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The magnitude and spatial patterns of carbon fluxes in alpine grasslands determine the regional terrestrial carbon
balance of the Tibetan Plateau. However, the patterns and controlling factors of carbon fluxes on the plateau
remain unclear, hampering the understanding of the carbon cycle of these vulnerable ecosystems. In this study,
we compared the spatial variations of carbon fluxes of ten alpine ecosystems with diverse grassland types and
explored their environmental controls across these different ecosystems. Our results show that the mean annual
net ecosystem exchange (NEE) of carbon dioxide (CO3) varied from -284 to 31 g C m 2 across sites. The alpine
meadow ecosystems in the northeast and east of the plateau were strong CO5 sinks (~x223C 200 g Cm ™2y~ 1),
while the western alpine grasslands were weak CO; sinks or even sources. During the growing season, soil
temperature generally played the dominant role in regulating the daily variations of the carbon fluxes for the
alpine meadow ecosystems in the cold and humid northeastern areas, while soil moisture was the main con-
trolling factor for the alpine grassland ecosystems in the dry western areas. Annual gross primary productivity
(GPP), ecosystem respiration (Re) and the carbon sink capacity linearly increased with the increasing longitude
but linearly decreased with elevation. The spatial pattern of annual NEE was primarily controlled by surface soil
moisture, and higher soil water content (SWC) led to greater carbon sink capacity. SWC, vapor pressure deficit
(VPD) also had favorable effects on the annual GPP and Re. The spatial variations of carbon fluxes resulted
primarily from the longitudinal or altitudinal variations of the dominant environmental factors. This study
provides guidance for the assessment of carbon fluxes on the Tibetan Plateau.

play a considerable role in the global carbon cycle (Adams et al., 1990;
Liang et al., 2017). Moreover, grassland ecosystems are mainly located

1. Introduction

Terrestrial ecosystems can regulate the climate system and mitigate
global warming by sequestering carbon dioxide (CO2) from the atmo-
sphere (Ahlstrom et al., 2015; Le Quéré et al., 2009; Shevliakova et al.,
2013). Grassland ecosystems, important components of the terrestrial
biosphere, cover approximately one-third of the global land surface and

in arid and semi-arid regions, and therefore they are more sensitive and
vulnerable to climate change and human activities than other terrestrial
ecosystems (Ponce-Campos et al., 2013; Ahlstrom et al., 2015). There-
fore, elucidating the spatial patterns and environmental drivers of the
carbon fluxes in grassland ecosystems is essential for accurately
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assessing regional carbon balance and carbon-climate feedbacks in a
changing climate (Wagle et al., 2015).

Carbon fluxes of terrestrial ecosystems can show large spatial vari-
ability due to the influences of different environmental and biological
factors, such as temperature, precipitation, radiation, canopy coverage,
and nutrient availability (Hirata et al., 2008; Wagle et al., 2015). The
eddy covariance technique has been widely used to continuously mea-
sure net ecosystem exchange of CO, (NEE) that is routinely partitioned
into gross primary productivity (GPP) and ecosystem respiration (Re).
There are currently a large number of eddy covariance flux sites across
the globe, which provides valuable carbon flux measurements for syn-
thesis studies. More and more studies have examined the geographic
patterns of carbon fluxes and their controlling mechanisms by synthe-
sizing eddy covariance flux data for various climate types and ecosys-
tems at the regional scale (Biederman et al., 2017; Chen et al., 2013;
Kato and Tang, 2008; Wang et al., 2019; Xiao et al., 2013). These studies
demonstrate that synthesizing eddy covariance and climate data from
multiple sites across a region can improve our understanding of the
spatial patterns of the carbon fluxes and their controlling mechanisms
(Chen et al., 2019; Han et al., 2020). For example, the clear latitudinal
patterns of carbon fluxes in China’s terrestrial ecosystems were mainly
driven by mean annual temperature and precipitation (Xiao et al.,
2013). Nonetheless, the majority of these studies only considered mul-
tiple vegetation types in the study areas and could not reveal the
dominant environmental factors in the spatial gradient of a single
vegetation type, for example, grasslands. Moreover, due to the avail-
ability of eddy covariance flux data, the synthesis studies on carbon
fluxes of multiple grassland ecosystems were mainly in Europe and the
US. Previous studies indicated that the spatial variations in carbon fluxes
of grassland ecosystems were closely related to the variations of pre-
cipitation, temperature, water availability and management (Gilmanov
et al., 2007; Wagle et al., 2015).

The Tibetan Plateau, known as the “third pole” of the Earth (Qiu
et al., 2008), encompasses more than 80% of the Earth’s terrain with
elevation higher than 4000 m and hosts the world’s largest alpine
vegetation distribution area (Hopping et al., 2018; Miehe et al., 2019;
Yao et al., 2019). Alpine meadow and alpine steppe are the dominant
vegetation types of the plateau. The alpine grassland ecosystems grow in
extremely harsh environments characterized by low annual mean tem-
perature and rainfall, high solar radiation and wind speed, shallow soil
profiles, limited nutrient and water availability, and short growing
season (Liu et al., 2018; Miehe et al., 2019). Thus, these alpine ecosys-
tems are extraordinarily vulnerable and sensitive to climate change.
Based on eddy covariance observations, previous studies have analyzed
the carbon fluxes of distinct alpine grassland types and their influencing
factors on the plateau, but these studies were typically based on data
from a single site or two sites (Fu et al., 2009; Li et al., 2019; Qi et al.,
2021; Song et al., 2020; Sun et al., 2019; Zhu et al., 2015). Moreover, the
sites used in these studies are distributed in the eastern or northeastern
part of the plateau and are mainly alpine meadows (Kato et al., 2006;
Niu et al., 2017; Wang et al., 2016; Shang et al., 2016). Obviously, a
synthesis analysis of flux data from multiple alpine grassland sites across
the Tibetan Plateau can provide more insight into the spatial pattern of
carbon fluxes and environmental controls in grasslands on the Tibetan
Plateau than studies from a single site. Additionally, a comprehensive
analysis of spatial patterns and its controlling mechanisms of carbon
fluxes in alpine grassland ecosystems is the key to accurately assess and
predict the regional carbon budget of the Tibetan Plateau. However, due
to the limitations of carbon flux observations in extremely difficult and
remote areas and data-sharing policy, the magnitude, the spatial dis-
tribution pattern of carbon fluxes along geographic gradients, and their
controlling factors for diverse alpine grassland ecosystems across the
Tibetan Plateau remain unclear. Therefore, it is urgent to integrate ob-
servations from multiple observation stations to explore the geograph-
ical patterns of carbon fluxes and environmental controls in alpine
grasslands on the Tibetan Plateau.
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In this study, we examined the carbon fluxes and environmental
controls of 10 alpine grassland eddy covariance flux sites across the
Tibetan Plateau. The compiled dataset is valuable and can represent the
main alpine grassland ecosystems on the Tibetan Plateau. To our
knowledge, this is the first study to analyze the geographical patterns of
carbon fluxes and environmental controls for a wide variety of grassland
ecosystems across the Tibetan Plateau with eddy covariance data based
on the same processing procedures (e.g., gap-filling, partitioning).
Specifically, this study aims to achieve the following goals: (1) to
disentangle the driving roles of environmental factors on carbon fluxes
of each grassland type during the growing season; (2) to examine the
magnitude and spatial patterns in the carbon fluxes across different
types of alpine grassland; (3) to investigate the controls of the envi-
ronmental factors on the spatial distribution of annual carbon fluxes for
different types of alpine grassland.

2. Materials and methods
2.1. Study area and observation sites

The Tibetan Plateau, with an average elevation above 4000 m sea
level, is called the “third pole” of the Earth, and has an area of
approximately 2.5 million km?, ranging from about 73°E to 105°E and
25°N to 40°N (Yang et al., 2014). The climate of the Tibetan Plateau is
mainly influenced by the interaction of the Asian monsoon and the
mid-latitude westerlies (Yao et al., 2019). The mean annual temperature
over the plateau ranges from -4.9 to 6.1 °C and increases from west to
east. The mean annual precipitation gradually increases from less than
50 mm in the northwest to over 1000 mm in the southeast, and most of
the precipitation is concentrated in summer (Kuang et al., 2016). Alpine
meadow and alpine steppe are the two dominant vegetation types, ac-
counting for about 27% and 34% of the total area of the plateau,
respectively (Ding et al., 2017).

We compiled eddy covariance flux and ancillary data for ten alpine
grassland ecosystems distributed across the Tibetan Plateau. Fig. 1 il-
lustrates the locations and geographical distribution of these sites. The
site characteristics are provided in Table 1. The 10 grassland ecosystems
consist of almost all of the alpine grassland vegetation types of the Ti-
betan Plateau: three alpine meadow grassland types and two alpine
steppe grassland types. Specifically, the four alpine Kobresia meadow
sites (Arou, Maqu, BJ and NPAM) are located in the eastern and central
part of the plateau; the alpine swamp meadow sites (DSL and Longbao)
are distributed in the northeastern and central eastern part of the
plateau; the alpine shrub meadow site (Haibei) is located in the North-
east; the alpine meadow steppe site (NAMORS) is in the hinterland of the
plateau; the alpine desert steppe sites (Muztagh and NASDE) are located
in the West. Besides, all these observation sites are natural alpine
grassland ecosystems which are far away from human habitation and are
largely surrounded by iron fences to prevent livestock grazing. There
were large variations in climatic factors, vegetation characteristics and
altitude gradients among the ten sites: alpine meadow sites generally
had higher precipitation and surface soil moisture content, while alpine
steppe sites had lower soil moisture content and greater atmospheric
dryness and solar radiation (Fig. 2).

2.2. Data collection and processing

NEE was continuously measured at the each of the ten observation
sites in this study using the open-path eddy covariance (OPEC) system.
The OPEC system primarily consists of a 3D ultrasonic anemometer
(CSAT3, Campbell Scientific, UT, USA), an open-path infrared gas
analyzer (Li-7500, Licor Inc., Lincoln, NE, USA) and a high frequency
data logger. The former measured the sonic temperature, wind speed
and wind direction and speed sound, while the latter measured molar
densities of CO5 and H,0 at a sample frequency of 10 Hz, from which the
CO fluxes were calculated. In addition, there is an accompanying
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Fig. 1. The location and distribution of the eddy covariance (EC) flux sites across the Tibetan Plateau. The top left and the top right maps are the Digital elevation

model (DEM) and the alpine grassland distribution map, respectively.

Table. 1
Site information in this study.

Grassland types Site Name Elevation (m) Canopy height (m) Tower height (m) Temperature ( C) Precipitation (mm) Time periods
Alpine Kobresia meadow Arou 3033 0.3-0.4 3.5 -0.15 440 2013-2018
Maqu 3533 0.2-0.3 3.15 2.42 508 2014, 2016
BJ 4509 <0.2 3.02 0.54 436 2013-2014
NPAM 4620 0.2 2.75 -1.78 - 2013
Alpine swamp meadow DSL 3739 0.2-0.3 4.5 -4.19 338 2014-2018
Longbao 4167 0.2-0.5 2 -0.52 - 2017-2018
Alpine shrub meadow Haibei 3293 0.6-0.7 2.2 -1.20 409 2008-2010
Alpine desert steppe Muztagh 3668 <0.2 2.3 1.06 183 2015-2016
NASDE 4270 <0.2 2.75 1.36 109 2013,2015
Alpine meadow steppe NAMORS 4730 <0.2 3.1 -0.36 462 2008-2009

- indicated there is an error in the precipitation data for the year of obsevation.

automatic weather station system at each site to monitor the microme-
teorological variables including air temperature (T,, °C), relative hu-
midity (RH, %), four-component radiation (including upward and
downward radiation of both short and long waves, W m?), precipita-
tion (PPT, mm) and surface soil volumetric water content (SWC, %) and
soil temperature (T, °C). In addition to the directly measured variables,
vapor pressure deficit (VPD) was calculated using the measured T, and
RH. Moreover, the results within Sections 3.5 and 3.6 also included data
from three alpine grassland sites-Damxung, Bange and Maoniuping on
the plateau from other studies, and the carbon fluxes and the related
climatic data of these sites were obtained from Wang et al. (2016)

for Bange, Wang et al. (2017) for Maoniuping and ChinaFLUX
database (http://www.chinaflux.org/general/index.aspx?nodeid=25)
for Damxung.

The standardized procedures were adopted to process the raw 10 Hz
data to 30-minute carbon flux and meteorological data. The procedures
mainly involved spike detection, coordinate rotation, cross wind
correction of the sonic temperature, frequency response correction, and
density correction (Webb-Pearman-Leuning (WPL) correction) (Liu
etal., 2011). In addition to these above steps, the half-hourly carbon flux
data were further filtered according to additional standards following
Liu et al. (2011). In order to obtain the daily, monthly and annually
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Fig. 2. Seasonal variations of monthly mean air temperature (T,,°C), downward shortwave radiation (Rg, W m~2), soil water content (SWC, %), soil temperature (Ts,°
C), precipitation (PPT, mm), vapor pressure deficit (VPD, kPa) and monthly maximum normalized difference vegetation index (NDVI) of different alpine grassland
ecosystems. (dots stand for mean values of each variables of different alpine grassland ecosystem, and alpine Kobresia meadow sites included Arou, Maqu, BJ and
NPAM, alpine swamp meadow sites included DSL and Longbao, alpine shrub meadow site included Haibei, alpine meadow steppe site included NAMORS and alpine

desert steppe sites included Muztagh and NASDE).

integrated values, we used the R-based package developed by the Max
Planck Institute for Biogeochemistry (Reichstein et al., 2005; Wutzler
et al., 2018) to fill the gaps of the half-hour NEE. The standard parti-
tioning procedures were used to partition NEE into GPP and Re. Spe-
cifically, the empirical relationship between temperature and nighttime
NEE (i.e., Re) was established and was then used to estimate Re for each
half-hour during the daytime, while GPP was calculated as the differ-
ence between Re and NEE. The resulting 30-minute carbon fluxes data
and micrometeorological data were further aggregated to daily,
monthly, and annual timescales for further analyses.

Additionally, the satellite-derived normalized difference vegetation
index (NDVI) is a vital proxy of vegetation growth status at ecosystem to
global scales (Xiao et al., 2019). The MODIS 16 days composite NDVI
product (MOD13A2) ata 1 km x 1 km spatial resolution was used in this
study (LAADS DAAC, https://ladsweb.modaps.eosdis.nasa.gov/search/
). The original 16-day NDVI data were further aggregated into the
monthly timescale by using the maximum value composite method in
order to minimize atmospheric effects and cloud contamination effects
(Li et al., 2020). Then for each site we extracted the NDVI values for the
pixel that the flux site is located in. Furthermore, the 8-day MODIS GPP
(MOD17A2H version 6, https://search.earthdata.nasa.gov/search/) at a
500 m x 500 m spatial resolution was used to compare the discrepancies
between remote sensing and in situ observation.

2.3. Statistical analysis

Partial least square regression (PLSR) analyses were applied to
examine the responses of carbon fluxes (GPP, Re, NEE) to daily varia-
tions in environmental factors (T,, Ts, VPD, SWC and Ry) during the
growing season for the ten alpine grassland ecosystems across the

Tibetan Plateau. The PLSR combines the advantages of principal
component analysis, typical correlation analysis, and multiple regres-
sion analysis, and can effectively solve the problem of multicollinearity
caused by the high correlation between independent variables in the
regression modeling process (Wold et al., 1984; Wu et al., 2019). In this
study, the regression coefficients of PLSR were used to measure the
sensitivity of carbon fluxes to variations of different environmental
factors, which reflects the direct effects of these environmental variables
on the carbon fluxes. All variables were normalized prior to the PLSR
analyses. The PLSR analyses were performed using the “pls” package
(Mevik and Wehrens, 2007) in R (https://cran.r-project.org/web/packa
ges/glm2/glm2.pdf).

3. Results

3.1. Diurnal variations of carbon fluxes and meteorological factors during
the peak growing season

Hourly carbon fluxes data and meteorological factors were averaged
to reveal the averaged diurnal variation during the peak growing season
(July and August) in the study periods (Fig. 3). The carbon fluxes and
major climatic factors exhibited obvious diurnal dynamics and almost
all the variables followed unimodal distribution patterns. However, the
magnitude and timing of the peak values were different among various
alpine grassland types. After dawn, the plants started to photosynthesize
and GPP increased and peaked around 12:00-13:00. The mean
maximum GPP varied from 2.76 p mol m~2 s~ ! in alpine desert steppe
(NASDE) to 21.13 p mol m2sin alpine Kobresia meadow (Arou). The
timing of the GPP peaks essentially corresponded to that of the
maximum solar radiation. After noon, as radiation decreased GPP also
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and NASDE).

followed the same decreasing pattern. However, the diurnal variations
in Re were approximately consistent with those of air temperature, and
maximum respiration generally occurred when the air temperature was
at its maximum in the early afternoon. During the daytime, Re had
smaller changes than GPP, and therefore net carbon uptake (i.e., NEE)
was largely dependent on GPP; the diurnal variations of net carbon
uptake and the timing of its maximum value were almost consistent with
those of GPP. The alpine Kobresia meadow ecosystems (except for BJ)
and alpine shrub meadow ecosystem had the highest maximum net
carbon uptake (for example, Arou: -14.71 jp mol m 2 s}, Haibei: -13.85
p mol m~2 s71), followed by alpine swamp meadow ecosystems (for
example, DSL: -8.26 p mol m~2 s™!, Longbao: -6.89 4 mol m~2 s1) and
the alpine steppe ecosystems had the lowest maximum net carbon up-
take (for example, NAMORS: -3.01 p mol m 2 s~ !, NASDE: -2.24 j1 mol
m~2 s_l).

3.2. Seasonal variations in GPP, Re, and NEE across different alpine
grassland types

Fig. 4 illustrates the seasonal variations of the daily GPP, Re and NEE
across different grassland types on the Tibetan Plateau. The 10 sites
varied substantially in the seasonal variations of carbon fluxes, although
they generally showed single-peak distribution patterns. The highest
daily carbon flux values were observed in summer, especially in July and
August. During the growing season, the peaks and fluctuations in carbon

fluxes were much larger at alpine meadow sites than at alpine steppe
sites, except for the BJ site. For the alpine Krobresia meadow sites, the
highest and lowest daily mean GPP and Re appeared at the Arou (GPP/
Re: 10.98/7.68 g Cm 2 d1) and BJ (GPP/Re: 3.27/2.18 gCm 2d 1)
sites, respectively; the unimodal patterns of GPP and Re at Arou were
steeper and narrower than at Maqu and the longer carbon assimilation
time at Maqu resulted in larger cumulative NEE than at Arou in absolute
magnitude; compared to the other three sites, BJ had small fluctuations
in GPP and Re, leading to little variations in NEE (-1.25 g Cm ™2 d™!
~x223C0.96 g Cm 2 d™1). The alpine swamp meadow sites had smaller
daily maximum GPP but much lower daily maximum Re than other
alpine meadow sites (for example, Longbao GPP/Re: 4.99/3.03 g C m 2
d™1), and therefore the daily NEE of the alpine swamp meadow sites was
close to or even slightly higher than that of other alpine meadow sites in
absolute magnitude. Among the alpine steppe sites, NASDE had the
smallest peaks, fluctuations and interannual variability in GPP (1.60 g C
m~2 d’l) and Re (0.71gC m—2 d’l), and Muztagh had the greatest net
carbon uptake (-2.10 g C m~2 d~1!). Additionally, the maximum values
and the fluctuation of carbon flux components of these 10 ecosystems
basically had longitudinal zonal distribution patterns, which showed a
tendency to decline with decreasing longitude.
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3.3. Drivers of daily GPP, Re and NEE during the growing season for
different alpine grassland types

The PLSR analyses revealed how the environmental factors regulated
daily carbon fluxes (Fig. 5). GPP and NEE were significantly correlated
with Ts and Rq at Arou, Maqu and NPAM, while T played the leading
role in regulating Re. In contrast to the other three alpine Kobresia
meadow sites, BJ showed positive responses in daily GPP and Re and
negative response in daily NEE (favorable for carbon sequestration) to
the variations in SWC (Fig. 5). For the alpine swamp meadow, GPP and
NEE had stronger correlations with T and Rq than with T, and SWC at
DSL; SWC had negative effects on GPP and Re but positive effect on NEE
at the Longbao site, probably due to the inhibition of photosynthesis and
respiration by high SWC (>40%) during the growing season. At Haibei,
Ts and Ry also exerted favorable effects on GPP and negative effects on
NEE, while Re was driven by Ts. At NAMORS, SWC played a crucially
positive or unfavorable role in regulating the variations of carbon fluxes.
For the alpine desert steppe, temperature and soil moisture had crucial
effects on GPP and NEE, while VPD inhibited both GPP and NEE at
Muztagh; SWC and T; played the largest roles in regulating the carbon
fluxes at NASDE. Additionally, positive correlations between VPD on
NEE were found at the most sites, suggesting that increased atmospheric
dryness may be detrimental to carbon sequestration. Generally, for
almost all of the observation sites, the environmental drivers that
regulated NEE and GPP tended to be similar, while Re was usually
controlled by surface soil temperature and soil moisture.

3.4. Magnitude of annual carbon fluxes across different sites and
vegetation types

The average annual GPP, NEE and Re across the 10 alpine ecosystems
were shown in Fig. 6-a. The results show that annual carbon fluxes
exhibited large variability across sites and vegetation types. The average
annual NEE ranged from -284.12 to 31.08 g C m~2 yr~!; and the alpine
swamp ecosystem site - DSL had the largest annual net carbon uptake,
followed by the alpine Kobresia ecosystem sites - Maqu (-246.90 g Cm 2
yr‘l) and Arou (-218.69 g C m~2 yr_l), while the alpine desert steppe
ecosystem site - Muztagh had the lower net carbon uptake. BJ (1.51 g C
m~2 yrfl) and NAMORS (31.08 g C m 2 yr’l) were carbon sources,
while all other sites were carbon sinks. The annual mean GPP ranged
from138.32 to 1064.82 g C m~2 yr .. Among these sites, Maqu had the
highest GPP, Arou (832.86 g C m~2 yr~!) and Haibei (758.80 g C m~2
yr’l) had intermediate GPP and NASDE had the lowest GPP. The annual
Re of the 10 sites was between 81.40 and 817.81 g Cm 2 yr~!, and the
Re of Maqu, Arou and Haibei sites was much higher than that of other
sites. Although the annual GPP was much larger at Maqu than at DSL
(506.12 g C m~2 yr 1), the strong respiration at Maqu and weak respi-
ration at DSL (222.28 g Cm~2 yr™!) led to larger net carbon uptake at
DSL than at Maqu (-246.90 g C m? yr_l). Besides, BJ, NAMORS, NASDE
and Muztagh were weak carbon sources or sinks due to the small dif-
ferences between GPP and Re.

The average of annual mean NEE for all sites of the alpine Kobresia
meadow, alpine swamp meadow, alpine shrub meadow, alpine meadow
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steppe and alpine desert steppe was -141.89 + 56.98, -201.65 + 82.47,
-89.54, 31.08 and -47.11 + 13.75 g Cm ™2 yr !, respectively. The alpine
swamp meadow and alpine Kobresia meadow were strong carbon sinks,
followed by alpine shrub meadow, while the alpine meadow steppe and
alpine desert steppe were weak carbon sources. Alpine shrub meadow
had a higher annual respiratory intensity (670.38 + 13.50 g Cm 2 yr 1)
than other grassland types, and therefore its NEE was only half that of
alpine Kobresia meadow despite their similar GPP values. In contrast,
both GPP, Re and net carbon uptake were much smaller in alpine steppes
than in alpine meadows (Fig. 6-b).

3.5. Longitudinal and elevational patterns of carbon fluxes

Fig. 7 shows the trends of carbon fluxes along the latitude, longitude
and elevation for the observation sites on the Tibetan Plateau. GPP, NEE
and Re had weak relationships with latitude. The carbon fluxes all
showed relatively strong longitudinal and elevational patterns and the
longitudinal pattern was more pronounced (GPP = 27.10Lon-2054, R =
0.77, p < 0.01; NEE = -7.82Lon+631, R = -0.61, p < 0.05;
Re=19.69Lon-1469, R = 0.74, p < 0.01; GPP = -0.39Alt+1955, R =
-0.71, p < 0.05; Re = -0.26Alt+1403, R = -0.69, p < 0.05; NEE =
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ecosystems. The negative NEE values indicated a net uptake of CO».

0.13Alt-618, R = 0.69; p < 0.01). GPP, Re and the carbon sink capacity
all linearly increased with the increasing longitude, but linearly
decreased with elevation. GPP increased or decreased faster than Re
along the longitudinal and elevational gradients. With 1° increase of
longitude, NEE decreased by 7.82 g C m~2 yr!, while GPP and Re
increased by 27.1 and 19.7 g C m~2 yr ?, respectively. The NEE was
positive when longitude was below 90°, indicating a carbon source in
low longitude.

3.6. Relationships between carbon fluxes and climatic factors

In addition, the effects of major environmental factors on annual
mean carbon flux components were also analyzed to elucidate the
regulation of key factors on annual carbon fluxes (Fig. 7). The result
showed that NEE exhibited a significant negative correlation with SWC
(NEE = -6.89SWC+10, R = -0.69, p < 0.01). For every percent increase
in SWC, NEE decreased by 6.89 g Cm~2 yr~!, suggesting that ecosystems
with high SWC had greater carbon sink capacity. Moreover, VPD and Rq
also had positive correlations with NEE (NEE = 610VPD-315, R = 0.56,
p < 0.05; NEE = 2.67Ry4-667, R = 0.54, p = 0.055), indicating that the
carbon sink capacity of the ecosystems tended to decrease with
increasing atmospheric dryness and enhanced radiation. GPP and Re
also had positive or negative correlations with SWC, VPD and Ry, but the
relationships were weaker for GPP than for NEE. In addition, the carbon
flux components showed poor correlations with temperature, but had
weak correlations with precipitation, suggesting that the spatial patterns
of carbon fluxes were not dependent on temperature and was weakly
correlated with precipitation. Fig. 7 also indicated that there were sig-
nificant correlations between carbon fluxes and NDVI, especially for the
GPP (GPP = 1978NDVI-106, R = 0.86, p < 0.001) and Re (Re =
1471NDVI-63, R = 0.83, p < 0.001). The increase in NDVI, GPP, Re, and
caron sink capacity grew significantly in a linear way, indicating that
vegetation indices can be prominent indicators for characterizing the
spatial distribution of annual carbon fluxes. Meanwhile, the multi-year

average of daily carbon fluxes and climate factors during the growing
season were also analyzed and obtained similar results to the annual
mean analysis (Fig. 8). That is, on a regional scale, SWC, VPD and R4 had
positive or negative impact on carbon fluxes, and the sites with low
mean daily SWC and high mean daily VPD and Rq tended to have low
GPP, Re, and net carbon uptake.

4. Discussion

4.1. Environmental controls on the spatial variation of carbon fluxes
during the growing season on the Tibetan Plateau

Our results revealed that the drivers of carbon fluxes in alpine
grassland ecosystems of the Tibetan Plateau varied not only among
vegetation types but also among the sites within the same type. Previous
studies pointed out that drivers of carbon fluxes for the alpine grassland
ecosystems on the Tibetan Plateau during the growing season were
generally dominated by variations in soil temperature (Saito et al., 2009;
Sun et al., 2019), soil water availability (Zhang et al., 2018), water table
(Sun et al., 2021), and growing season degree days (Li et al., 2019).
However, these studies were mostly based on single-site analyses and
thus the conclusions of environment influences on alpine grassland
ecosystems might be inadequate. The responses of daily GPP, NEE and
Re to environmental factors during the growing season in our study
suggested that for the alpine meadow sites (except for the BJ site) in the
eastern and central parts of the plateau where there was no water stress,
temperature and solar radiation were often the limiting factors, and soil
temperature generally played the leading role. This finding was similar
to the results of previous studies for alpine ecosystems around the world,
such as southwestern Greenland (Lopez-Blanco et al., 2017), north-
eastern Tibetan Plateau (Sun et al., 2019) and Australian mountain
grassland (Marchin et al., 2018).

Temperature, soil moisture and solar radiation are crucial environ-
mental factors in regulating carbon fluxes in ecosystems, mainly by
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Fig. 8. The relationship between carbon fluxes and the environment factors during the growing season. The error bars stand for the standard deviations.

influencing photosynthesis and respiration in plants (Sun et al., 2019;
Zhang et al., 2018). Due to the cold climate of the alpine ecosystems,
temperature and radiation were often limiting factors when water
availability was adequate during the growing season, indicating that
these ecosystems were energy-limited (Saito et al., 2009; Sun et al.,
2019). By contrast, at sites with insufficient water supply during the
growing season (e.g., BJ and NAMORS), surface soil moisture was often
the controlling factor. This was consistent with the study of Zhang et al.
(2018) indicating that water availability was the most important envi-
ronmental factor governing the carbon fluxes for a water-limited alpine
meadow ecosystem in the central part of the Tibetan Plateau. For the
water-limited alpine grassland ecosystems, the physiological activities
of plants are sensitive to the changes of available water; water stress
caused by reduced surface soil water content can depress photosynthesis
by affecting stomatal conductance of plants, leading to decreases in GPP
and net carbon uptake (van der Molen et al., 2011; Wang et al., 2020;
Zhang et al., 2018).

Therefore, the differences in water availability may account for the
discrepancies in the spatial patterns of the carbon fluxes during the
growing season among different ecosystems. However, for alpine desert
steppe, the influencing factors tended to be more complicated, and
surface soil moisture played an important but not the leading role in
regulating carbon fluxes. This is most likely because the alpine desert
ecosystems are adapted to the arid environments and are less sensitive to
surface soil moisture.

4.2. Comparison with other grassland ecosystems

The magnitude of the annual NEE can reflect its carbon source/sink
strength of the ecosystem, which is critical for assessing the carbon

balance of regional ecosystems (Xiao et al., 2013). In order to under-
stand the carbon sink or source size of the alpine grassland ecosystems
on the Tibetan Plateau, we compared the annual mean NEE from the 10
alpine ecosystems of this study with other grassland ecosystems around
the world (Fig. 9). The result indicated that the strong carbon sink
ecosystems in this study were mainly located in the northeastern and
eastern part of the plateau (about 200-300 g C m~2 y 1), while the
carbon sink intensity was less than that of some grassland ecosystems in
the central Europe and the U.S. Great Plains (~ x223C 300-500 g C m 2
yrfl) (Ammann et al., 2007; Gilmanov et al., 2003, 2007; Jacobs et al.,
2007; Peichl et al., 2010; Wagle et al., 2015; 2020; Sharma et al., 2019;
Zeeman et al., 2010). Some grasslands of the central Europe and the U.S.
Great Plains had higher carbon sink capacity because the hydrothermal
conditions were beneficial and most of these grassland sites were under
intensive management or were artificially planted (Wagle et al., 2020;
Yu et al., 2013). Meanwhile, some grassland ecosystems in the Europe
and the USA also had strikingly lower carbon uptake capacity than the
alpine meadows of the northeastern Tibetan Plateau or even provided
carbon sources (Jacobs et al., 2007; Gilmanov et al., 2007; Wagle et al.,
2015). The grassland ecosystems in northern China included meadow
steppe (Jing et al., 2014; Qu et al., 2016), temperate steppe (Hao et al.,
2008) and desert steppe (Shao et al., 2013; Yang et al., 2011; Wang
et al., 2018), and among these ecosystems, the SN meadow steppe site
had the strongest carbon sequestration capacity (-111.83+32.95 g C
m~2 yr~1). The carbon sink capacity of this site was close to that of the
NPAM and Longbao alpine meadow sites in this study but much lower
than that of the alpine meadows on the northeastern Tibetan Plateau.
The eastern and northeastern Tibetan Plateau alpine meadow sites had
larger carbon sinks than northern China grassland ecosystems mainly
because the humid and cold climate resulted in the dramatically larger
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photosynthetic production and relatively smaller ecosystem respiration
(Sun et al., 2019; Wang et al., 2020). The grasslands of northern China,
especially the temperate steppe and desert steppe, were located in
semi-arid or arid regions, where insufficient water supply during the
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growing season limited GPP accumulation and the relatively high tem-
perature and larger amount of surface litter fall might lead to higher
respiration, ultimately resulting in a smaller net carbon uptake (Fu et al.,
2009; Gao et al., 2012; Hao et al., 2018). Among our sites, only BJ and
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NAMORS exhibited carbon sources, and NAMORS had the largest car-
bon release capacity, which was close to that of the desert steppe of
northern China (Wang et al., 2008) but much smaller than that of the
Mongolian steppe sites (Shao et al., 2017).

Additionally, we compared the annual carbon fluxes and carbon use
efficiency (Re/GPP) averaged for all sites in this study with averages for
the other regions around the world based on the sites of Fig. 9 (Fig. 10).
The results indicated that the regional averaged annual GPP and Re of
the Tibetan Plateau were significantly lower than those of Europe and
United States but slightly higher than those of Northern China and
Mongolia. Despite its smaller GPP, the Tibetan Plateau had the lowest Re
and thus its NEE was even equivalent to that of Europe and the United
States. The average elevation of the Tibetan Plateau is more than 4000
m, and the low temperature and semi-arid environment limited the
respiration of the grassland ecosystems, leading to the substantially
lower Re than other regions (Saito et al., 2009; Chen et al., 2019).

Furthermore, we also compared the carbon fluxes data in this study
with the data from satellite and models. The result showed that MODIS
GPP coincided with the eddy observation data (Fig. Al), but it was
systematically underestimated in high vegetation productivity sites and
overestimated in low vegetation productivity sites; there was no MODIS
GPP data in the alpine desert steppe sites with sparse vegetation. This
indicated the poor ability of MODIS GPP data in dryland areas, which
was also confirmed by previous studies (Biederman et al., 2017). We also
compared the annual GPP derived from the modified Vegetation
Photosynthesis Model (VPM) (He et al., 2014), Biome-BGC Model (You
et al., 2019) and P-model (Ren et al., 2021) with in-situ measured annual
GPP, and the results suggested that except for the absence of data at the
alpine desert steppe sites, the modeling results reasonably predicted
spatial patterns of the annual GPP. Besides, compared with GPP, the
model simulated NEE and Re had slightly larger errors compared with
the measured data in this study (Ge et al., 2018; Guo et al., 2021; You
et al., 2020), but they basically captured the spatial distribution pat-
terns. Meanwhile, some studies indicated that the spatial patterns of the
upscaled modeling NEE were not in agreement with the in-situ obser-
vations and that there were large errors in simulated NEE (Ichii et al.,
2017). This is likely because the inadequacy of explanatory variables in
the predictor sets could lead to large uncertainty in NEE (Jung et al.,
2011; Xiao et al. 2011, 2014; Tramontana et al., 2016).

4.3. Environmental controls on the spatial patterns of annual carbon
fluxes on the Tibetan Plateau

The regional climate of the Tibetan Plateau is characterized by
complex zonal changes, not only in latitudinal and longitudinal di-
rections but also in elevational direction (Kuang and Jiao, 2016), and
these spatial gradients in climate to some extent shaped the spatial
patterns of carbon fluxes. Our results showed that surface soil moisture
was the dominant driver for the spatial variations of NEE. SWC, VPD,
and Ry explained 48%, 31% and 29% of the variations in NEE, respec-
tively, but explained lower variance in GPP and Re. Moreover, the
previous model-based study also confirmed that the distribution pattern
of soil moisture and carbon fluxes were generally consistent with each
other, and therefore the carbon fluxes were larger in the alpine meadow
areas with higher surface soil moisture in the eastern part of the plateau
and lower in the alpine grassland areas with low surface soil moisture in
the western plateau (You et al., 2020). The distribution patterns of these
environmental factors largely determined the distribution patterns of
carbon fluxes on the Tibetan Plateau. At regional scales, mean annual
temperature and mean annual precipitation were reported to be the
dominant factors controlling the spatial variability in annual carbon
fluxes of grassland ecosystems by previous synthesis studies, for
example, in the United States (Wagle et al., 2015), the Europe (Gilma-
nov et al., 2007) and the China (Yu et al., 2013). However, the dominant
roles of mean annual temperature and mean annual precipitation on the
spatial patterns of carbon fluxes were not found for the Tibetan Plateau
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in this study. In general, precipitation dominates the distribution pattern
of alpine grassland vegetation on the Tibetan Plateau: alpine meadows
are distributed in the East and Southeast with abundant precipitation,
while alpine steppes are distributed in the West with low precipitation
(Miehe et al., 2019). However, the spatial patterns of carbon fluxes were
weakly correlated with precipitation. This is likely because some portion
of precipitation is lost to runoff and drainage due to the influence of local
soil characteristics and is unavailable to ecosystems (Zhu et al., 2015;
Biederman et al., 2017). The grassland ecosystems in this study were all
distributed in the alpine region with little difference in mean annual
temperature among most sites, and therefore the spatial distribution of
carbon fluxes was insensitive to mean annual temperature. The weak
relationships between carbon fluxes and mean annual temperature were
also found in other arid regions (Biederman et al., 2017; Wang et al.,
2019), and the spatial pattern of carbon fluxes of the ecosystems tended
to be determined by water availability rather than temperature in this
water-limited region. The Tibetan Plateau also belongs to arid and
semi-arid regions. Besides, VPD reflects the dryness of the atmosphere
and can influence plant photosynthesis and transpiration through
affecting the closure of plant stomata; atmospheric dryness and high
radiation intensity limited plant photosynthesis and hence influenced
the spatial distribution of carbon fluxes (Ding et al., 2018).

Additionally, our results showed that annual mean GPP, Re and NEE
of the ecosystems on the Tibetan Plateau presented large spatial gradi-
ents from east to west and generally declined with decreasing longitude
(Fig. 7). In contrast, the annual carbon fluxes were weakly correlated
with latitude on the Tibetan Plateau, which was not consistent with
previous studies for other geographical regions (Chen et al., 2015;
Valentini et al., 2000). For example, annual carbon fluxes of major
terrestrial ecosystems in China showed clear latitudinal patterns and
increased linearly with decreasing latitude (Xiao et al., 2013; Yu et al.,
2013). Besides, a clear latitudinal trend in net carbon uptake was found
in the European forests, although GPP showed independence of latitude
(Valentini et al., 2000). Latitude or longitude per se is not the variable
which drives the spatial distribution of carbon fluxes, and the climatic
factors that depend on longitude or latitude instead determine the
spatial distribution of carbon fluxes (Valentini et al., 2000). This was
also confirmed in our study, that is, the complex longitudinal distribu-
tion of climatic factors on the Tibetan Plateau resulted in the complex
distribution of GPP, Re, and NEE, leading to the clear longitudinal
variability in carbon fluxes (Fig. 11). The weak relationship between
latitude and the annual carbon fluxes of the alpine grasslands on the
Tibetan Plateau was probably related to the narrow latitude range of the
observation sites. In addition to the longitudinal pattern, the annual
carbon fluxes of these alpine grassland ecosystems also displayed an
elevational pattern, suggesting that the alpine grasslands in higher
altitude regions tend to have lower GPP, Re and carbon sequestration
capacity. Undoubtedly, the elevational pattern of carbon fluxes is
inextricably linked to the elevation-dependence of the climatic variables
that dominate their variability. On the Tibetan Plateau, as elevation
increases, surface soil moisture decreases, and solar radiation and at-
mospheric dryness increase (Yang et al., 2014; Yao et al., 2019), GPP,
Re, and net carbon uptake of alpine grassland ecosystems generally
decrease.

5. Conclusions

We analyzed the magnitude and spatial patterns of carbon fluxes and
environmental controls for 10 alpine grassland ecosystems across the
Tibetan Plateau. We found that in the mesic eastern and central parts of
the plateau, temperature was often the limiting factors of carbon uptake
during the growing season, while at xeric sites in the western plateau,
surface soil moisture was often the controlling factor during the growing
season. The alpine meadow ecosystems had strong carbon sink capacity
(about 200-300 g Cm~ 2y~ 1) in the northeastern and eastern part of the
plateau. Annual carbon fluxes exhibited primarily a longitudinal pattern
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and secondly an elevational pattern. The annual GPP, Re and the carbon
sink capacity all linearly increased with the increasing longitude from
west to east but linearly decreased with elevation. Additionally, on a
regional scale, SWC, VPD and Rq had marked impacts on carbon fluxes,
and the sites with low mean daily SWC and high mean daily VPD and Rq
tended to have low carbon flux components. With the increase of alpine
grassland flux observation sites and the further integration of data,
future studies are anticipated to further improve our understanding of
the spatial patterns of carbon fluxes in the alpine grassland ecosystems
of the Tibetan Plateau in the context of climate change.
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