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Abstract

The Tibetan Plateau is an important component of the global carbon cycle due to the large

permafrost carbon pool and its vulnerability to climate warming. The Tibetan Plateau has

experienced a noticeable warming over the past few decades and is projected to continue

warming in the future. However, the direction and magnitude of carbon fluxes responses to

climate change and elevated CO2 concentration under Representative Concentration Path-

ways (RCP) scenarios in the Tibetan Plateau grassland are poorly known. Here, we used a

calibrated and validated biogeochemistry model, CENTURY, to quantify the contributions of

climate change and elevated CO2 on the future carbon budget in the alpine grassland under

three RCP scenarios. Though the Tibetan Plateau grassland was projected a net carbon

sink of 16 ~ 25 Tg C yr-1 in the 21st century, the capacity of carbon sequestration was pre-

dicted to decrease gradually because climate-driven increases in heterotrophic respiration

(Rh) (with linear slopes 0.49 ~ 1.62 g C m-2 yr-1) was greater than the net primary production

(NPP) (0.35 ~ 1.52 g C m-2 yr-1). However, the elevated CO2 contributed more to plant

growth (1.9% ~ 7.3%) than decomposition (1.7% ~ 6.1%), which could offset the warming-

induced carbon loss. The interannual and decadal-scale dynamics of the carbon fluxes in

the alpine grassland were primarily controlled by temperature, while the role of precipitation

became increasingly important in modulating carbon cycle. The strengthened correlation

between precipitation and carbon budget suggested that further research should consider

the performance of precipitation in evaluating carbon dynamics in a warmer climate

scenario.
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Introduction

The distinctive geographic environment of the world highest plateau—Tibetan Plateau (with

an average elevation of over 4000 m above sea level) makes its carbon cycle be strongly sensi-

tive to climate variation and environmental change [1–3]. The Plateau covers a vast area of

alpine vegetation and has a large reservoir of organic carbon in the permafrost soil, and it has

been reported as a significant terrestrial carbon sink for recent decades due largely to warming

and CO2 fertilization [3–5]. The Plateau has undergone significant warming during the last

decades. Increasing temperatures have been reported to prolong growing season lengths [6],

metabolic rates, and the productivity and distribution [7] of vegetation at the Plateau and high

latitude areas [8–10]. Furthermore, the fate of soil organic carbon (SOC) is controlled by the

complex processes involving accumulation of carbon input by plant production and loss

through microbial decomposition. Warming may also suppress plant growth by increasing

evapotranspiration [11] and induce the soil carbon loss through enhanced Rh [12]. Thus the

carbon fluxes can be amplified by increased carbon emissions from thawing permafrost

[13,14]. Schaphoff et al. [15] revealed that warming contributed to the net uptake of carbon in

the permafrost zone in previous decades because carbon uptake by vegetation increased at a

faster rate than that released from soil. Furthermore, increasing the atmospheric CO2 concen-

trations tends to stimulate photosynthesis and reduce water loss [16,17], which is likely to off-

set the adverse effects of climate change.

The temperature on the Tibetan Plateau increased with a linear trend of 0.2˚C/decade dur-

ing the past five decades [18,19] and is projected to continue warming in the future under dif-

ferent representative concentration pathways (RCPs) [20,21]. Although there has been several

studies on the carbon cycle and climate change associated with the elevated CO2 on the

Tibetan Plateau for historical research and sensitivity analysis [2,3,20,22,23], there is still a lack

of studies on the carbon dynamic projections under different RCPs on the Plateau. Tempera-

ture has been reported as the critical determinant of carbon exchange in alpine ecosystems

[24,25]. The warming had prolonged the alpine plant phenology [26–28] and promoted the

vegetation productivity [3,29], and consequently enhanced carbon inputs into the soil, offset-

ing the carbon release from thawing permafrost in the Tibetan Plateau [4]. The vegetation pro-

duction on Tibetan Plateau was projected to increase under future climate scenarios [7,30].

The results of field experiments, however, have shown some opposite responses of vegetation

productivity to warming, which varied among regions [31–33]. Ganjurjav et al. [34] found that

the aboveground net primary production (NPP) was significantly stimulated in an alpine

meadow under experimental warming, whereas it decreased in an alpine steppe due to warm-

ing-induced drought. Furthermore, there are situations that the climatic warming stimulated

the ecosystem respiration more than NPP, which potentially led to loss of soil carbon in the

Tibetan Plateau [18,22,30]. This discrepant responses of NPP and heterotrophic respiration

(Rh) to the climatic warming in the Tibetan Plateau might be quite different from that in the

northern high-latitude permafrost zones [15], where warming increased NPP more than Rh.

In previous historical period modeling studies [3,5,35], a net carbon sink has been estimated

for the Tibetan Plateau grassland for the 20th century, albeit with variability in absolute value

of 11.8 ~ 29.8 Tg C yr-1. Based on a field experiment in the Tibetan Plateau alpine meadow,

Zhu et al. [36] found that warming caused a seasonal shift in ecosystem carbon exchange but

had little impact on net carbon uptake. However, the direction and magnitude of carbon fluxes

responses to climate change and elevated CO2 concentration under future climate scenarios in

the Tibetan Plateau grassland remains uncertain. Thus, quantifying the influence of the future

climatic change on the carbon exchange in alpine ecosystems in the Tibetan Plateau will pro-

mote our understanding of the mechanisms in the climate-carbon cycle feedbacks.

Projected changes of alpine grassland carbon dynamics under Representative Concentration Pathways scenarios
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In this study, we used an onsite calibrated and validated process-based model, CENTURY,

to explore the responses of three important carbon cycle indicators, namely NPP, Rh and net

ecosystem production (NEP), to future climate change projections on alpine grasslands of the

Tibetan Plateau. The representative concentration pathways (RCP) scenarios of the climate

change projections under the framework of the Coupled Model Intercomparison Project

Phase 5 (CMIP5) vary in their total radiative forcing increase by 2100 [37,38]. Three different

RCP scenarios (i.e., RCP2.6, RCP4.5, and RCP8.5) were applied in this study. The objectives of

this paper are: (1) to predict the trends and differences in the ecosystem carbon cycle compo-

nents in alpine grasslands under RCP scenarios during the 21st century; and (2) to differentiate

the contributions of the changing climate variables (temperature and precipitation) and ele-

vated CO2 on the future carbon budget on the Tibetan Plateau grasslands.

Materials and methods

The CENTURY model was originally developed for the U.S. Great Plains grassland ecosystem

[39] and has been successfully adapted to simulate carbon fluxes under climate change across a

wide latitudinal gradient, from tropical to temperate to high-latitude ecosystems [40–44]. A

detailed description of the CENTURY model has been presented by [39,41]. The observed

data for parameterization of the CENTURY model included the nutrient contents in vegeta-

tion and soil that were derived from the Haibei research station of the Chinese Ecosystem

Research Network (CERN), Chinese Academy of Sciencies. The performance of the CEN-

TURY model on the Tibetan Plateau grassland has been evaluated by the observed net ecosys-

tem exchange (NEE), ecosystem respiration (Re), gross primary production (GPP) (2003 ~

2005) obtained from the Haibei flux tower observations and aboveground biomass (AGC)

(2000 ~ 2012) obtained from the field sampling at Haibei research station [23]. In addition, the

Re was further separated into autotrophic respiration (Ra) and heterotrophic respiration (Rh)

according to the study of [45], and the net primary production (NPP) was then obtained by

subtracting Ra from GPP. The site-level verification from our previous study showed that the

parameterized CENTURY model was able to capture the carbon fluxes of alpine grassland (R2

> 0.80, Fig 1). The simulated monthly AGC exhibited a good agreement with the observed

data with the slope close to 1, and the intercept and the root mean square error (RMSE) were

less than 25 g C m-2. Compared to the eddy-covariance flux data, the simulated monthly NPP

and Rh were comparable to the observation with slopes equal to 0.77 and 1.10, and the esti-

mated errors of RMSE were 29.06 g C m-2 and 13.24 g C m-2, respectively. The simulated NEE

was also agreed well with the field observation (R2 = 0.88, RMSE = 17.94), while the seasonal

amplitude of the simulated NEE was slightly higher than that from the flux tower data with a

slope of 0.64) [23]. We acknowledged that the model parameterization was dependent on data

from Haibei station, which might cause a certain degree of uncertainty. This was due largely to

the fact that most of the existed observations on the Plateau were not long-term experiments

and lacked necessary information for model calibration. We used NEE observations at Dam-

xung meadow site on Tibetan Plateau to validate the calibrated CENTURY. The simulated

NEE at Damxung agreed well with the observational fluxes (S2 Fig, R2 = 0.52, p<0.01). Fur-

thermore, we validated the results with the Moderate Resolution Imaging Spectroradiometer

(MODIS) NPP products (MOD17A3) during 2000–2014 on the regional scale (S3 Fig). And

the simulated NPP by CENTURY model showed a similar trend with MODIS derived NPP. At

the regional scale, our previous historical simulated results were comparable to other studies,

with a mean NPP and NEP of 259 g C m-2 yr-1 and 10 g C m-2 yr-1 from 1981 to 2010, respec-

tively [23], which was within the range of 120 ~ 340 g C m-2 yr-1 and 8 ~ 24 g C m-2 yr-1

Projected changes of alpine grassland carbon dynamics under Representative Concentration Pathways scenarios
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reported by [3,5,46] (S1 Table). The spin up procedure for the CENTURY model simulation

followed the published literature [47,48].

The simulation began with an equilibrium run to generate an initial condition using long-

term average climate data for the period from 1901~1930, which was then followed by a spin

up (1980 ~ 2005) to eliminate system fluctuations and to steady the transient simulation. The

climate input data for the history period of 1901 ~ 2005 was obtained from the Climatic

Research Unit (CRU) Time-Series (TS) version 3.23 (TS 3.23), School of Environmental Sci-

ences, University of East Anglia, United Kingdom [49,50]. The CENTURY model was then

forced with outputs from the Coordinated Regional Downscaling Experiment (CORDEX),

including monthly maximum and minimum temperature and precipitation under three RCPs

scenarios (RCP2.6, RCP4.5 and RCP8.5). The CORDEX data used in this study were dynam-

ical downscaled at a high spatial resolution of 0.5˚ with two regional climate models (RCMs)

of RCA4 and REMO2009 driven by ICHEC-EC-EARTH and MPI-M-MPI-ESM-LR global

Fig 1. Comparisons of observed and modeled aboveground biomass (AGC, a), and net primary production (NPP, b), heterotrophic respiration (Rh, c), and net

ecosystem production (NEE, d) at the Haibei research station of the Tibetan Plateau.

https://doi.org/10.1371/journal.pone.0215261.g001
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models based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations

[51]. The calibrated parameters for the regional simulation were obtained from our previous

studies on the Tibetan Plateau grasslands [23].

Results

Temporal dynamics of the carbon budget on the Tibetan Plateau

grasslands

Interannual variations in the grassland carbon budget on the Tibetan Plateau in response to

changes in climate and atmospheric CO2 over the 21st century were simulated. The CEN-

TURY model predicted that the grass NPP would range from 308 ± 13 g C m-2 yr-1 to 495 ± 21

g C m-2 yr-1, with a multiyear mean NPP of 357 ± 18 g C m-2 yr-1 for RCP2.6, 375 ± 20 g C m-2

yr-1 for RCP4.5, and 408 ± 26 g C m-2 yr-1 for RCP8.5 on the Tibetan Plateau, respectively (Fig

2A). The interannual variation in the grass NPP was projected to increase to different degrees

under the three RCP scenarios over the period 2006 ~ 2100, with linear slopes of 0.35 g C m-2

yr-1 (P<0.01), 0.85 g C m-2 yr-1 (P<0.01), and 1.52 g C m-2 yr-1 (P<0.01) for RCP2.6, RCP4.5,

and RCP8.5, respectively. The temporal dynamics of Rh were consistent with the NPP trends

in all scenarios, with mean absolute values of 346 ± 9 g C m-2 yr-1, 360 ± 12 g C m-2 yr-1, and

390 ± 19 g C m-2 yr-1, whereas the magnitude of the variation rates of Rh were all greater than

that of NPP, with slopes of 0.49 g C m-2 yr-1 (P<0.01), 0.91 g C m-2 yr-1 (P<0.01), and 1.62 g C

m-2 yr-1 (P<0.01) for RCP2.6, RCP4.5, and RCP8.5, respectively (Fig 2B). These higher rates of

Rh increase in all the three scenarios may suggest that Rh was more sensitive to climate change

than NPP. On average, the alpine grasslands of the Tibetan Plateau behaved as a carbon sink,

with a simulated NEP on a range of 11 ± 16 g C m-2 yr-1, 15 ± 16 g C m-2 yr-1, and 18 ± 16 g C

m-2 yr-1 for RCP2.6, RCP4.5, and RCP8.5, respectively, for the period from 2006~2100 (Fig

2C). However, the temporal dynamics of the NEP indicated relatively less variability than NPP

and Rh under the three RCP scenarios, and decreased continually with the slopes of -0.14 g C

m-2 yr-1 (P<0.01), -0.07 g C m-2 yr-1 (P = 0.13), and -0.10 g C m-2 yr-1 (P<0.05) for RCP2.6,

RCP4.5, and RCP8.5, respectively. This indicated that the potential capacity for carbon seques-

tration on the Tibetan Plateau grasslands would gradually decrease under future climate

change, because the magnitude of the variation rate of Rh was greater than that of NPP.

The response of the inter-annual carbon budget to future climate

variability

The simulated carbon fluxes exhibited a positive correlation with precipitation across the three

RCP scenarios with the partial correlation coefficients (R) in the range of 0.07 ~ 0.48 (Fig 3).

The positive response of the carbon fluxes to annual precipitation variation became stronger

with increasing temperature. Higher correlations between carbon fluxes (NPP and Rh) and

precipitation were found in RCP8.5 with R values of 0.33 (P< 0.05, Fig 3C) and 0.48

(P< 0.05, Fig 3F) than those in RCP2.6 (R = 0.25 and 0.34, P< 0.05, Fig 3A and 3D), respec-

tively. Spatially, the carbon fluxes showed a strong positive relationship with precipitation in

the midwestern and northeastern part of the Tibetan Plateau grassland (R > 0.3, P< 0.05, Fig

3). However, an obvious negative correlation between NEP and precipitation was found in the

southern and middle part of the Plateau (Fig 3G–3I). This was probably due to the fact that

precipitation gradually decreased from the southeast to the northwest [20]. Increased precipi-

tation in the southeastern mountainous area could lead to more cloud cover, and thus have

negative effects on photosynthesis. The Rh tended to be most sensitive to the precipitation

Projected changes of alpine grassland carbon dynamics under Representative Concentration Pathways scenarios
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Fig 2. Temporal dynamics of simulated NPP (a), Rh (b), and NEP (c) in the Tibetan Plateau grassland from 2006 to 2100. Solid lines are the three

climate models means under different RCP scenarios, and the shading area denotes one standard deviation.

https://doi.org/10.1371/journal.pone.0215261.g002
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variation (R:0.34 ~ 0.48, P< 0.05, Fig 3D–3F), followed by NPP (R:0.25 ~ 0.33, P< 0.05, Fig

3A–3C) and NEP (R:0.07 ~ 0.08, P> 0.05, Fig 3G–3I).

As illustrated in Fig 4, the simulated carbon fluxes exhibited a positive correlation with tem-

perature (Tmean) (R: 0.03 ~ 0.76), while the R between NEP and Tmean equal to– 0.09. The posi-

tive responses of the NPP and Rh to Tmean were stronger in RCP8.5 with R values of 0.54

(P< 0.05, Fig 4C) and 0.76 (P< 0.05, Fig 4F) than those in RCP2.6 (R = 0.32 and 0.30,

P< 0.05, Fig 4A and 4D). Spatially, the strong positive responses of simulated NPP and Rh to

Tmean change were found across the majority of the Plateau (R > 0.4, P< 0.05, Fig 4A–4F),

while the NPP and NEP showed an obvious negative responses to increasing temperature in

the mid-western and northeastern part of the Plateau (R < -0.2, P< 0.05, Fig 4A–4C and 4G–

4I). This was probably related to the the fact that limited rainfall in these areas could not meet

the increase in water demand under warming. The magnitude of Rh increase in response to

Tmean (R:0.30 ~ 0.76, P< 0.05, Fig 4D–4F) was larger than that of NPP (R:0.33 ~ 0.55,

P< 0.05, Fig 4A–4C) and NEP (R:-0.09 ~ 0.14, P> 0.05, Fig 4G–4I), indicating that warming

stimulates respiration more than plant growth and subsequently decreases carbon sink.

Fig 3. Spatial distributions of the partial correlation coefficients (R) between precipitation and simulated NPP (a, b, c), Rh (d, e, f), and NEP (g, h, i) in the Tibetan

Plateau grassland from 2006 to 2100 under the three RCP scenarios. Black point signs showed significance level at P< 0.05.

https://doi.org/10.1371/journal.pone.0215261.g003
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The response of the decadal carbon budget to future climate change

To quantify the carbon cycle of the Tibetan Plateau grasslands in response to the climate vari-

ability, we further evaluate the decadal-scale dynamics of climate and carbon budgets during

three time periods (Fig 5). The 2010s ~ 2030s time period was calculated as the difference

between the decadal averages of the years 2010 ~ 2019 and 2030 ~ 2039, and the same was

done for the 2040s ~ 2060s and 2070s ~ 2090s time periods. The decadal change of carbon

fluxes (e.g. ΔNPP and ΔRh) were positively linearly correlated with the ΔTmax (Fig 5D and 5E)

and ΔTmin (Fig 5G and 5H), with R2 in a range of 0.59 ~ 0.67 (P< 0.01). It was suggested that

the increase in temperature could stimulate both vegetation production and also Rh. Further-

more, the linear slopes indicated that 1% increase in Tmax and Tmin caused a larger increase of

Rh by 0.27% (Fig 5C) and 0.24% (Fig 5H) than those of NPP by 0.23% (Fig 5D) and 0.21% (Fig

5G). This suggested that Rh was more sensitive than NPP to increasing temperature. Conse-

quently, the simulated NEP exhibited a decreasing trend under a warming climate. With

respect to the response to the decadal change of precipitation, the dynamics of the ΔNPP and

ΔRh showed an increasing trend with ΔPrecipitation, while these positive responses tended to

be stagnant (Fig 5A and 5B). As the decadal change of precipitation varied within compara-

tively small ranges (~ 5%), temperature might play an important role in modulating the carbon

Fig 4. Spatial distributions of the partial correlation coefficients (R) between Tmean and simulated NPP (a, b, c), Rh (d, e, f), and NEP (g, h, i) in the Tibetan Plateau

grassland from 2006 to 2100 under the three RCP scenarios. Black point signs showed significance level at P< 0.05.

https://doi.org/10.1371/journal.pone.0215261.g004
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fluxes of alpine grassland. Taken together, the changes in ΔNEP suggested that the alpine

grassland still behaved as a carbon sink but its capacity declined over the 21st century.

Under RCP2.6, the ΔPrecipitation was 3%, 0%, and -1% (Fig 5A–5C), with the ΔTmax being

13%, -5%, and -8% (Fig 5D–5F), and the ΔTmin 8%, -4%, and -7% (Fig 5G–5I) for 2010s ~

2030s, 2040s ~ 2060s and 2070s ~ 2090s time periods, respectively. This decadal climate change

led to a corresponding decrease in ΔNPP from 4% to 1% and 0% for the three time periods

(Fig 5A, 5D and 5G), and the same decrease in ΔRh (Fig 5B, 5E and 5H), and consequently led

to a decrease in ΔNEP from 25% to 16% and 6% (Fig 5C, 5F and 5I). In response to the contin-

ual decrease in temperature and precipitation, the changes in the decadal carbon dynamics

were predicted to show a corresponding downward trend in the RCP2.6 scenario. For RCP4.5,

the ΔPrecipitation was -1%, 1%, and 0%, with the ΔTmax 12%, 6%, and 4%, and the ΔTmin 6%,

6%, and 4% in the 2010s ~ 2030s, 2040s ~ 2060s and 2070s ~ 2090s time periods, respectively.

In this scenario, the reduction in the magnitude of the warming trend was accompanied by sta-

ble precipitation, which led to a corresponding decrease in ΔNPP of 5%, 3%, and 4%, and in

ΔRh of 7%, 5%, and 4%, respectively. The discrepant magnitudes of the increase in NPP and

Rh across different periods, resulting in the variations of the ΔNEP were -13%, -30%, and 8%,

Fig 5. Responses of simulated ΔNPP (a, d, g), ΔRh (b, e, h), and ΔNEP (c, f, i) in the Tibetan Plateau grassland to climate change over the 2010s ~ 2030s, 2040s ~ 2060s

and 2070s ~ 2090s time periods under the three RCP scenarios.

https://doi.org/10.1371/journal.pone.0215261.g005
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respectively. The decrease in ΔNEP in the first two periods was mainly due to a larger increase

in Rh than NPP. Under RCP8.5, both the precipitation and temperature were projected to

increase when the ΔPrecipitation was 5%, 1%, and 7%, and the ΔTmax was 10%, 22%, and 14%,

and the ΔTmin was 7%, 20%, and 25% for 2010s ~ 2030s, 2040s ~ 2060s and 2070s ~ 2090s time

periods, respectively. The projected large warming trend over the Tibetan Plateau would favor

the growth of alpine grass, with a ΔNPP of 8%, 6%, and 8%, and could also exacerbate carbon

decomposition with a ΔRh of 9%, 7%, and 8%, respectively. Consequently, the NEP corre-

spondingly decreased by -3%, -21%, and -3%, respectively. The substantial decrease in the

ΔNEP over the 2040s ~ 2060s time period was also partially due to the water stress under

strong warming conditions. The dynamics of NEP were largely dependent on the different

responses of NPP and Rh to climate change.

The response of the carbon budget to future elevated CO2 concentrations

To quantify the effect of increased CO2 on the carbon fluxes on alpine grasslands, we con-

ducted two model simulations: with and without CO2 fertilization. Then, the difference

between the two simulated results was analyzed to evaluate the impacts of CO2 on the carbon

budget under the three RCP scenarios (Fig 6). Across all scenarios, the increasing CO2 concen-

tration accounted for 1.9%, 3.6%, and 7.3% of the increase in NPP (Fig 6A), and 1.7%, 3.0%,

and 6.1% of the increase in Rh (Fig 6B) under RCP2.6, RCP4.5, and RCP8.5, respectively. Fur-

thermore, the linear slopes indicated that 1 ppm increase in CO2 concentration caused a

slightly larger increase of NPP by 0.06 ~ 0.45 g C m-2 yr-1 (Fig 6A) than those of Rh by 0.06 ~

0.43 g C m-2 yr-1 (Fig 6B). Notably, the CO2 fertilization effect would be substantially amplified

when accompanied by an increase in temperature (slopeTmax = 0.6˚C decade-1 and slopeTmin =

0.7˚C decade-1, Fig 5D and 5G) and precipitation (slope = 10.0 mm decade-1, Fig 5A) under

RCP8.5. By the end of the 21st century (2090s), the ΔNPP and ΔRh both largely increased

from RCP2.6 to RCP8.5, ranging from 2.4% to 11.0%. However, the magnitude of the differ-

ence in NEP was relatively small, with multi-model mean values of 0.9, 2.3, and 4.9 g C m-2 yr-

1 for RCP2.6, RCP4.5, and RCP8.5, respectively (Fig 6C). The elevated CO2 contributed more

to plant growth than decomposition, indicating that the Tibetan Plateau grassland was able to

sequester carbon from the atmosphere due to CO2 fertilization.

Discussion

The carbon fluxes of the alpine grassland in the Tibetan Plateau were stimulated to be strongly

influenced by the climate change and elevated CO2 concentrations [3,5]. Over the 21st century,

the Tibetan Plateau grassland NPP and Rh were projected to significantly increase, at rates of

0.35 ~ 1.52 g C m-2 yr-1 and 0.49 ~ 1.62 g C m-2 yr-1, respectively, under the three scenarios.

These increases in NPP and Rh were primarily due to the effects of warming and elevated CO2

concentrations, while the positive impact of precipitation became stable (Figs 5 and 6). The

enhanced vegetation production in future projections was consistent with the model estima-

tions of Gao et al. [7] and Jin et al. [30]. The dynamics of decadal carbon fluxes (ΔNPP and

ΔRh) were predicted to decrease with precipitation and temperature under RCP2.6, and with

temperature in a relatively stable precipitation scenario under RCP4.5 (Fig 5). Across all sce-

narios, the partial correlation (R) between the carbon fluxes (NPP and Rh) and Tmean (Fig 4A–

4F) were higher than those with precipitation (Fig 3A–3F), except for the Rh in RCP4.5. These

results suggested that the carbon cycle in the alpine region may be primarily controlled by the

temperature increase. However, the partial correlation between carbon sink (NEP) and Tmean

was predicted to decrease from 0.14 in RCP2.6 to -0.09 in RCP8.5 under a warmer scenario

(Fig 4G and 4I). The partial correlation of NEP with precipitation were equal to 0.07 and 0.08
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Fig 6. The differences between simulated NPP (a), Rh (b), and NEP (c) with and without CO2 effects in the Tibetan Plateau grassland under the three

RCP scenarios.

https://doi.org/10.1371/journal.pone.0215261.g006

Projected changes of alpine grassland carbon dynamics under Representative Concentration Pathways scenarios

PLOS ONE | https://doi.org/10.1371/journal.pone.0215261 July 22, 2019 11 / 18

https://doi.org/10.1371/journal.pone.0215261.g006
https://doi.org/10.1371/journal.pone.0215261


in RCP4.5 and RCP8.5 (Fig 3H and 3I), which were higher than with Tmean (0.04 and -0.09,

Fig 4H and 4I). Furthermore, the decadal carbon fluxes were predicted to decrease with

decreasing precipitation, albeit increasing temperature under RCP8.5 during the 2040s ~

2060s (Fig 5). The role of precipitation was becoming increasingly important in carbon uptake

of the Tibetan Plateau grassland. The seasonal dynamics of carbon exchange in alpine grass-

land under warming were likely to be modulated by water availability [36]. Similar results

were found in Inner Mongolia [52], the central and eastern United States [53], and California

[54], which indicated that grass production would largely decrease under warmer and drier cli-

mate scenarios. The warming accelerated the evapotranspiration and then changed the soil

water availability [55,56]. When the soil water availability became limited, the vegetation pro-

duction might decrease due to suppressed photosynthesis [57] and also reduce root biomass

[58]. Shen et al. [6] and Shen et al. [59] further indicated that the precipitation may regulate

the response of vegetation phenology and soil respiration to climatic warming on the Tibetan

Plateau. The water availability became an increasingly important factor on carbon dynamics

on the Tibetan Plateau grasslands, particularly under a warmer climate scenario. These results

highlight the significance of accurate projection of precipitation (i.e. the amounts and distribu-

tions) under three RCP scenarios, which should be considered in estimates of the carbon

fluxes.

The Tibetan Plateau grasslands were projected to be a net carbon sink (16 ~ 25 Tg C yr-1)

over the 21st century, which was comparable to the results of Jin et al. [30] with NEP ranging

from 18 to 46 Tg C yr-1. However, the temporal dynamics of NEP all exhibited a slightly

decreasing trend, with slopes of -0.07 ~ -0.14 g C m-2 yr-1 across the three RCP scenarios. This

was probably due to the fact that warming induced more carbon inputs into the soil and accel-

erated respiration rates (Rh), leading to reduced carbon uptake [60,61]. On the other side, Cao

and Woodward [62] found that the increasing trend in carbon uptake would be diminished by

the acclimated response to climate variability and CO2 fertilization effect. Consequently, the

temporal dynamics of simulated SOC increased 10 ~ 15 Mg C ha -1 (i.e., 1.4 ~ 2.1 Pg C for

1.4 × 106 km2) over the 21st century, while the changing rate showed a decreasing trend of

-0.12 ~ -0.06 g C m-2 yr-1 (P<0.01) under the three RCP scenarios. These results were in line

with the projections from the CMIP5 [63], but inconsistent with the findings of Crowther et al.

[64], due largely to the high initial SOC density in high-latitude areas. Our findings suggested

that the carbon sequestration in the vegetation and soil was projected to increase under three

RCP scenarios, but the carbon sequestration rate was predicted to decrease gradually on the

Tibetan Plateau grasslands.

The carbon dynamics exhibited a large discrepancy in response to climate change with and

without the effect of elevated CO2 concentrations. The carbon uptake by vegetation could be

strongly stimulated by CO2 fertilization, especially in July [65]. The increasing CO2 concentra-

tion accounted for 1.9% ~ 7.3% of the increase in NPP (Fig 6A), which was less than the range

of 9% ~ 11% in the perennial grassland experiment at the Cedar Creek Ecosystem Science

Reserve in central Minnesota during 1998 ~ 2010 [66]. Furthermore, the slope of NPP was pre-

dicted to increase by 18% ~ 29% under CO2 fertilization among all scenarios, which was

slightly less than the estimates of Piao et al. [3] (~ 39%) on the Tibetan Plateau grasslands dur-

ing the past five decades. This was probably due to the effect of CO2 fertilization, which tended

to be saturated over time, and the discrepancy that existed in different models. Furthermore,

the response of Rh to CO2 was of the same magnitude (1.7% ~ 6.1%) as that in NPP during the

21st century. The elevated CO2 concentrations generally had a positive effect on soil respira-

tion by regulating the carbon uptake and allocation, and on the availability of substrate and

soil water [67]. Consequently, the almost consistent increase in NPP and Rh caused by the ele-

vated CO2 on the alpine grassland resulted in a relatively small difference in NEP (0.9 ~ 4.9 g C
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m-2 yr-1, Fig 6C). However, the grassland carbon cycle was projected to be amplified by around

two to three times due to higher CO2 concentrations under RCP8.5 compared to that in

RCP2.6 and RCP4.5. The different potential responses to elevated CO2 levels were partly due

to the different climate conditions among the three RCP scenarios. For RCP2.6, the increasing

CO2 associated with a decreasing trend in temperature and precipitation had a minor effect on

the carbon cycle (Fig 6A). Furthermore, the elevated CO2 favored plant growth limitedly in

RCP4.5, as the continually warming and stable precipitation may induce water stress (Fig 6B).

However, increasing temperature and precipitation, together with increasing CO2, greatly

enhanced the carbon uptake in the alpine ecosystem under RCP8.5 (Fig 6C).

Furthermore, the dynamically downscaled climate data using regional climate models

(RCMs) indicated an improved performance compared to the coarse output from global cli-

mate models (GCMs) [51,68]. Jin et al. [30] indicated that the increased resolution of RCMs

was preferable for capturing the regional climate patterns, especially under the complex sur-

face characteristics of the Tibetan Plateau. There are also substantial uncertainties in projected

climate change for RCMs, coming from the driving GCMs and human action [69,70]. More-

over, without taking the effect of nitrogen (N) into account, the quantitative attribution of

future climate change and elevated CO2 concentrations on the carbon dynamics of the Tibetan

Plateau grasslands should be considered merely suggestive. The N is regarded as a limiting fac-

tor, controlling the carbon uptake and further influencing the climate–carbon cycle feedback

[71,72]. However, most of the current carbon cycle models lack N dynamics [71]. Further

efforts should be made to incorporate N feedback to constrain the uncertainty of the carbon

cycle in response to a changing environment [73,74].

Conclusions

By applying a process-based biogeochemistry model, CENTURY, we quantified the carbon

dynamics on the Tibetan Plateau grasslands in response to climate change and elevated CO2

under the RCP scenarios. The Tibetan Plateau grasslands behaved as a net carbon sink with

the NEP of 16 ~ 25 Tg C yr-1 over the 21st century. However, the potential capacity for carbon

sequestration on the Tibetan Plateau grasslands was predicted to decrease gradually with the

slopes ranging from -0.14 to -0.07. The partial correlation between carbon fluxes and climate

indicated that warming stimulated respiration more than plant growth. However, the elevated

CO2 contributed more to plant growth than decomposition, which could offset the warming-

induced carbon loss. The inter-annual and decadal-scale dynamics of the carbon fluxes were

primarily controlled by temperature, while the role of precipitation became increasingly

important in modulating carbon budgets in the alpine grassland. The stable precipitation

accompanied by noticeable warming in RCP4.5 (2010s ~ 2030s and 2040s ~ 2060s) and

RCP8.5 (2040s ~ 2060s) led to a reduction of carbon sink (ΔNEP) by -13%, -30% and -21%,

respectively. These results highlighted the importance of precipitation in regulating the contri-

bution of CO2 fertilization and warming effect on carbon dynamics in a warmer climate

scenario.
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