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Abstract

Variations in terrestrial carbon flux influence atmospheric CO, exchange and related climate
feedback, with Net ecosystem productivity (NEP) serving as a key metric for assessing ecosys-
tem carbon source-sink dynamics. Given the vital ecological barrier function of the Tibetan
Plateau (TP), understanding the spatiotemporal variability of NEP and its climatic controls is
essential for elucidating carbon sink and climate interactions under ongoing climate change.
The spatiotemporal dynamics of NEP across the TP from 1979 to 2018 are investigated using
the process-based Community Land Model version 5.0 (CLM5.0). And climate sensitivity
experiments are conducted to quantify the relative contributions of different climate factors
to NEP variability. Furthermore, future changes in NEP for the period 2025-2100 under
multiple Shared Socioeconomic Pathway (SSP) scenarios are projected. The results indicate
that the TP functioned predominantly as a net carbon sink during the historical period,
with a multi-year mean NEP of 23.96 g C m? yr~!. Spatially, NEP showed a significantly
increasing gradient from the northwest to the southeast. During 1979-2018, NEP exhibited
an overall decreasing trend across most regions of the TP. Air temperature was identified
as the dominant controlling factor, accounting for approximately 68% of the interannual
NEP variability, followed by solar radiation (21%) and precipitation (11%). The dominant
climatic drivers of NEP variation differ among regions: air temperature predominates
in the southwestern and southeastern regions, radiation dominates in the northwestern
and central areas, and precipitation exerts a controlling effect in the northern and western
regions. Future projections suggest that NEP remains positive under all SSP scenarios,
indicating that the TP is likely to persist as a carbon sink throughout the 21st century.
This study provides important reference for the development of ecological protection,
restoration planning, and regional carbon neutrality strategies.
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Terrestrial ecosystems constitute a key component of the global carbon cycle, offsetting
approximately 25-30% of anthropogenic carbon dioxide(CO,) emissions [1]. Thus, they
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for evaluating ecosystem carbon source-sink functions [5-7]. As an important component
of the terrestrial ecosystem [8], high-altitude ecosystems store approximately 25% of soil
organic carbon. These regions are highly sensitive to climate change, with a warming
rate approximately twice the global average [9,10]. Previous studies have shown that
high-altitude ecosystems have significant carbon sink characteristics, but the spatial dis-
tribution patterns of carbon sinks vary greatly [11,12]. Climate change, land-use change,
and vegetation change can all alter the spatial distribution of carbon sink [13-15]. In recent
decades, climate change has exacerbated the uncertainty of carbon source/sink trends
in high-altitude ecosystems, thereby affecting the accurate prediction of future climate
change [16]. Therefore, the estimation, spatiotemporal evolution of the NEP, and the driv-
ing factors of NEP changes in high-altitude ecosystems have become hot topics in global
change research [6,17].

Climate change is a key driver of changes in carbon flux in high-altitude ecosys-
tems. Temperature regulates Gross Primary Productivity (GPP) and NEP by influencing
photosynthetic rates and associated carbon inputs to the vegetation—soil system [18,19].
Precipitation enhances photosynthetic efficiency by increasing soil moisture content and
stomatal conductivity, thereby increasing ecosystem productivity [20]. Solar shortwave
radiation determines the upper limit of plant photosynthesis and thus constrains ecosys-
tem carbon uptake capacity [21]. Despite these established mechanisms, the relationships
between climatic factors and NEP remain complex and, in some cases, inconsistent. Tem-
perature is generally considered a positive driver of NEP at the global scale [22], evidence
from regional studies indicates that this relationship is not always consistent and may vary
over time [23]. Precipitation also exerts complex influences on ecosystem productivity. In
water-limited systems, increased precipitation usually promotes an increase in NEP [24].
However, in wet environments, NEP is inhibited by increased precipitation [25]. Beyond
single-factor effects, the interaction among climatic variables adds significant complexity
to ecosystem carbon dynamics [26]. For instance, the synergy between rising temperature
and precipitation can stimulate productivity, yet this positive effect is vulnerable to physio-
logical limits or ecological thresholds [27]. Precipitation-induced increases in cloud cover
can reduce incoming solar radiation, thereby constraining photosynthetic carbon assimila-
tion [28]. Therefore, systematically quantifying the relative contributions and interactions
of various climate drivers not only helps improve the accuracy of NEP predictions but
also identifies potential key climate thresholds, providing a scientific basis for determining
the critical thresholds under which ecosystem carbon source-sink functions may abruptly
change [10,29].

Climate warming has accelerated glacial retreat and permafrost degradation in high-
altitude ecosystems [30]. Continued warming may trigger the melting of permafrost, releasing
large amounts of carbon, thereby offsetting regional carbon sink capacity and potentially
causing these ecosystems to transform from carbon sinks into carbon sources [31,32], making
the future trajectory of ecosystem carbon balance highly uncertain. Therefore, the spa-
tiotemporal changes in the carbon cycle of high-altitude ecosystems in the future have
attracted widespread attention. Previous studies have yielded inconsistent predictions of
productivity in the high-altitude ecosystems. For example, the GPP of the Tibetan Plateau
shows an increasing trend based on simulations with the IBIS model under multiple Shared
Socioeconomic Pathway (SSP) scenarios [33]. Through the CASA model, the net primary
productivity (NPP) of alpine meadows in the Three-River-Source region would follow a
slow growth trajectory [34]. In contrast, Yang et al. employed an ecosystem model driven
by CMIP predictions and found that NPP exhibits a pronounced increasing trend under
high emission scenarios, whereas the increase in NPP is much weaker or even negative
under low-emission scenarios [35]. Similarly, other studies have shown that NPP in alpine
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grasslands may decrease under the SSP2-4.5 scenario, but may increase under the SSP5-8.5
scenario [36]. In addition to model differences, remote sensing-derived GPP products (such
as VPM and GOSIF) exhibit systematic biases when applied to high-altitude ecosystems [37].
This uncertainty mainly stems from differences in model structure, driving datasets, and
scenario assumptions, which may lead to significant discrepancies in simulated carbon flux
responses under future climate conditions.

Advances in modeling and observation techniques have provided a variety of strate-
gies for estimating NEP [38—40]. Field-based observations can provide direct and accurate
measurement data, but they are often constrained by high costs and the need for exten-
sive spatiotemporal monitoring [41]. Process-based models combine plant physiological
processes with environmental drivers, enabling the simulation of ecosystem functions
and interactions between vegetation and meteorological conditions, as well as the simu-
lation of historical and future scenarios [42]. However, their application to high-altitude
ecosystems has often been hindered by biases, primarily due to insufficient simulation
of permafrost dynamics, soil physics, and alpine vegetation characteristics. For example,
remote sensing-based models (such as CASA) rely on static vegetation-climate relationships
and fail to capture the dynamic response of vegetation to rapid warming [43,44]. Similarly,
early process-based models (such as TEM and CLM4.0) were often limited by simplified
soil freeze-thaw schemes and generic parameters, leading to an overestimation of ecosys-
tem respiration and an underestimation of soil temperature in colder regions [45-47]. In
contrast, the Community Land Model version 5.0 (CLM5.0) effectively addresses these
limitations by incorporating a vertically resolved soil biogeochemical module, improved
snow and soil hydrology parameterizations [48], and updated photosynthetic parameters
(e.g., Vcmax) specifically for alpine vegetation [49]. These improvements enable more
accurate simulations of the effects of soil thermodynamics, active layer thickness, and
temperature on phenology [50-52]. Validation against MODIS GPP and field observations
demonstrates that CLM5.0 reliably reproduces GPP and NPP patterns across the Tibetan
Plateau (TP) [53-56]. By coupling soil thermodynamics with carbon cycling and plant phys-
iological mechanisms, CLM5.0 offers a robust framework for quantifying the contribution
of climate drivers to NEP in high-altitude ecosystems [57-59], such as the TP.

The TP has an elevation of over 4000 m in most areas, making it the world’s largest
high-altitude ecosystem [60]. It is characterized by fragile ecosystems and high sensitivity
to climate change [61]. As a major ecological and climatic security barrier for Asia, the
TP plays a crucial role in regulating regional carbon cycling and maintaining climate
stability [62—-64]. Despite that, limited research has focused on the response of the NEP in
TP to climate change during the early 21st century, and existing research results remain
somewhat divergent. Du et al. [65] report that the NEP of grasslands on the TP during
the growing season is positively correlated with temperature in most areas. Guo et al. [66]
believe that grassland NEP is most strongly correlated with precipitation. According to the
research results of Hu et al. [67] in the alpine meadows of the TP, the main driving factor
of GPP and NEP was temperature before 2010; thereafter, the influence of precipitation
has become increasingly important, and the positive impact of temperature on carbon
absorption has weakened in recent decades. These contrasting results suggest that the
dominant controls on NEP may not remain constant but may evolve under ongoing climate
change, leading to shifts in the spatial distribution and strength of regional carbon sinks.
Moreover, existing studies on future carbon fluxes in the TP have primarily focused on
vegetation NPP [54,68,69], while the magnitude, trajectory, and potential tipping points of
future NEP have yet to be systematically quantified.

Consequently, this study centers on the TP to test two core hypotheses: (1) temperature
dominates the spatiotemporal variability of NEP on the TP, and (2) under future climate
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scenarios, the carbon sink function of the TP will likely exhibit a saturation trend rather
than maintaining a linear increase. By answering the above questions, this study aims to:
(1) reconstruct the spatiotemporal dynamics of NEP from 1979 to 2018; (2) quantify the
relative contribution of meteorological factors to NEP changes using sensitivity experiments
and partial correlation analysis; (3) predict the future changes of carbon source and sink
patterns under different climate scenarios and assess the regional carbon sink capacity
under different emission pathways. By clarifying the NEP trajectory, this research deepens
the understanding of climate impacts on carbon cycling in high-altitude regions.

2. Materials and Methods
2.1. Study Area

The TP occupies southwestern China (26°00'-39°47' N, 73°19'-104°47’ E). Covering
about 2.5 million km?, it spans the whole Tibet Autonomous Region and Qinghai Province,
as well as adjacent parts of Sichuan, Yunnan, Gansu, and Xinjiang (Figure 1a). Most ar-
eas of the plateau are located at elevations above 4000 m above sea level. This extensive
high-elevation terrain makes it the largest alpine region globally [60]. More than 60% of
the plateau is characterized by grassland vegetation, whereas forested areas are concen-
trated in the relatively humid southeastern sector [70]. The TP is mainly characterized
by a tundra climate (ET), with an annual mean temperature of approximately —1.43 °C.
From 1979 to 2018, the annual mean temperature increased significantly at a rate of about
0.04 °C yr~! (p < 0.01) [71]. Mean annual precipitation across the plateau is approximately
412 mm, and a significant increasing trend was observed during the same period, with
an average increase of 3.45 mm yr~! (p < 0.01) [71]. The TP contains the largest extent of
permafrost in China, covering approximately 1.07-10° km?, which accounts for nearly 70%
of the national permafrost area [72]. Based on these environmental characteristics, multiple
climate and land surface datasets were compiled to drive the model simulations.

L L L L !
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Annual Average
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T
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Figure 1. Information on the TP: (a) Geographic location; (b) Temporal trends of meteorological
factors (precipitation, temperature) from 1979 to 2018.

2.2. Date

Meteorological data was derived from the China Meteorological Forcing Dataset
(CMFD), maintained by the National Tibet Plateau Science Data Center [71]. The dataset
covers 1979-2018 at 0.1° spatial resolution and 3-hourly temporal frequency. It consists
of near-surface air temperature (2 m), near-surface specific humidity, surface air pressure,
wind speed at 10 m, downward shortwave and precipitation rate, and long wave radi-
ation [73]. We used these datasets to force the land surface model in order to simulate
ecosystem carbon dynamics.

2.3. Model Description

Land surface models simulate the exchanges of energy, water, and carbon at the terres-
trial interface. They describes the coupling between land processes and the atmosphere—
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ocean system [74]. The CLM, developed by the National Center for Atmospheric Research
(NCAR) in the United States, evolved from the Common Land Model (CoLM). The CoLM
was originally developed based on earlier models such as BATS and LSM.

The biogeochemical (BGC) framework of CLM5.0 is used to simulate carbon cycle
processes. It includes autotrophic respiration, photosynthesis, litter formation, carbon
allocation, carbon-nitrogen interactions, and soil organic matter decomposition [75]. Com-
pared with CLM4.5, CLM5.0 introduces substantial updates in process representation and
parameterization, including improvements in soil structure, vegetation hydrology, snow
density, C-N coupling, crop dynamics, and land-use processes [76]. In the hydrological
component, CLM5.0 incorporates a soil evaporation resistance scheme for dry surface
layers, enhancing evapotranspiration simulations. The model also increases vertical soil
resolution, extending soil depth to 3 m with additional soil layers, thereby improving
the representation of active layer thickness in permafrost regions [48]. In terms of plant
physiology, the Ball-Berry stomatal conductance formulation has been replaced by the
Medlyn scheme [77], allowing a more mechanistic representation of stomatal behavior
and plant hydraulic stress. In CLM5.0, several new modules have been incorporated into
the simulation of carbon and nitrogen dynamics. These include the nitrogen fixation and
uptake (FUN) framework, the FLEXIBLECN scheme for dynamic carbon-to-nitrogen ratios,
and the LUNA method for optimizing photosynthetic nitrogen input in leaves [78,79].
These developments strengthen nitrogen feedback representation and improve model
responsiveness to environmental change. Furthermore, CLM5.0 refines the simulation
of permafrost thermal and hydrological processes [80], enhancing soil temperature and
soil moisture dynamics. These improvements make the model particularly suitable for
applications in cold and permafrost-dominated regions.

The BGC module in CLM5.0 simulates ecosystem carbon fluxes. Under this framework,
NEP is defined as NPP minus heterotrophic respiration (R,). The model framework and
parameter schemes is available in Lawrence et al. [48].

NPP represents the amount of carbon fixed by photosynthesis that is available for
ecosystem growth and heterotrophic consumption. Annual NPP is calculated as:

NPP = GPP — Ry, — Rq (1)

where Ry, is defined as the respiration required for plant maintenance, and Ry is defined as
the respiration associated with plant growth.
GPP is calculated on a daily basis as

GPP =) brr Y conort 2oime (An + Ra) X LAT X fopress (2)

In this formulation, GPP represents the total carbon assimilated through photosynthe-
sis at the ecosystem scale. A, refers to the net photosynthetic rate, R; is dark respiration
rate, LAI signifies leaf area index, fsi.ss is stress factors such as temperature and water
availability.

NEP quantifies the net carbon gain and is obtained as NPP minus heterotrophic (soil)
respiration [81]:

NEP = NPP — Ry, 3)

Heterotrophic respiration (Rj) is calculated as the sum of decomposition fluxes
from multiple soil carbon pools following a CENTURY-based soil biogeochemical frame-
work [48]:

n
Ry =Y . kiCifrfwfofp 4)

where k; is the corresponding base decomposition rate, C; is the carbon content of the i-th
soil carbon pool, The decomposition rate is modified by environmental scalars, includ-
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ing temperature (fr), soil moisture (fy), oxygen limitation (fp), and depth-dependent
attenuation (fp).

This study employed the CLM5.0 to simulate NEP over the TP for the period 1979-2018.
Because terrestrial carbon cycle simulations require balanced initial carbon pools and fluxes,
a spin-up procedure was conducted prior to the simulation to minimize the influence of
initial conditions [82]. The model was spin-up for 400 years using CMFD forcing until
key state variables (soil moisture, soil temperature, sensible heat flux, and latent heat flux)
approached quasi-equilibrium conditions [83]. Following spin-up, a 40-year simulation was
performed, and the output from 1979 to 2018 was used for subsequent analysis. The model
was configured at 0.1° spatial resolution with outputs generated at 3 h intervals.

The CLM requires high-temporal-resolution, multivariate atmospheric forcing to simu-
late land-atmosphere interactions. However, future climate projections from the Coupled
Model Intercomparison Project Phase 6 (CMIP6) are generally available at coarser temporal
resolution and do not directly satisfy the requirements of CLM. To address this limitation,
NCAR introduced the “Anomaly Forcing” approach in CLM version 4.5, which can predict
future climate without requiring high-resolution, multivariate datasets [84]. This method
superimposes scenario-based monthly anomalies derived from CMIP6 outputs onto a re-
peated historical dataset, thereby generating modified atmospheric dataset for driving CLM
simulations under future climate conditions [48]. In this study, the CMFD dataset combined
with anomaly forcing was applied to simulate NEP over the TP during 2025-2100 under
four Shared Socioeconomic Pathway (SSP) scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5). To quantify the influence of individual climatic variables on NEP, a series of
sensitivity experiments were performed. The workflow is summarized in Figure 2.

’ Climate forcing dataset | N

¥
| CLM5.0 |
¥

l 400 years spin up |
v

. | NEP validationt | |

four Shared Socioeconomic
Pathway (SSP) scenarios

Temporal and spatial trend of

NPP in the Tibetan Plateau
I

L2

L2
Partial correlation

1
1
Anomaly Forcing ‘ i
1

sensitivity experiment analysis
2 [2
Changing Trend in Factors influencing Spatiotemporal distribution
NEP and the spatial trend of NEP in future
DrivingFactors distribution of NEP | \ scenarios ;

7 Spatio-Temporal Changes of Vegetation Net ecosystem productivity and Its Driving Factors on the \,
| Tibetan Plateau i

Figure 2. Workflow chat.

2.4. Experimental Design and Analytical Methods

We conducted a series of sensitivity experiments to disentangle the impacts of key
climatic drivers—precipitation, air temperature, and solar radiation—on NEP (Table 1).
The control experiment (S1) was driven by observational climate forcing data for the period
1979-2018. Three additional sensitivity experiments (52-54) were designed by holding one
climatic variable constant at its long-term mean (1979-2018), while allowing the remaining
variables to vary temporally as in the control simulation. In experiment S2, the temporal
variation in air temperature was suppressed by prescribing its multi-year mean value, while
other forcing variables followed the original observations. In experiment S3, precipitation
was set to a constant value equal to its long-term mean. Solar radiation was treated in the
same manner in experiment 54 and kept at its climatological mean during the simulation.
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Table 1. Experimental design.

Climate Factors

Experimental
Temperature Precipitation Radiation
Scenario One T T T
Scenario Two C T T
Scenario Three T C T
Scenario Four T T C

Note: The symbols T and C denote, respectively, a time-varying variable and a constant-valued variable.

We estimated how temperature, precipitation, and radiation individually influence
NEP by contrasting the control simulation with the sensitivity runs (52-54). NEP trends
were calculated for each simulation using ordinary least squares regression. The contribu-
tion of a given climate factor was then determined by taking the difference between the
trend in the control run and that in the experiment where the factor was held constant.

2.5. Partial Correlation Analysis

Partial correlation analysis isolates the association between two variables by excluding
the confounding effects of others [85]. The partial correlation coefficient between x; and xp
must be adjusted for the third variable y:

We applied partial correlation analysis to determine the relationship between NEP
and each climate factor while keeping other factors constant. This approach enables the
identification of the dominant climatic drivers of NEP at different spatial locations by
isolating the independent contribution of each factor. The partial correlation coefficient
between variables x; and x, controlling for variable y, is calculated as:

r1Xp — rX1Yrxoy
V(1= rxay?)(1 = rxgy?)

)

rxX1xz-y =

3. Results

The following sections present the spatiotemporal characteristics of NEP across the
TP, followed by analyses of its climatic sensitivities and future projections. According to
previous research, ecosystems are typically classified as carbon sinks when NEP values are
positive, whereas negative NEP values indicate carbon source behavior [44]. In non-forest
ecosystems, areas with NEP > 50 g C m? yr~! are classified as strong carbon sinks, while
those with 0 < NEP < 50 g C m? yr~! are classified as weak carbon sinks [86].

3.1. Spatial Distribution and Variations in NEP

Figure 3 illustrates the temporal variation in NEP over the TP from 1979 to 2018. The
multi-year mean NEP during this period was 23.96 g C m? yr~!, exhibiting an increasing
trend at a rate of 0.2 g C m? yr~!. This result indicates that the TP functioned as a net
carbon sink over the past four decades, with a slightly enhanced carbon sequestration
capacity. NEP reached its maximum value of 42.61 g C m? yr~! in 2006 and its minimum
value in 1996. During the study period, NEP on the TP increased from 18.95 g C m? yr—!
in the 1980s to 24.54 ¢ C m? yr~! in the 2010s, representing a growth of approximately
29.5% (Table 2). NEP increased by 4.19 and 5.31 g C m? yr~! in the 1990s and 2000s,
respectively, compared to the preceding decades. However, in the 2010s, NEP declined
by 3.90 g C m? yr~! relative to the 2000s. These findings indicate that the rapid growth in
NEP over the past 40 years was primarily concentrated in the 2000-2009 period, whereas
the 2010-2018 period exhibited a significant downward trend.

Spatially, NEP exhibited a clear gradient increasing from the northwest to the
southeast of the TP (Figure 4a). As shown in Figure 5b, carbon sink areas accounted
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for 67.7% of the plateau, while carbon source areas accounted for 32.3%, indicating
that carbon sinks dominate the regional carbon balance.
(NEP > 50 g C m? yr~!) were mainly distributed in the eastern TP, whereas weak carbon
sink areas (0 < NEP < 50 g C m? yr—!) were primarily located in the central and parts of the
eastern plateau. Carbon source regions (NEP < 0 g C m? yr~!) were mainly concentrated in

Strong carbon sink areas

the Qaidam Basin, with scattered distributions in the western and eastern TP.

Table 2. Mean and difference in NEP on the TP at different time periods (g C m? yr™!).

Time Period Mean NEP Time Periods NEP Diff.
1980-1989 18.95
1990-1999 23.14 1990s-1980s 4.19
2000-2009 28.45 2000s-1990s 5.31
2010-2018 24.54 2010s-2000s —3.90
— NEP
y = 0.1831x - 341.99 e Observed Points
Rz =0.051 A Max Value
40 Min Value
- Linear Trend (1979-2
T30
&
(]
220
=
10
0
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Figure 3. Trends in the simulated NEP by CLM5.0 from 1979 to 2018.
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From 1979 to 2018, NEP showed an overall decreasing trend in most parts of the
TP (Figure 4b). Significant decreases were observed in the eastern TP and the southern
Himalayan region, while moderate decreases occurred in the central and eastern plateau.
In contrast, increasing trends were detected in the western desert regions and the Qilian
Mountains in the northeastern TP. To better understand the mechanisms underlying these
spatiotemporal patterns, sensitivity experiments were conducted to evaluate the responses
of NEP to key climatic variables.

3.2. Attributions of NEP Variations

The complex controls on ecosystem carbon dynamics on the TP stem from vegetation
processes that are mediated by the combined effects of precipitation, temperature, and solar
radiation [87]. In order to disentangle the contributions of individual climatic factors to
NEP variations, a series of sensitivity experiments were performed, analyzing NEP trends
under controlled climatic conditions. (Figure 6). To assess the spatial relative importance of
each factor, partial correlation analysis was used for calculation (Figure 7).

30 b —®— Scenario One(ALL Factor)
Scenario Two(Temperature)
F Scenario Three(Precipitation)
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Figure 6. Spatial patterns of NEP trends across the TP from 1979 to 2018 under different environmental
drivers; dashed lines denote fitted linear trends.
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Figure 7. Dominant factors of NEP on the TP from 1979 to 2018.
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Table 3 illustrates that under temperature-controlled scenarios, NEP rose significantly
at a rate of 0.5 g C m? yr~!, contributing approximately 68% of the total NEP change.
This identifies temperature as the dominant driver of NEP dynamics on the TP over the
past four decades. NEP under solar radiation control exhibited an increasing trend of
0.2 g C m? yr~!, contributing approximately 21% to NEP variation and representing the
second most influential factor. Conversely, the precipitation-controlled scenario yielded
a slight decline of 0.1 g C m~2 yr~!, representing an 11% contribution. Collectively, the
climatic drivers follow an order of influence: temperature > solar radiation > precipitation.

Table 3. Annual variation trends in NEP under the influence of climate factors from 1979 to 2018
(gCm?yr 1)

Experiment Scenario  Scenario One  Scenario Two Scenario Three  Scenario Four

NEP 0.2 0.5 -0.1 0.2

Spatially, temperature emerged as the dominant driver of NEP changes across 46.5%
of the TP, with its most pronounced effects concentrated in the southwest and southeast
(Figure 7). Solar radiation exerted the primary control over 28.9% of the plateau, predomi-
nantly affecting the northwest and central sectors. In comparison, precipitation governed
NEP variability in about 24.6% of the region, notably in the northern and western zones.

The influence of individual climatic factors on NEP varied substantially across the
plateau, demonstrating clear spatial heterogeneity (Figure 8). Under precipitation control,
NEP decreased in the central TP and southern Qinghai Plateau, while increasing trends
were observed in the western plateau and southern Himalayas (Figure 8a). When driven
by solar radiation, NEP exhibited increasing trends in the western TP and the Kunlun
Mountains, whereas declining trends were observed in the eastern TP and parts of the
southwestern plateau (Figure 8b). Temperature-driven NEP responses exhibited clear
spatial contrasts, with declining trends concentrated in the central and eastern TP and
increasing trends mainly occurring in the western plateau as well as parts of the central
and northern TP (Figure 8c). Building on the identified climatic controls, future changes in
NEP under different emission scenarios were further projected.

(a) Precipitation (b) Solar Radiation (c) Temperature

75 105 75 105

85 95 85 E3 85 E3
Longitude (°E) Longitude (°E) Longitude (°E)

Figure 8. Spatial patterns of NEP trends across the TP during 1979-2018 in response to different
meteorological drivers: (a) precipitation, (b) solar radiation, and (c) temperature.

3.3. The NEP Spatial-Temporal Variation in Future Scenarios

Under all future SSP scenarios, NEP over the TP remained positive and exhibited an
overall increasing trend, indicating that the region is projected to function as a stronger carbon
sink in the future. Initially, the projected NEP trajectories remained tightly clustered across
scenarios, but distinct divergence emerged as the projection horizon advanced (Figure 9a).
The differences in both NEP magnitude and growth rate became more pronounced when
comparing the near-, mid-, and long-term periods.

Future NEP projections for the TP display distinct trajectories across the various
scenarios (Figure 9). Under SSP1-2.6, carbon sinks sustain stable growth, averaging
53.8 g Cm? yr! (range: 36-79 g C m? yr!). Despite a 47% increase in growth rate
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compared to historical records, the trend follows a ‘rise-then-fall” pattern. The SSP2—4.5
scenario yields a wider NEP range (38-89 ¢ C m? yr—!) and a growth rate (0.11 g C m? yr—!)
that is roughly 63% above historical levels, though growth momentum eventually weak-
ens. In contrast, SSP3-7.0 maintains a consistent upward trajectory (0.30 g C m? yr~1)
with values spanning 37-95 g C m? yr~!. Notably, SSP5-8.5 generates the highest values
(40-103 g C m? yr~!) and a growth rate (0.40 g C m? yr~!) that more than double the
historical NEP levels.

(a)— sspi26 (b) ——SSPI126
SSp70 SSEZA3
120 - SSP370

———SSP585
= = =Linear Trend(SSP126) —— SSP585

Linear Trend(SSP245)
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Figure 9. Values of NEP under different SSP scenarios in the TP during 2025—2100 (a) Values
(b) Increasing Rate.

In terms of spatial distribution, future NEP showed a consistent pattern of higher val-
ues in the southeastern TP and lower values in the northwestern region, with considerable
variation over time across different scenarios (Figure 10). Under SSP1-2.6, strong carbon
sinks were concentrated in the southeastern TP, while carbon source regions persisted in
the western Alxa region and the northern Qaidam Basin, with expansion of source areas
in the mid- to long-term. Under SSP2-4.5, most of the TP functioned as a carbon sink,
with carbon source regions mainly restricted to the Qaidam Basin and Alxa region, and
increasing transitions from carbon sources to sinks over time. Under SSP3-7.0, NEP in-
creased substantially in the southeastern TP, with some regions exceeding 225 ¢ C m? yr~!,
and carbon sink areas expanded in the northwestern TP. In the long term, transitions from
carbon source to carbon sink became more widespread, particularly in the western and
northern plateau. Under SSP5-8.5, most of the TP functioned as a strong carbon sink, with
pronounced sink regions in the southern TP, eastern Himalayas, and Qilian Mountains
(NEP > 225 g C m? yr~ 1), while carbon sources were mainly confined to small areas around
the Qaidam Basin.

The spatial trends of NEP under different SSP scenarios exhibited substantial hetero-
geneity (Figure 11). Under SSP1-2.6, NEP trends from 2025 to 2100 were relatively weak,
with slight decreases in the northwest and slight increases in the southwest and southeast
TP. In the near and mid-term, NEP increased in many regions, whereas in the long term,
decreasing trends dominated most areas except the central TP. Under SSP2-4.5, regions
with increasing NEP expanded, particularly in the central and western TP, while decreasing
trends persisted in parts of the eastern TP. Under SSP3-7.0, NEP exhibited a pronounced
increasing trend across most of the TP, with significant increases in the central and eastern
regions, although declining trends emerged in the northern and eastern TP in the long term.
Under SSP5-8.5, increasing and decreasing NEP trends were spatially interspersed, with
significant increases in the central and southern TP and parts of southeastern Sichuan and
Tibet, while decreases occurred in the eastern and northern TP. In the near and mid-term,
NEP increased across most regions, whereas long-term decreases dominated the western,
central, and eastern TP, with sustained increases mainly confined to the southern TP.
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Figure 10. Spatial distribution of NEP in the TP under different SSP scenarios in the future.
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Figure 11. Spatial variation in NEP in the TP under different SSP scenarios in the future.

4. Discussion
4.1. Characteristics of NEP Carbon Sequestration Variations

Global carbon balance is a critical topic in climate change research, with the identi-
fication of carbon sources and sinks being a major focus. NEP serves as a key measure
of ecosystem carbon budgets and provides an integrated assessment of processes related
to carbon sequestration [88]. Recent studies suggest that the global average NEP of ter-
restrial ecosystems ranges from 1.5 to 3.0 Pg C yr~!, which corresponds to an average
annual carbon uptake of roughly 20-40 g C m? yr~! by vegetation [89]. In this study,
the TP acted mainly as a carbon sink during 1979-2018. The long-term mean NEP was
23.96 g C m? yr~ !, showing a slight upward trend of 0.2 g C m? yr~!. This suggests that
the carbon sequestration capacity of the TP is close to, or in some areas exceeds, the global
average for land ecosystems. Specifically, NEP growth peaked during the 2000-2009 period
but lost steam after 2010, reflecting a strong coupling with climatic variations. The earlier
decade’s ‘warm-wet’ climate alleviated water constraints and prolonged the growing sea-
son, thereby boosting vegetation productivity [90,91]. In contrast, sustained warming after
2010 intensified evapotranspiration and triggered drought stress. This shift caused water to
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override temperature as the primary constraint, effectively halting the continued expansion
of NEP [92].

In contrast to the marked seasonality of temperate zones, the TP is defined by a
unique monsoon system that supports a dual seasonal structure: an extended, cold non-
growing season juxtaposed with a brief, warm growing season [93,94]. Most annual
ecosystem carbon uptake occurs during this relatively short warm period from late spring
to early autumn, while carbon fluxes are relatively low during the long, cold season [95,96].
Therefore, annual NEP can effectively integrate the carbon dynamics dominated by the
growing season, and analyzing NEP on an annual scale can effectively capture the long-term
trajectory of ecosystem source-sink functions driven by internal climate change.

Spatially, NEP varied considerably, increasing from the northwest to the southeast, in
agreement with the findings of Xian Liu et al. [61]. Areas with strong carbon sink activity
are mainly located in the southern TP, the Qilian Mountains, and southeastern mountain
regions, where alpine meadow and forest ecosystems dominate. Under relatively humid
conditions, enhanced precipitation promotes plant growth and increases NPP, while R;,
remains comparatively stable, resulting in a carbon sink [97]. In contrast, weak carbon sink
areas are mainly located in the eastern Kunlun region and the TP, where alpine grassland
and desert grassland ecosystems prevail under cold and arid conditions. Limited soil
moisture and sparse vegetation cover constrain photosynthetic carbon uptake, leading to
reduced NPP and consequently weaker carbon sink intensity [97], with some areas even
functioning as net carbon sources. Regions with NEP values below zero are predomi-
nantly distributed in desert zones. In these areas, extremely low vegetation productivity
results in NPP values approaching zero, whereas soil heterotrophic respiration continues,
leading to net carbon release [98]. Similar source patterns have been reported in arid
regions globally, where water limitation restricts productivity responses to warming and
COg, fertilization [99]. In contrast, most vegetated areas of the plateau functioned as car-
bon sinks, consistent with recent regional assessments of high-altitude ecosystem carbon
dynamics [100].

4.2. Influencing Mechanisms of NEP Carbon Sequestration Variations

Climate change plays a fundamental role in regulating terrestrial carbon cycling, and
strong linkages have been widely reported between climate warming and carbon flux
dynamics [101]. Therefore, precipitation, temperature, and solar radiation were selected
as key climatic drivers for analysis. The TP has experienced pronounced warming and
humidification [102], with increasing trends in annual precipitation and temperature of m
and 0.04 °C year ™!, respectively (Figure 1a), which have exerted significant impacts on
vegetation productivity [59].

NEP is defined as the difference between NPP and Rj,. To further elucidate the mech-
anisms underlying NEP variability, Table 4 and Figures 12 and 13 present the temporal
trends of NPP and Rj, under different meteorological drivers. Over the past four decades,
the spatial patterns of R, responses to precipitation closely resemble those of NPP, with
increasing trends across most areas of the TP and localized decreases in parts of the south-
ern region (Figures 12a and 13a). Under temperature forcing, R, exhibits a pronounced
increasing trend in the central plateau, while decreasing trends are observed in parts of
the southern plateau (Figures 12c and 13c¢). In contrast, radiation-driven Rj shows limited
increases in small areas of the central plateau but decreasing trends in both the western
and eastern regions (Figures 12b and 13b). These contrasting spatial responses of R;, under
different climatic drivers contribute to the observed heterogeneity in NEP dynamics across
the plateau.
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Table 4. Annual variation trends of NPP, R;, and NEP under the influence of climate factors from
1979 t0 2018 (g C m? yr—1).

Experiment Scenario NPP Ry, NEP
Scenario One 2.4 2.1 0.2
Scenario Two 1.7 1.9 0.5
Scenario Three 2.5 2.7 —-0.1
Scenario Four —0.01 —-0.3 0.2
(a) Precipitation (b) Solar Radiation (c) Temperature

) 2
75 85 9% 105
Longitude (°E) Longitude (°E) Longitude (°E)
Figure 12. Spatial patterns of NPP trends across the TP during 1979-2018 in response to different
meteorological drivers: (a) precipitation, (b) solar radiation, and (c) temperature.
(a) Precipitation (b) Solar Radiation (c) Temperature
2 2
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Figure 13. Spatial patterns of R;, trends across the TP during 1979-2018 in response to different
meteorological drivers: (a) precipitation, (b) solar radiation, and (c) temperature.

The enhancement in NEP was primarily driven by temperature, which was responsible
for a quantified increase of 0.5 g C m? yr~! (Table 4). This result is consistent with remote
sensing-based estimates reported by Zha et al. [103]. Temperature modulates ecosystem
carbon balance through its synergistic effects on photosynthesis and respiration [104,105].
On the one hand, rising temperatures stimulate plant physiological processes, prolonging
the growing season under cold-limited conditions and thus increasing NPP. On the other
hand, rising temperatures accelerate the decomposition of soil organic matter and microbial
activity [106,107], leading to increased R; Temperature-driven NEP showed a significant
positive trend in the Alishan Mountains and alpine meadows of western TP (Figure 8c).
These areas are cold-limited and sparsely vegetated ecosystems, and moderate warming can
alleviate the thermal limitation of plant growth and increase NPP without proportionally
increasing Rj,, thus achieving net carbon gain. Previous studies have also reported similar
temperature-driven NPP increases in high-altitude meadows [108,109]. In contrast, a
decreasing trend of NEP was observed in the desert regions of central TP and the alpine
regions of southern TP. In these areas, warming may have exacerbated respiration-driven
carbon loss, increased the R;,/NPP ratio, and thus reduced NEP [110,111].

As the primary energy input for photosynthetic processes, solar radiation plays a direct
role in regulating plant carbon uptake. Model results indicate that solar radiation exerted a
secondary positive effect on NEP, contributing an increase of approximately 0.2 g C m? yr—1.
Overall, while NPP decreased under radiation (—0.01 g C m? yrfl), R;, decreased more
significantly (—0.3 g C m? yr~1), resulting in a slight increase in NEP. Enhanced radiation
primarily stimulates photosynthesis by increasing light intensity, while its effect on R;, is more
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indirect, mainly through altering soil temperature and humidity conditions [112]. In Alishan
and parts of western and eastern Qilian Mountains, enhanced radiation promoted vegetation
photosynthesis. This was mainly because the increase in NPP caused by radiation exceeded
the corresponding change in Rj, leading to a net increase in NEP.

Precipitation increases stimulate photosynthesis and transpiration, enhance vegeta-
tion activity, and promote root growth and microbial respiration, collectively influencing
ecosystem respiration and carbon balance [113,114]. Under precipitation forcing, NEP ex-
hibited a weak negative trend (—0.1 g C m? yr~!), which was closely related to vegetation
distribution. Precipitation-induced increases in NEP were observed primarily in scattered
portions of the plateau’s western and southern sectors, which were largely composed of
low-cover grasslands. The increased precipitation effectively replenished soil moisture
deficits and enhanced photosynthetic intensity, thereby improving the carbon sequestration
capacity of low-cover grasslands [115,116]. In contrast, in the eastern low-altitude areas,
such as the Qilian Mountains, high-cover grasslands and coniferous forests are the main
vegetation types. Increased precipitation significantly enhanced R;, (Figure 13a), resulting
in a more pronounced decreasing trend in NEP in this region.

4.3. Analysis of the Evolution of the NEP Under Future Scenarios on the TP

The TP, often referred to as the “Third Pole of the Earth,” is highly sensitive to climatic
forcing due to its harsh environmental conditions. It is widely recognized that future
climate over the plateau will continue to exhibit warming and humidification trends [115].
Our simulations indicate that mean NEP remains positive under all SSP scenarios and
exhibits an increasing trend throughout the 21st century. This result is consistent with
previous findings [32]. When comparing the four SSP scenarios, the increase in NEP tends
to be larger under higher emission pathways. This trend can be largely attributed to
rising atmospheric CO; levels and greater warming. Higher CO; concentration enhance
photosynthesis, leading to increases in GPP and NPP [117]. At the same time, warmer
temperatures reduce thermal constraints in high-altitude ecosystems, which supports the
growth of vegetation in alpine grasslands and forested areas [4,106].

However, rising temperatures can speed up the decomposition of soil organic matter
and stimulate microbial activity, which leads to higher Rj, [118]. Therefore, the net carbon
accumulation in the ecosystem depends on how the increase in productivity compares
with the rise in respiration. Under higher-emission scenarios (SSP3-7.0 and SSP5-8.5),
stronger CO, fertilization and more pronounced warming lead to greater increases in
NPP relative to respiration, resulting in a stronger carbon sink response compared to
lower-emission pathways (5SP1-2.6 and SSP2—4.5). In all scenarios, NEP increases more
rapidly during the mid-century period (2051-2075) and slows toward the late century
(2076-2100), particularly under low-emission pathways. The mid-century acceleration
is likely associated with the combined effects of rising CO, concentration and moderate
warming. In contrast, continued warming toward the end of the century may enhance soil
respiration and potentially trigger permafrost carbon release [119].

A distinct southeast-to-northwest gradient characterizes the spatial pattern of NED,
with values increasing toward the humid southeast and declining toward the arid north-
west. Under projected climate change, the eastern TP is expected to become warmer
and wetter [120], favoring vegetation growth and reinforcing carbon sink intensity in the
southeastern plateau, western Sichuan, southeastern mountainous regions, and the eastern
Qilian Mountains. Under intensifying climate forcing, carbon sink areas are projected to
expand and shift in a northwesterly direction. However, gains in their stability remain
contingent upon specific environmental thresholds and could diminish during a potential
mid-century climate slowdown.
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4.4. Limitations and Future Directions

Although this study achieved its objectives, several limitations should be acknowl-
edged. CLM5.0 primarily simulates carbon sequestration through vegetation photosyn-
thesis. While CLM5.0 has significantly refined the decomposition process of soil organic
matter compared to earlier versions, it still lacks characterization of the soil’s own carbon
sequestration pathways as a primary producer. Future development of models integrating
microbial-mediated carbon sequestration processes could potentially further improve the
accuracy of predictions. Furthermore, the CLM5.0 simulations were driven by the CMFD1.0
dataset, which spans the period 1979-2018. The atmospheric dataset used in this study is
widely used in Chinese land surface model research. The dataset’s brevity, unfortunately,
omits recent data, hindering the assessment of ecosystem responses to modern climate
trends. To address this, future studies should prioritize newer, longer-span datasets to
better quantify long-term carbon trajectories.

Climatically, the TP is defined by long, frozen winters that restrict biological activity
to a brief growing season. Previous studies have shown that most annual carbon uptake
occurs within this finite period, while winter carbon exchange is relatively small. Annual
NEP can assess the long-term ecosystem carbon balance on the Tibetan Plateau. However,
more refined time-series analyses can further deepen our understanding of seasonal carbon-
climate interactions. A shift toward seasonal or monthly time-series analysis is needed to
elucidate these patterns. This approach would clarify the mechanisms regulating carbon
fluxes, offering a deeper understanding of climate-ecosystem interactions.

5. Conclusions

Based on CLM5.0 simulations, this research characterizes the spatiotemporal evolution
of Net Ecosystem Productivity (NEP) across the Tibetan Plateau (TP) over the last forty
years. We further disentangle the climatic drivers of NEP variability and project its trajectory
under varying emission pathways. The key findings are outlined below:

From 1979 to 2018, the TP functioned as a net carbon sink, yielding a mean annual NEP
of 23.96 g C m? yr~1. A slight upward trend (approximately 0.2 g C m? yr—!) characterized
the study period, peaking notably between 2000 and 2009. Spatially, a distinct gradient
emerged, with values rising from the northwest toward the southeast. Notably, carbon sink
zones covered 67.7% of the region over double the extent of source areas (32.3%), further
reinforcing the plateau’s role as a dominant carbon sequestration area.

Among the examined climatic factors, temperature emerged as the dominant driver
of NEP variability across the plateau, explaining roughly 68% of the interannual variance,
whereas solar radiation and precipitation played secondary roles (21% and 11%, respec-
tively). This thermal dominance was also evident spatially, accounting for 46.5% of spatial
variation, followed by radiation (29%) and precipitation (25%). Overall, the long-term
increase in NEP appears to be mainly associated with rising temperatures, while variations
in solar radiation and precipitation provided secondary influences.

Model projections suggest the TP will persist as a net carbon sink throughout the
21st century across all SSPs. The strength of this sink is expected to increase. This growth,
however, is phased, speeding up during the 2051-2075 window before slowing down after
2076. The spatial gradient remains consistent with the past, dominated by a southeast-
to-northwest decline. Furthermore, as emission trajectories steepen, carbon sink areas
gradually expand, whereas carbon source regions become more limited.

The study provides a scientific basis for ecological management in high-altitude
zones. Since temperature drives NEP variability, enhancing vegetation adaptability to
warming is crucial. Measures such as grassland restoration, protection of alpine meadow
ecosystems, and prevention of land degradation could help sustain ecosystem productivity.
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Furthermore, safeguarding forest and shrub ecosystems is key to maintaining current sink
areas and supporting long-term carbon storage across the region.

Collectively, these results elucidate the mechanisms by which climate variability
modulates carbon dynamics on the TP. The findings contribute to a better understanding of
how climate change influences ecosystem carbon dynamics in high-altitude regions and
offer reference information for regional carbon management and ecological conservation.
Future research should prioritize longer forcing datasets and higher temporal resolution;
such improvements are key to sharpening regional carbon estimates and clarifying climate—
carbon feedback.
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