetland contained a lot of nutrients and promoted the photosynthesis and carbon sequestration of vegetation
in the following year. The further partial correlation analysis showed that annual RES had significant positive
correlation with the Ta and Ts (p<0.05) of the non-growing season. Annual PPT exhibited significant impact
on variation of annual NEE (Table 1), and linear regression analysis indicated that the non-growing season



Ta (Fig. 5¢) and PPT (Fig. 5d) had a major impact on the change of annual NEE. However, the further
partial correlation analysis showed that non-growing season air temperature (Ta, p = 0.05), rather than
precipitation (PPT, p = 0.25) was a predominant determinant on the change of annual NEE. Overall,
hydrothermal condition especially in non-growing season was the most important variable for describing
variation on annual carbon fluxes.

4. DISCUSSIONS
4.1. Seasonal variations of GPP, RES and NEE

The result showed that GDD was the primary control factor affecting the change of monthly NEE and GPP
in the alpine wetland (Figs. 3 and 4). In addition, to a certain extent, Ts had a relatively strong control over
monthly GPP and monthly NEE in the alpine wetland (Figs. 3). In the alpine ecosystem of the QTP, pho-
tosynthetic radiation is relatively strong, and vegetation contains a large amount of aboveground biomass.
As a result, temperature in the growing season has a strong impact on photosynthesis and carbon seques-
tration of vegetation in alpine wetland ecosystem (Marcolla et al., 2011; Shen et al., 2015). Furthermore,
the accumulation effect of temperature had important effects on dormancy, leaf phenology and late growth
of plants (Kato et al., 2006; Ueyama et al., 2013). Therefore, the metabolism of alpine plants, especially
in response to temperature, had rich phenotypic plasticity (Korner, 1999). In addition, temperature could
affect microbial activity, enzyme activity and decomposition of soil organic matter, so that the thermal con-
dition was indirectly positively correlated with the supply of available nutrients in the soil of the ecosystem,
thus making temperature a key control factor for the photosynthetic and carbon fixation capacity of alpine
vegetation in the wetland of QTP (Street et al., 2007).

Ts played the most important role in the change of monthly RES in the alpine wetland of QTP (Fig. 3b).
Many studies have shown that low soil temperature limits the soil enzyme activity and soil microbial biomass,
and had an important impact on soil respiration and carbon balance in the alpine ecosystem (Van den Bos.,
2003). This might be because the alpine wetland contained a large amount of soil organic matter, which was
extremely sensitive to the change of soil temperature. Higher soil temperature could stimulate the activity
of microorganisms and the decomposition of soil organic matter, so that soil temperature was the dominant
control factor of RES (Moore et al., 1997; Updegraff et al., 2001). Furthermore, during the growing season,
monthly NEE had significant correlation with monthly GPP (r?= 0.88, p < 0.001) and monthly RES (r?=
0.44, p < 0.001). Therefore, GPP played a more controlling role on the variation of NEE compared with RES
during the growing season, which was consistent with other studies on temperature-restricted ecosystems
(Groendahl et al., 2007; Ueyama et al., 2013).

4.2. Inter-annual variations of GPP, RES and NEE

There was a significant positive correlation between Ts of the non-growing season and annual GPP of the
following year (p <0.05). This might be because the higher Ts in the non-growing season stimulated the
activities of microorganisms, enhanced the soil enzyme activity, accelerated the decomposition of litters and
soil organic matter, and thus produced rich nutrients in the soil, promoted the growth of vegetation in the
following year, and improved the photosynthesis and carbon fixation capacity of vegetation in alpine wetland
(Yu et al., 2003; Shen et al., 2011). In addition, the increase of Ts in the non-growing period promoted the
melting of snow and ice, thus reducing the surface albedo, which was conducive to the early re-greening of
vegetation and ultimately improved the photosynthetic productivity of vegetation in alpine wetland (Li et
al., 2014; Reverter et al., 2010; Yu et al., 2003; Zhang et al., 2013). Meanwhile, the findings suggested that
annual GPP had significant negative correlation with the growing season PPT (p <0.05). One possible was
that PPT raised the water level of the wetland, thereby limiting the diffusion of oxygen in the atmosphere to
the soil, thus inhibiting the activity of microorganisms and reducing the decomposition rate of soil organic
matter, thus reducing the nutrients in the soil, and consequently reducing the photosynthetic and carbon
fixation capacity of vegetation in alpine wetland (Chimner and Cooper., 2003).

Annual RES had a significant positive correlation with the non-growing season Ts (r? = 0.44, p = 0.037),
which had no significant correlation with growing season Ts (r? = 0.006, p = 0.83) and annual Ts (r? =



0.01, p = 0.74). Furthermore, the non-growing RES had significant correlation with non-growing season Ts
(r? = 0.45, p = 0.034). This might due to the long cold weather, the wetland contained a large amount of
soil carbon that was extremely sensitive to temperature changes (Hao et al., 2011; Kang et al., 2014). The
higher temperature during the non-growing season was conducive to the decomposition of soil organic matter
and the improvement of soil respiration (Zhao et al., 2005; Kang et al., 2014). These results also suggested
that the non-growing RES was crucial for annual RES. In addition, the non-growing RES had significant
correlation with non-growing season PPT (12 = 0.54, p = 0.015). This might due to rainfall and snowfall
cause snow and ice cover on the surface of wetland, which had a certain insulation effect on soil temperature
and was conducive to promoting soil respiration (Hao et al., 2011; Song et al., 2018; Zhang et al., 2008).

Annual PPT was significant positive correlated with annual NEE (Table 1). This might be due to the
increase of PPT in the growing season would reduce GPP, while the increase of PPT in the non-growing
season would increase RES. As a result, the increase of inter-annual PPT leaded to accelerate the carbon
loss in wetland ecosystem. The increase of the non-growing season temperature promotes soil respiration,
lead to have significant positive correlation with annual NEE. In this study, the non-growing season RES was
significantly correlated with annual RES and NEE (p <0.05), which might be because the alpine wetland
ecosystem on the QTP had a long non-growing period due to high altitude and low temperature, and the
alpine wetland was covered by snow and ice for nearly half one year, so CO5 emission in the non-growing
season had a crucial impact on the variations of annual CO, fluxes (Hao et al., 2011; Song et al., 2018; Zhao
et al., 2005). Our results also suggested that under the context of global warming, especially the increase of
temperature in the non-growing season of the QTP, thus alpine wetland will might have a positive feedback
on carbon loss caused by climate warming. In addition, the water table depth in the alpine wetland could
also affect the soil thermal conductivity, thus impact on the change of soil temperature. In the context of
climate change with increasing temperature and precipitation on the QTP, which is likely to through the
interactive effects of Ts and water table depth on COy production (Gao et al., 2012; Zhu et al., 2013).
Further research is needed to make this clearly.

5. CONCLUSIONS

Our results indicated that the alpine wetland in this study was a weak carbon source. Our findings indicate
that aggregated growing season degree day and soil temperature were the most important controlling factors
for the seasonal variations of COy fluxes. The hydrothermal conditions especially during the non-growing
season played an important role in determining inter-annual variations of COy fluxes. The results of our
study highlighted the importance of the non-growing season CO5 emissions for the variation of CO5 dynamics,
which was few focused by previous studies. According to our study results, we speculate that under the
context of global warming, especially in the non-growing seasons, which will exacerbate carbon loss in the
alpine wetlands of the QTP.

Our alpine wetland was a carbon source, which agrees well with the earlier reports. However, the swamps
in Northern Tibetan Plateau (NTP) and Qinghai Lake (QL) are strong carbon sink (Cao et al., 2017; Niu
et al., 2017). The stronger GPP in NTP and lower RES in QL accounted for the discrepancy, respectively.
Our results showed that the estimation of carbon sequestration capacity of alpine wetland should be more
cautious.
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