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Abstract

The alpine meadow is highly sensitive to global climate change due to its high elevation and

cold environment. To understand the dynamics of ecosystem carbon cycling, CO2 fluxes

were measured over the Suli alpine meadow, which is located at the upper reach of the

Shule River basin at the northeastern edge of the Qinghai-Tibet Plateau (QTP), China. The

measurements were taken from October 2008 to September 2012 using the eddy covari-

ance technique. Obvious seasonal and inter-annual variations were observed in the CO2

flux. The annual net carbon exchange ranged from -195.28 g�CO2�m
-2 to -118.49 g�CO2�m

-

2, indicating that the alpine meadow ecosystem in this area played a role as a carbon sink.

The inter-annual variability in the net carbon exchange was significantly related to the length

of the growing season for the alpine meadow. The results showed that the months of June,

July and August were the strongest CO2 absorption periods, while April, May and October

were the strongest CO2 release periods. The annual net exchanges of CO2 in the four years

were -118.49 g�CO2�m
-2, -130.75 g�CO2�m

-2, -195.83 g�CO2�m
-2 and -160.65 g�CO2�m

-2,

and the average value was -151.43 g�CO2�m
-2. On a seasonal scale, the monthly CO2 fluxes

were largely controlled by temperature. At the annual scale, there was no dominant factor

that influenced the interannual variations in the CO2 flux.

Introduction

Accurate evaluations of the carbon dioxide (CO2) flux in different ecosystems can help deepen

and improve our understanding of land-atmosphere interactions and enhance the decision-

making abilities of climate policymakers [1, 2]. The evaluation of the global CO2 flux in an

ecosystem requires the construction and validation of carbon cycle models in the major
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ecosystems in the word and accurate measurements of the CO2 flux [3]. Therefore, national

and international research programs have been carried out to acquire, process and analyse the

CO2 fluxes in major ecosystems [3, 4].

Grasslands are one of the most widely distributed terrestrial ecosystems worldwide. Natu-

ral grasslands cover approximately 30% of the Earth’s surface and contain approximately 25%

of the Earth’s total amount of organic carbon [5]. Studies on the carbon exchange processes

in grassland ecosystems have been conducted in Mediterranean grasslands [6], tall grass prai-

rie [7], tropical savanna [8], alpine meadow [9] and even intensively managed grasslands [10]

or degraded grasslands [11]. Whether these sites function as CO2 sources or sinks is still

unknown [4, 12, 13]. At the ecosystem scale, grasslands may act as a net carbon source or sink

or may transition between the two types [12–15]. It was reported that the carbon storage in

grasslands in China was 45.51 Pg C (including the carbon stored in vegetation and soil), which

accounted for 40.8% of the total ecosystem carbon storage in China [16]. The studies indicate

that the grassland ecosystems in China function as CO2 sinks overall; however, these grassland

ecosystems sometimes alternate as carbon sources due to the variations in interannual envi-

ronmental conditions [9, 11, 17–23].

The key factor that controls the CO2 exchange in grassland ecosystems is still under disc-

ussion. Grasslands are widely distributed in regions where the annual precipitation may vary

from 150 to 1200 mm. Some studies [14, 24–26] have shown that precipitation is the major

factor limiting CO2 exchange in grassland ecosystems because the annual productivity of

grasslands increases linearly with increasing annual precipitation, while other studies [6]

have indicated that the length of the growing season controls the CO2 exchange in these eco-

systems. However, a 3-year study [9] on the daily CO2 exchange demonstrated that the air

temperature, rather than the precipitation or the length of the growing season, was the major

factor limiting CO2 exchange in an alpine meadow.

Quantifying how the photosynthesis and respiration of vegetation respond to fluctuations

in the environment and physiological variables at different time scales, the emergent scale

properties were discovered due to the continuous observed carbon fluxes of ecosystems [12].

To assess annual changes in CO2 fluxes, datasets that have been gathered over longer durations

are needed [4]. Most long CO2 flux studies have focused on forest [3, 27–30], grassland and

cropland [11]. The AmeriFlux network, which consists of eddy covariance flux towers encom-

passing a large range of climate and biome types, provides the longest, most extensive, and

most reliable measurements of plot-scale net carbon exchange for the U.S. [2].

Most studies on the carbon budget of grasslands have been conducted at elevations approxi-

mately at or below 1500 m [9]. Little information on carbon flux is known at higher elevations.

The Qinghai-Tibet Plateau (QTP) in western China has an average elevation exceeding 4500

m, and it has an area of 2,500,000 km2, making it the world’s highest and largest plateau [31].

Climate change in the QTP has aroused great interest among scientists in many fields. Alpine

meadow ecosystems in China, most of them distributed in the QTP, cover approximately

6.37×105 km2 and contain 11.3 Pg of carbon in biomass and soil [32]. The soil carbon density

of this ecosystem (18.2 kg m−2; Ni, 2002) is much higher than that of savanna [5] and temper-

ate grassland [5] and is similar to that of tundra [1], where the low temperature limits the

growing season.

In this paper, we report a 4-year study of CO2 exchange based on observational results over

alpine meadow sites in the northwestern QTP. The purposes of this study are as follows: 1) to

assess the annual change in the net ecosystem exchange (NEE) at the alpine meadow site in

the QTP and to identify the possible sources of the variation; 2) to investigate the impact of

the growing season length on the annual NEE; and 3) to explore how changes in gross primary

production (GPP) and ecosystem respiration (Reco) relate to variability in the annual NEE
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(particularly through responses to meteorological elements, such as temperature, radiation

and precipitation) and the correlation between the annual GPP, Reco and NEE. We hope our

study will enhance our understanding of CO2 exchange in alpine meadows at high elevations

and provide possibilities for comparing CO2 exchanges with those in other regions.

Site description and measurements

Site description

The experiment was conducted in an alpine meadow at the Suli Ecological and Environment

Station (SEES, 38˚25’N, 98˚19’E). The SEES is located in a large valley oriented from southeast

to northwest and is surrounded by the Qilian Mountains at the northeastern edge of the QTP

[31]. The study area has low air temperature, little precipitation and high evaporation and is

situated in a typical continental arid desert climate region [33]. The mean annual temperature

is approximately -5˚C. The annual precipitation ranges from 100 mm to 350 mm, while the

annual potential evaporation is approximately 1200 mm. The precipitation during the growing

season from May to September accounts for 80% of the annual total precipitation.

The landscape is characterized by large mountain ranges with steep valleys and gorges

interspersed with relatively level and wide inter-mountain grassland basins [34]. Frigid calcic

soils and bog soils are widely distributed throughout this area [35]. The surface soil is Mat

Cry-gelic Cambisols [31].

The plant community in the alpine meadow is dominated by Kobresia pygmaea and Carex
moocrofii [36]. The plants begin growing in May, when the daily air temperatures are above

0˚C and continue to rise. The maximum aboveground biomass is reached in July or August,

which is also when the air temperature and precipitation reach their highest values of the year.

Measurements

A 10 m tall tower with eddy covariance systems was established to measure mass and energy

fluxes in the valley basin in 2008. The valley provided a uniform land cover and sufficient

upwind fetch for data measurements.

Flux measurements. The eddy covariance (EC) system with a 3-D ultrasonic anemome-

ter–thermometer (CSAT-3, Campbell Scientific Inc., Logan, UT, USA) and an open-path

infrared gas (CO2/H2O) analyzer (IRGA) (LI-7500, LI-COR Inc., Lincoln, NE, USA) was

installed at a height of 3.0 m and was used to measure energy and CO2 fluxes. The signals

were recorded at 10 Hz by a data logger (CR3000, Campbell Scientific Inc., Logan, UT, USA).

Meteorological measurements. A four-component net radiometer (CNR-1, Kipp &

Zonen, Delft, Netherlands) was set up at a height of 2.0 m above the ground. The air tempera-

ture (Ta) and relative humidity (RH) (HMP45C, Vaisala, Helsinki, Finland) were measured at

2.0 m, 5.0 m, 7.5 m and 10.0 m. Based on the Ta, the length of the growing season was calcu-

lated by the air temperature at 2 m, and the length of the growing season represents the period

when the daily Ta was above 5 ˚C for at least five consecutive days [15]. To meet the need to

measure the wind direction and horizontal wind velocity, windset sensors (020C-1, Met One

Inc., OR, USA) were set up at the same four heights.

The thermistors (107L, Campbell Scientific Inc., Logan, UT, USA) were set to measure the

soil temperature (Ts) at six depths (0.05 m, 0.10 m, 0.30 m, 0.50 m and 0.70 m). The soil water

content (SWC) at five depths (0.10 m, 0.20 m, 0.40 m, 0.60 m and 0.80 m) was obtained by

time domain reflectometry (TDR) probes (EnviroSMART, Campbell Scientific Inc., Logan,

UT, USA). Two soil heat flux plates (HFP01, Hukeflux Inc., Delft, Netherlands) were set to

measure the soil heat flux in separate locations at 0.05 m and 0.10 m below the soil surface. An

all-weather precipitation gauge (Geonor T-200B, Norway) was used to measure precipitation.
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All meteorological data were recorded every 600 s and were logged by a data logger (CR1000,

Campbell Scientific Inc., Logan, UT, USA).

Methods and data

Methods

The NEE was computed using the observed CO2 concentration data acquired by the EC system

[12]. The NEE was partitioned into GPP and Reco. To test the hypothesis that stated the rela-

tionship between the soil temperature and NEE at nighttime remains unchanged in the day-

time, the daytime Reco was estimated [6]. The GPP was calculated by subtracting Reco from the

NEE. The annual GPP, Reco, and NEE were integrated from 1 October of one year to 30 Sep-

tember of the next year to span the hydrological year. Negative NEE values represented CO2

uptake by the ecosystem, while positive NEE values represented CO2 release from the

ecosystem.

Flux data processing

In this study, Edire software was used in raw data processing. Data processing is mainly refer-

enced by the EC data processing method recommended by FLUX NET [37]. Before the scalar

flux computation, spike detection, removal and coordinate rotation were performed [31]. In

addition, the sonic temperature fluctuations and Webb-Pearman-Leuning (WPL) were taken

into account to correct the fluxes of sensible heat and latent heat.

Precipitation and atmospheric conditions had negative effects on the data that were mea-

sured by EC. These erroneous data were discarded from our analyses, and we used gap-filled

CO2 flux data, as described by Falge, Baldocchi (7). For this study, instrumental error, power

cuts and precipitation caused 28.2% of the missing data from the study period. Measurements

taken under low turbulent mixing conditions (friction velocity < 0.16 m s-1) resulted in

another 13.5% of missing data. Altogether, we discarded approximately 41.7% of the total data

recorded over the 4 years.

Gap-filling methods have been proposed and verified by previous studies [7, 38, 39]. For

this study, these gaps were filled following the strategies described by Falge, Baldocchi (7):

1. Linear interpolation was used to fill the gaps that were less than 2 h by calculating an aver-

age of the values immediately before and after the data gap. The value of 1 W�m-2 of total

solar radiation was used as the limit for day and night [40], and we divided a day into day-

time and nighttime. The missing NEE during the daytime in the growing season (from May

to September) was calculated as follows:

NEE ¼
a1 � PPFD
a2 þ PPFD

þ a3 ð1Þ

where PPFD is the photosynthetic photon flux density and the calculation can be referenced

by the climatological method of photosynthetically active quantum proposed by Zhang,

Zhang [41], and a1, a2, and a3 are fitting constants.

2. The missing nighttime ecosystem respiration (Reco) was determined from the nighttime

NEE and soil temperature at a depth of 5 cm (Ts5). We assumed that the response of Reco

to Ts5 in the daytime was the same as that in the nighttime; thus, the nighttime relationship

was extrapolated to estimate the daytime Reco. The nighttime CO2 flux in the growing sea-

son (from May to September) and in a day in the non-growing season (October to April)

Carbon exchanges over an alpine meadow in northeastern edge Qinghai-Tibet Plateau
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was interpolated using the following equation:

Reco ¼ b0expðbTs5Þ ð2Þ

where Ts5 is the ground temperature at 5 cm, and b0 and b are fitting constants.

Statistical analysis

The relationships of GPP, Reco, and NEE with Ta, PPT, VPD, SWC and PAR were investigated

by linear regression analysis, partial correlation analysis and stepwise multiple regression anal-

ysis using monthly data in SPSS (Version 20.0, SPSS Inc., IL, USA). The statistical information

for the relationships between monthly GPP, Reco, and NEE and Ta, PPT, VPD, SWC and PAR

is shown in Tables 3, 4 and 5.

Results

Patterns of variation in climate factors

Previous studies have not characterized the change in climate in this alpine region. To gain an

understanding of the climate background in this area, we focused on the long-term variability

of these climate factors by using monthly means derived from our observations. The mean

annual air temperature was -3.8˚C (Table 1). There were obvious seasonal changes in the

monthly mean air temperature, ranging from -21.4 to 9.9˚C (Fig 1a). The Ts5, i.e., the soil tem-

perature at a depth of 5 cm, showed a similar seasonal pattern to that of the air temperature

but had a lower amplitude of oscillation; the annual mean was -0.2˚C, and the range was from

-14.0 to 11.3˚C (Fig 1b). The daily soil temperature was positive from mid-April to mid-Oct

and negative the rest of the time. There were also seasonal changes in the monthly mean net

radiation (Rn), vapor pressure deficit (VPD) and soil moisture content (SWC), ranging from

6.2 to 166.1 W�m-2, 0.06 to 0.40 KPa and 0.06 to 0.56 m-3�m-3, respectively (Fig 1c, 1d and 1e).

The annual mean values were 86.2 W�m-2, 0.22 KPa and 0.22 m-3�m-3, respectively. The mean

annual precipitation for the study period was 364.8 mm (Fig 1f). Previous studies showed that

90% of the precipitation was concentrated within the short growing season between May and

September [33–36]. During this period, the climate conditions, including solar radiation, tem-

perature, and water availability, are favourable for plant growth.

Inter-annual and seasonal variability of NEE

The annual NEE of the alpine meadow ecosystem, which ranged from -195.28 g�CO2�m
-2 yr-1

to -118.49 g�CO2�m
-2 yr-1, fluctuated from year to year (Table 1). The ranges of the NEE in the

Table 1. Annual and seasonal mean air temperature, precipitation, soil temperature, and net ecosystem exchange of CO2 (NEE) over the alpine meadow.

Hydrological yeara Air temperature/˚C Precipitation/mm Soil temperature/˚C NEE/ g�CO2�m
-2� yr-1

Annual GSb NGSb Annual GSb NGSb Annual GSb NGSb Annual GSb NGSb

2008–2009 -3.7 5.1 -10.0 390.1 360.4 29.7 -0.3 7.2 -5.6 -118.49 -312.31 193.82

2009–2010 -3.4 6.1 -10.3 360.1 345.7 14.4 -0.1 7.9 -5.8 -130.75 -299.49 168.74

2010–2011 -3.8 5.1 -10.1 386.6 359.7 26.9 -0.2 7.1 -5.4 -195.83 -376.51 180.68

2011–2012 -4.3 5.0 -11.0 322.5 301.8 20.7 -0.1 6.6 -5.0 -160.65 -313.72 153.07

Mean -3.8 5.3 -10.4 364.8 341.9 22.9 -0.2 7.2 -5.5 -151.43 -325.51 174.08

a Hydrological year starts on 1 October and ends on 30 September of the next year.
b GS refers to the growing season, from May to September in this study; NGS refers to the non-growing season, from October to April of the next year.

https://doi.org/10.1371/journal.pone.0228470.t001
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growing season and non-growing season were -376.51~-312.31 g�CO2�m
-2 yr-1 and

153.07~193.82 g�CO2�m
-2 yr-1, respectively (Table 1).

On average, the alpine meadow was a carbon sink in the growing season and a carbon

source in the non-growing season. The intensity of the carbon sink was greater than that of

the carbon source. The alpine meadow was a carbon sink at the annual time scale. The stan-

dard deviation of the annual NEE was approximately 34.49 g�CO2�m
-2 yr-1 for the grassland

(Table 1).

There was a clear seasonal variation in the NEE in the alpine meadow in the upper reach

of the Shule River basin (Fig 2b). At the beginning of the year, i.e., from January to March,

the CO2 release remained stable at a low level in the non-growing season. In April, the NEE

increased and reached a release peak in May. The NEE turned negative in June and reached an

uptake peak in July in the main growing season, while it became positive in September and

reached another release peak in October in the non-growing season.

From the 2009, 2010, 2011 and 2012 observational data (Fig 2a), within four years, the same

trends were basically found in the same months for the NEE. Because of different weather con-

ditions found in each month in the different years, the NEE values were different in the same

month of different years. In June, July and August, the grassland was carbon sink. In Septem-

ber, the grassland was mixed carbon sequestration and carbon source in different years. In the

other months, the grassland served as a carbon source. The NEE inter-annual changes were

largest in April, May, June and September. The maximum monthly CO2 absorption appeared

in July 2012, and the minimum monthly CO2 uptake appeared in September 2011; the maxi-

mum CO2 emissions occurred in January and May 2010, and the monthly minimum CO2

emissions occurred in December 2012. The NEE had large inter-annual variability; the values

from 2009 to 2012 were as follows: NEE: -118.49 g�CO2�m
-2 yr-1, -130.75 g�CO2�m

-2 yr-1,

-195.83 g�CO2�m
-2 yr-1 and -160.65 g�CO2�m

-2 yr-1, respectively, with an average of -151.43

g�CO2�m
-2 yr-1.

Fig 1. Monthly mean climate parameters. (a) air temperature (Ta), (b) soil temperature at a depth of 5 cm (Ts5), (c) net radiation (Rn), (d) vapor

pressure deficit (VPD), (e) soil water content (SWC) at a depth of 20 cm, and (f) precipitation for each month between 2009 and 2012. Error bars

represent standard deviations of the mean.

https://doi.org/10.1371/journal.pone.0228470.g001
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Length of growing season

The length of the growing season varied each year in the alpine meadow. The average length of

the growing season was 102 days, and the standard deviation of the growing season length was

8 days. The growing season length showed a certain relationship with the annual NEE of the

alpine meadow. There was a significant linear relationship between the growing season length

and the annual NEE in the alpine meadow (P<0.01, R2 = 0.98) (Fig 3).

To further understand the mechanism of the growing season length and the annual NEE in

the alpine meadow, we examined the changes in the daily NEE, GPP, and Reco. In early May,

grass had germinated. During this period, the rates of grass photosynthesis were lower and that

of respiration, resulting in a positive NEE. The grassland started to take up net carbon at the

end of May or in early June. The exact times were slightly different from 2009 to 2012, with

dates of June 2, June 6, May 20 and May 31, respectively. The NEE, Reco and GPP reached their

maximum values in late July and early August. Grasses died in late September and early Octo-

ber, and the GPP decreased gradually to 0. The Reco also decreased gradually. The grassland

started to display a net carbon release, which was due to the respiration of soil microbes (Fig 4).

Fig 2. Variation in monthly net ecosystem exchange (NEE) (a) and mean monthly net ecosystem exchange (NEE) with standard deviation (b)

between 2008 and 2012.

https://doi.org/10.1371/journal.pone.0228470.g002
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Fig 3. Relationships between annual NEE and length of growing season (LGS) in the alpine meadow.

https://doi.org/10.1371/journal.pone.0228470.g003

Fig 4. Seasonal patterns of net ecosystem exchange of carbon (NEE), gross primary productivity (GPP), and ecosystem respiration (Reco) in the

alpine meadow.

https://doi.org/10.1371/journal.pone.0228470.g004
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GPP and Reco are particularly important for net CO2 uptake. However, greater GPP may

not cause greater net CO2 uptake, and greater Reco may not produce lower net CO2 uptake or

net CO2 release (Fig 5a). In this study, the absolute value of NEE in 2011 was greater than that

of the other years, but GPP and Reco were lower than those of the other years. The year 2010

had the same GPP as that of 2011, but the absolute value of NEE of 2011 was lower than that of

2010 (Fig 5 and Table 2). There was no significant relationship between NEE and GPP or

between Reco and GPP. However, the relationship between NEE and Reco was significant (Fig

5c). These results showed that on an annual scale, the NEE was regulated by Reco and GPP,

and Reco was particularly important for the NEE.

Environmental controls on seasonal and annual carbon fluxes

Environmental factors have important effects on carbon fluxes in terrestrial ecosystems. In the

growing season, linear regression revealed significant correlations between the NEE and the

Ta, PPT, SWC and PAR. There were significant correlations between Reco and Ta, PPT, SWC,

VPD and SWC. There were significant correlations between GPP and Ta, PPT, SWC, SWAC

and PAR (Table 3). However, there may be mutually certain relationships and influences in

those environmental factors, and the relationship cannot reflect the effect of environmental

factors on the CO2 fluxes. Thus, partial correlation and stepwise regression analyses were

applied to further explore the effects of environmental factors on carbon fluxes. The partial

correlation and the stepwise regression analyses showed that the main factor that influenced

monthly NEE, Reco and GPP was Ta (Tables 4 and 5).

Fig 5. Relationships between net ecosystem exchange of carbon (NEE), ecosystem respiration (Reco) and gross primary productivity (GPP) in the

alpine meadow.

https://doi.org/10.1371/journal.pone.0228470.g005

Table 2. Annual gross primary productivity (GPP, g�CO2�m
-2�yr-1) and ecosystem respiration (Reco, g�CO2�m

-2 yr-

1) in alpine meadow.

Hydrological yeara GPP Reco

2008–2009 1412.45 1293.96

2009–2010 1380.79 1250.04

2010–2011 1372.27 1176.43

2011–2012 1394.69 1234.04

Mean 1390.05 1238.62

STD 17.56 48.597

a Hydrological year starts on 1 October and ends on 30 September of the next year.

https://doi.org/10.1371/journal.pone.0228470.t002
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Annually, linear regression, partial correlation analysis and stepwise regression analysis

revealed that there was no significant correlation between NEE, Reco, and GPP and environ-

mental factors.

Discussion

The alpine meadow ecosystem is one of the most important vegetation types worldwide. The

study of the carbon fluxes in these ecosystems can improve our understanding of their

responses to climate change [42, 43]. Some studies have examined the CO2 fluxes of alpine

meadow, alpine shrub-meadow, and alpine wetland meadow based on EC measurements on

the Tibetan Plateau [8, 17, 44–51] and revealed that some sites were sinks of atmospheric CO2

[9, 18, 44–50], while others were CO2 sources on an annual scale [18, 51]. On a seasonal scale,

in the growing season, the ecosystems were CO2 sinks, and in the non-growing season, the

ecosystems were CO2 sources [9, 44]. Differences occur in the different microclimates, vapor

sources of precipitation, underlying surface conditions, vegetation types and influences of

human activities, all of which affect the intensity of a carbon source or sink. The results

Table 5. Regression models between carbon budgets and environmental factors in the growing season.

CO2 fluxes Ta PPT VPD SWC PAR Intercept R2

NEE -30.39 - - - - 97.08 0.80

Rceo 28.59 - - - - 60.33 0.90

GPP 58.99 - - - - -36.75 0.89

https://doi.org/10.1371/journal.pone.0228470.t005

Table 3. Linear regressions between month gross primary production (GPP, g�CO2�m
-2), ecosystem respiration (Reco, g�CO2�m

-2), net ecosystem exchange (NEE,

g�CO2�m
-2) and monthly environmental factors in the growing season, including air temperature (Ta, ˚C), precipitation (PPT, mm), soil water content (SWC,

cm3�cm−3), and photosynthetically active radiation (PAR).

Factor GPP Reco NEE

Linear Equation R2 P Linear Equation R2 P Linear Equation R2 P

Ta GPP = 58.97Ta-36.75 0.89 0.00 Reco = 28.59Ta-60.33 0.90 0.00 NEE = -30.39Ta+97.08 0.80 0.00

PPT GPP = 3.24PPT+56.66 0.50 0.00 Reco = 1.42PPT+115.76 0.42 0.00 NEE = -1.82PPT+59.10 0.54 0.00

VPD GPP = 1542.80 VPD-162.73 0.16 0.08 Reco = 819.80 VPD-120.83 0.20 0.04 NEE = -726.05 VPD+141.90 0.12 0.13

SWC GPP = 712.76SWC+10.20 0.22 0.04 Reco = 349.65SWC+81.53 0.23 0.03 NEE = -363.11SWC+71.33 0.20 0.04

PAR GPP = 4.06PAR-270.24 0.24 0.03 Reco = 1.75PAR-23.58 0.19 0.06 NEE = -2.31AR+246.66 0.26 0.02

https://doi.org/10.1371/journal.pone.0228470.t003

Table 4. Partial correlation coefficients between carbon budgets and site characteristics in the growing season.

CO2 fluxes Ta PPT VPD SWC PAR

NEE -0.65�� -0.45 -0.17 0.20 -0.26

Rceo 0.80�� 0.19 0.19 0.06 0.04

GPP 0.78�� 0.40 0.21 0.10 0.20

Notes:

� significant at the 0.05 level;

�� significant at the 0.01 level.

https://doi.org/10.1371/journal.pone.0228470.t004
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obtained in the present study showed that the alpine meadow ecosystems in Suli were carbon

sinks in the growing season and carbon sources in the non-growing season. Because the car-

bon sink intensity was greater than the carbon source intensity, the alpine meadow ecosystem

was a carbon sink at the annual level. The annual CO2 sink of alpine meadow in this study was

smaller than that of Haibei and Arou, greater than that of Sanjiangyuan, and roughly equal

that of Naqu. In addition, the annual CO2 sink of alpine meadow in this study was smaller

than that of alpine shrub meadow in Haibei, alpine wetland meadow in Yushu, and Qinghai

Lake (Table 6).

The GPP and Reco are particularly important for net carbon uptake. Whether GPP or Reco

contributes more to the NEE of carbon is still being disputed. Some scholars have shown that

the NEE changed with Reco while GPP was constant [52]. Other studies have shown that GPP

and Reco are both important for NEE under water deficit conditions [53, 54]. The results

obtained in the present study showed that at the annual scale, a higher GPP did not produce

increased net carbon uptake. There was no significant correlation between annual GPP, Reco

and NEE, while there was a significant correlation between annual NEE and Reco. This result

indicates that Reco is particularly important for NEE at the annual time scale. This result may

occur in the growing season when there was not water stress, as the thawing of permafrost

and ample precipitation provide enough water for grass growth. In the non-growing season,

cold temperatures wilted plants; thus, the GPP was zero, Reco from soil microorganisms was

equal to NEE, and water stress had little effect on Reco.

The length of the growing season has an important effect on CO2 sequestration [55–58].

Some scholars found that a longer growing season resulted in a greater net CO2 uptake [4, 59].

However, others indicated that a longer growing season resulted in a net loss of ecosystem

CO2 due to longer periods of ecosystem respiration in autumn and less snow water [42, 60–

62]. Our data showed that the net CO2 uptake increased as the growing season became longer.

With a 1-day increase in the growing season, the increased rate of CO2 uptake by the ecosys-

tem was 4.4 g�CO2�m
2. This rate is lower than the 7.3 g�CO2�m

2 in savanna, the 21.6 g�CO2�m
2

in temperate deciduous forests and the 25.3 g�CO2�m
2 in boreal aspen forests [63].

Environmental factors have important effects on carbon fluxes in terrestrial ecosystems.

Carbon fluxes have been shown to be controlled by climate factors, such as precipitation,

temperature, and radiation [64–66]. At mid-to-high latitudes, air temperature is the main

factor that influences CO2 fluxes. At subtropical and tropical latitudes, radiation and water

are the main factors that influence CO2 fluxes [67, 68]. In certain regions of Asia,

Table 6. Comparison of net ecosystem CO2 exchange (NEE) among different grassland ecosystems.

Sit Ecosystem type Latitude Temperature Precipitation NEE Period Source

Suli, China Alpine meadow 38˚25’ -3.8 364.8 -35.0 to -48.1 2009–2012 This study

Haibei, China Alpine meadow 37˚36’ −1.7 561.0 −193 to −79 2002–2004 Kato et al., 2006

Alpine shrub-meadow 37˚39’ −1.7 570.0 −85 to −52 2004–2005 Fu et al., 2009

Alpine wetland meadow 37˚35’ -1.1 510.4 44.0 to 173.2 2004–2006 Zhao et al., 2010

Alpine shrubland 37˚36’ -1.0 580.0 -132.0 to -10.6 2003–2012 Li et al., 2016

Alpine meadow 36˚570 0.8 398.2 -74.0 2010–2011 Zhang., 2012

Damxung, China Alpine meadow 30˚10’ 1.3 480 37 to 55 2004–2005 Fu et al., 2009

Arou, China Alpine meadow 38˚03’ 0.7 400.0 -156 2009 Wang et al, 2014

Yushu, China Alpine wetland 33˚10’ - - -126.8 2015 Zhang., 2017

Naqu, China Alpine meadow 31˚37’ -1.3 465.7 -41.3 2008 Zhu et al., 2015

Sanjiangyu, China Alpine meadow 34˚17’ -0.5 500.0 -30.3 2006 Wu et al., 2010

Qinghailake, China Alpine wetland 36˚41’ 1.87 282.0 -347.1 2012 Wang, 2015

https://doi.org/10.1371/journal.pone.0228470.t006
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precipitation is more important for CO2 fluxes [69]. Kato, Tang (9) showed that the CO2

fluxes of alpine meadows are controlled by temperature. This study found that Ta played a

critical role in regulating the variations in monthly GPP, Reco and NEE. Temperature is one

of the main ecological factors that affects plant growth and development [9, 15, 70]. At cer-

tain temperatures, plants can grow normally, and when the cumulative effect of temperature

reaches a certain value, plants can complete the growth period. In addition, temperature

affects the physiological metabolic process of plants by changing the activity of enzymes [71].

The study area is located in the permafrost area, with extremely low temperatures in the non-

growing season. Cold temperatures wilt plants, so water stress has little effect on the carbon

fluxes. In the growing season, the permafrost begins to thaw and provide enough water for

grass growth. In addition, the precipitation of the growing season was approximately 90% of

the total annual rainfall, which meant precipitation provided enough water for grass growth.

Therefore, the strong influence of temperature on the carbon fluxes may be related to the

reduction in water stress. Thermal conditions are an important factor that control plant pho-

tosynthesis in a temperature-limited environment [72]. On an annual scale, linear regression,

partial correlation analysis and stepwise regression analysis revealed that there was no signifi-

cant correlation between NEE, Reco, and GPP and environmental factors. Some studies have

also shown that non-climate factors are a major factor causing carbon flux variability [73–

75]. This result may be because the changes in Ta, Ts5 cm, VPD, Rn, SWC and PAR are small

at the annual level, but they are greatly different in the growing season and non-growing sea-

son. In addition, the uncertainty from gap filling and instrument error and the uncertainty

due to spatial variability contribute more uncertainty in annual carbon flux estimates [73].

Conclusions

The CO2 fluxes measured with the EC technique in the alpine meadow ecosystem on the

northeastern QTP from 2009 to 2012 showed that the alpine meadow acted as a carbon sink.

Ecosystem respiration is particularly important for net carbon uptake. A longer growing sea-

son was attributed to an increase in C sequestration. In the study area, we found that tempera-

ture was the dominant factor influencing the seasonal variation in CO2 fluxes and that there

was no dominant factor influencing the inter-annual variations in CO2 fluxes.
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growing-season CO2 exchange in a boreal forest. Journal of Geophysical Research: Atmospheres.

2003; 108(D9):4265. https://doi.org/10.1029/2002jd002381

54. Reichstein M, Ciais P, Papale D, Valentini R, Running S, Viovy N, et al. Reduction of ecosystem produc-

tivity and respiration during the European summer 2003 climate anomaly: a joint flux tower, remote

sensing and modelling analysis. Global Change Biology. 2007; 13(3):634–51. https://doi.org/10.1111/j.

1365-2486.2006.01224.x

55. Churkina G, Schimel D, Braswell BH, Xiao XM. Spatial analysis of growing season length control over

net ecosystem exchange. Global Change Biology. 2005; 11(10):1777–87. https://doi.org/10.1111/j.

1365-2486.2005.001012.x

56. Dragoni D, Schmid HP, Wayson CA, Potter H, Grimmond CSB, Randolph JC. Evidence of increased

net ecosystem productivity associated with a longer vegetated season in a deciduous forest in south-

central Indiana, USA. Global Change Biology. 2011; 17(2):886–97. https://doi.org/10.1111/j.1365-

2486.2010.02281.x

57. Keenan TF, Gray J, Friedl MA, Toomey M, Bohrer G, Hollinger DY, et al. Net carbon uptake has

increased through warming-induced changes in temperate forest phenology. Nature Climate Change.

2014; 4(7):598–604. https://doi.org/10.1038/nclimate2253

58. Desai AR, Helliker BR, Moorcroft PR, Andrews AE, Berry JA. Climatic controls of interannual variability

in regional carbon fluxes from top-down and bottom-up perspectives. Journal of Geophysical Research:

Biogeosciences. 2010; 115(G02011). https://doi.org/10.1029/2009jg001122

59. Goulden ML, Munger JW, Fan SM, Daube BC, Wofsy SC. Exchange of carbon dioxide by a deciduous

forest: response to Interannual climate variability. Science. 1996; 271(5255):1576–8. https://doi.org/10.

1126/science.271.5255.1576

Carbon exchanges over an alpine meadow in northeastern edge Qinghai-Tibet Plateau

PLOS ONE | https://doi.org/10.1371/journal.pone.0228470 February 11, 2020 15 / 16

https://doi.org/10.1007/s11430-006-8036-5
https://doi.org/10.1038/nature06444
http://www.ncbi.nlm.nih.gov/pubmed/18172494
https://doi.org/10.1016/j.gloplacha.2010.10.014
https://doi.org/10.1016/j.agrformet.2016.06.020
https://doi.org/10.5194/bgd-6-9005-2009
https://doi.org/10.1038/35009084
https://doi.org/10.1038/35009084
http://www.ncbi.nlm.nih.gov/pubmed/10786790
https://doi.org/10.1029/2002jd002381
https://doi.org/10.1111/j.1365-2486.2006.01224.x
https://doi.org/10.1111/j.1365-2486.2006.01224.x
https://doi.org/10.1111/j.1365-2486.2005.001012.x
https://doi.org/10.1111/j.1365-2486.2005.001012.x
https://doi.org/10.1111/j.1365-2486.2010.02281.x
https://doi.org/10.1111/j.1365-2486.2010.02281.x
https://doi.org/10.1038/nclimate2253
https://doi.org/10.1029/2009jg001122
https://doi.org/10.1126/science.271.5255.1576
https://doi.org/10.1126/science.271.5255.1576
https://doi.org/10.1371/journal.pone.0228470


60. Hu JIA, Moore DJP, Burns SP, Monson RK. Longer growing seasons lead to less carbon sequestration

by a subalpine forest. Global Change Biology. 2010; 16(2):771–83. https://doi.org/10.1111/j.1365-

2486.2009.01967.x

61. Richardson AD, Black TA, Ciais P, Delbart N, Friedl MA, Gobron N, et al. Influence of spring and

autumn phenological transitions on forest ecosystem productivity. Philos Trans R Soc Lond B Biol Sci.

2010; 365(1555):3227–46. Epub 2010/09/08. https://doi.org/10.1098/rstb.2010.0102 PMID: 20819815

62. Wu C, Chen JM, Black TA, Price DT, Kurz WA, Desai AR, et al. Interannual variability of net ecosystem

productivity in forests is explained by carbon flux phenology in autumn. Global Ecology and Biogeogra-

phy. 2013; 22(8):994–1006. https://doi.org/10.1111/geb.12044

63. Barr AG, Black TA, Hogg EH, Kljun N, Morgenstern K, Nesic Z. Inter-annual variability in the leaf area

index of a boreal aspen-hazelnut forest in relation to net ecosystem production. Agr Forest Meteorol.

2004; 126(3–4):237–55. https://doi.org/10.1016/j.agrformet.2004.06.011

64. Law BE, Falge E, Gu L, Baldocchi DD, Bakwin P, Berbigier P, et al. Environmental controls over carbon

dioxide and water vapor exchange of terrestrial vegetation. Agr Forest Meteorol. 2002; 113(1–4):97–

120. https://doi.org/10.1016/S0168-1923(02)00104-1

65. Raich JW, Potter CS, Bhagawati D. Interannual variability in global soil respiration, 1980–94. Global

Change Biology. 2002; 8(8):800–12. https://doi.org/10.1046/j.1365-2486.2002.00511.x

66. Ryan MG, Law BE. Interpreting, measuring, and modeling soil respiration. Biogeochemistry. 2005; 73

(1):3–27. https://doi.org/10.1007/s10533-004-5167-7

67. Nemani RR, Keeling CD, Hashimoto H, Jolly WM, Piper SC, Tucker CJ, et al. Climate-driven increases

in global terrestrial net primary production from 1982 to 1999. Science. 2003; 300(5625):1560–3.

https://doi.org/10.1126/science.1082750 PMID: 12791990

68. Yi CX, Ricciuto D, Li R, Wolbeck J, Xu XY, Nilsson M, et al. Climate control of terrestrial carbon

exchange across biomes and continents. Environmental Research Letters. 2010; 5(3). Artn 034007

https://doi.org/10.1088/1748-9326/5/3/034007

69. Poulter B, Pederson N, Liu H, Zhu Z, D’Arrigo R, Ciais P, et al. Recent trends in Inner Asian forest

dynamics to temperature and precipitation indicate high sensitivity to climate change. Agr Forest

Meteorol. 2013; 178–179:31–45. https://doi.org/10.1016/j.agrformet.2012.12.006

70. Shen M, Piao S, Cong N, Zhang G, Jassens IA. Precipitation impacts on vegetation spring phenology

on the Tibetan Plateau. Glob Chang Biol. 2015; 21(10):3647–56. Epub 2015/05/01. https://doi.org/10.

1111/gcb.12961 PMID: 25926356.

71. Wohlfahrt G, Hammerle A, Haslwanter A, Bahn M, Tappeiner U, Cernusca A. Seasonal and inter-

annual variability of the net ecosystem CO2 exchange of a temperate mountain grassland: effects of cli-

mate and management. J Geophys Res Atmos. 2008; 113(D8). Epub 2008/04/27. https://doi.org/10.

1029/2007jd009286 PMID: 24383047

72. Street LE, Shaver GR, Williams M, Van Wijk MT. What is the relationship between changes in canopy

leaf area and changes in photosynthetic CO2 flux in arctic ecosystems? Journal of Ecology. 2007; 95

(1):139–50. https://doi.org/10.1111/j.1365-2745.2006.01187.x

73. Oren RAM, Hsieh C-I, Stoy P, Albertson J, McCarthy HR, Harrell P, et al. Estimating the uncertainty in

annual net ecosystem carbon exchange: spatial variation in turbulent fluxes and sampling errors in

eddy-covariance measurements. Global Change Biology. 2006; 12(5):883–96. https://doi.org/10.1111/

j.1365-2486.2006.01131.x

74. Thornton PE, Law BE, Gholz HL, Clark KL, Falge E, Ellsworth DS, et al. Modeling and measuring the

effects of disturbance history and climate on carbon and water budgets in evergreen needleleaf forests.

Agr Forest Meteorol. 2002; 113(1):185–222. https://doi.org/10.1016/S0168-1923(02)00108-9.

75. Foley JA, DeFries R, Asner GP, Barford C, Bonan G, Carpenter SR, et al. Global consequences of land

use. Science. 2005; 309(5734):570–4. https://doi.org/10.1126/science.1111772 PMID: 16040698

Carbon exchanges over an alpine meadow in northeastern edge Qinghai-Tibet Plateau

PLOS ONE | https://doi.org/10.1371/journal.pone.0228470 February 11, 2020 16 / 16

https://doi.org/10.1111/j.1365-2486.2009.01967.x
https://doi.org/10.1111/j.1365-2486.2009.01967.x
https://doi.org/10.1098/rstb.2010.0102
http://www.ncbi.nlm.nih.gov/pubmed/20819815
https://doi.org/10.1111/geb.12044
https://doi.org/10.1016/j.agrformet.2004.06.011
https://doi.org/10.1016/S0168-1923(02)00104-1
https://doi.org/10.1046/j.1365-2486.2002.00511.x
https://doi.org/10.1007/s10533-004-5167-7
https://doi.org/10.1126/science.1082750
http://www.ncbi.nlm.nih.gov/pubmed/12791990
https://doi.org/10.1088/1748-9326/5/3/034007
https://doi.org/10.1016/j.agrformet.2012.12.006
https://doi.org/10.1111/gcb.12961
https://doi.org/10.1111/gcb.12961
http://www.ncbi.nlm.nih.gov/pubmed/25926356
https://doi.org/10.1029/2007jd009286
https://doi.org/10.1029/2007jd009286
http://www.ncbi.nlm.nih.gov/pubmed/24383047
https://doi.org/10.1111/j.1365-2745.2006.01187.x
https://doi.org/10.1111/j.1365-2486.2006.01131.x
https://doi.org/10.1111/j.1365-2486.2006.01131.x
https://doi.org/10.1016/S0168-1923(02)00108-9
https://doi.org/10.1126/science.1111772
http://www.ncbi.nlm.nih.gov/pubmed/16040698
https://doi.org/10.1371/journal.pone.0228470

