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Abstract: The subalpine forests are one of the crucial components in the carbon cycling system in

the Qinghai-Tibet Plateau (QTP) in the context of climate change and ecosystem dynamics.Fhe-

change-and-ecosystem-dynamies: In this study, we investigated the carbon exchange dynamics for

a subalpine forest on the QTP using the eddy covariance method from November 2020 to October

2022. We first revealed the seasonal characteristics of carbon dynamics in the subalpine forest,

revealing the pattern of higher rates in summer and autumn and lower rates in winter and spring,

and found that autumn is the peak period for carbon sequestration in the subalpine forest.

Subsequently, we explored the climatic factors influencing the carbon sequestration function. The
PCA analysis show that photosynthetically active radiation (PAR) was major climatic factor
driving the net ecosystem exchange (NEE), significantly influencing forest and carbon absorption.

The spatial distribution of NEE was significantly positively correlated with temperature, while the

average annual precipitation shows a minor effect on NEE at the regional scale. At the annual

scale, the subalpine forest was a strong carbon sink, with an average NEE of -342 ¢ C m™ (from

November 2020 to October 2022). Despite the challenges caused by climate change, forests

remain a robust carbon sink, currently, they are the ecosystems with the highest carbon

sequestration capacity in the QTP, with an average annual CO, absorption rate of 368 gC m™. this

study provides essential insights for understanding the carbon cycling mechanism in plateau

ecosystems and the global carbon balance. We propose that, to positively influence global carbon

cycling and promote "carbon neutrality and peak carbon," strengthening the protection and
management of subalpine forests is crucial. Although our research has shown that these forest is
currently playing a role in continuous carbon absorption, there are significant data gaps on the
Qinghai-Tibetan Plateau. Therefore, it is essential to enhance continuous monitoring of forest
carbon absorption processes in the future tn-this—stady—we—investigated-the-earbon—-sequestration-
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1 Introduction

Carbon dioxide (COy) is a prominent greenhouse gas, and its atmospheric concentration has

reached an unprecedented high level in recent years, in May 2021, a recorded peak of 419 parts

per million (ppm) was observed at the Mauna Loa Observatory in Hawaii (Stein, 2021).with—a-
recorded—pealk—ef419—parts—per—million—(ppm)- The global atmospheric CO, concentration is

rapidly increasing at a rate of 2 to 3 ppm per year, compared to pre-industrial levels, the average

lobal temperature has already risen by 1.1°C by 2019 (World Meteorological Organization

2019). Human activities have been the primary catalyst behind the significant surge in
atmospheric CO, concentrations (Schweizer et al., 2020).Extensive—research—econdueted—by-
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Stein;—2021H- CO; and CHy collectively contribute approximately 70% to the global warming
potential among the six greenhouse gases specified in the Kyoto Protocol (Zhang et al., 2022). As
atmospheric CO» concentrations continue to rise, global climate warming is gradually intensifying.
Therefore, The Paris Agreement urges national governments to restrict the increase in global
average temperature to well below 2.0 °C above pre-industrial levels and to strive to limit it to
1.5 °C. The increasing atmospheric CO> levels will lead to irreversible ecological disasters. For

instance, the concentration of CO> in the atmosphere is projected to double within approximately

50 years if global consumption of fossil fuels continues to rise at the current rate;—the-

. Addressing the

greenhouse effect caused by carbon dioxide and reducing its impact is a crucial challenge facing
human society today. Reducing regional carbon emissions or per capita carbon emissions is
widely regarded as an effective approach to carbon reduction (Wang et al., 2023a). Nevertheless,
countries around the world have already begun to commit to carbon reduction and carbon
neutrality efforts. On September 22, 2020, during the 75th session of the United Nations General
Assembly, the Chinese government announced "double carbon" goals, which aim to achieve
carbon emission peaking by 2030 and carbon neutrality by 2060, in alignment with ecological
conservation and sustainable development objectives (Yu, 2022). It is predicted that China's
average forest carbon sequestration rate will reach 0.358 Pg C year'! (petagrams of carbon per
year) by 2060 (Cai et al., 2022). This significant rate of carbon sequestration is expected to have a
substantial impact on the environment and economy, providing negative feedback to global
warming (Pan et al., 2011).

Currently, there are various methods available to accurately quantify the carbon sequestration

potential of forests, each with its advantages and disadvantages.Ferests-eever-approximately30%-

sequestration—potential-of forests: Quantitative estimation of carbon sequestration potential still
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requires scientists to establish more in-situ sites and generate comprehensive datasets to assess a
wide range of areas. Initially, individuals' biomass measurements were used to estimate forest
carbon sequestration capacity (Ebermayer, 1876). However, this method was time-consuming,
labor-intensive, and prone to inaccuracies due to the omission of various variables during the
calculation process. The development of modeling techniques allowed for the use of simulation
methods - forest management models and land ecosystem-climate interaction models, such as the
Ecological Assimilation of Land and Climate Observation (EALCO), have been widely applied in
this regard (Landsberg and Waring, 1997; Wang et al, 2001). Currently, remote sensing
monitoring and the eddy covariance method are widely used. Remote sensing techniques can be
used to extract vegetation parameters (such as NDVI) from multispectral bands and estimate the
carbon sequestration of entire forests through regression analysis (Laurin et al., 2014). The eddy

covariance (EC) method, allowing continuous, long-term carbon flux calculation, provides

fundamental data for model establishment and calibration. It is widely applied across ecosystems,

including urban areas, farmlands, grasslands, forests, and water bodies (Konopka et al., 2021;

Vote et al.. 2015; Du et al., 2022a; Kondo et al., 2017; Li et al., 2022).Fhe-theoretical-foundation-

The forest ecosystem's Net ecosystem exchange (NEE) of carbon dioxide is influenced by

multiple environmental factorsNet—Eeesystem—Exchange—(INEE)—of—ecarben—dioxide—is—a-

studies have shown that NEE is significantly influenced by air temperature (AT),
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photosynthetically active radiation (PAR), vapor pressure deficit (VPD), relative humidity (RH),

and soil temperature (ST) (Liu et al., 2022). For instance, temperature variables, especially annual

or seasonal average temperature variations, serve as the optimal single predictor for carbon flux,

explaining variations in carbon flux between 19% and 71% (Banbury Morgan et al., 2021).

Photosynthetically active radiation not only influences the absorption of carbon dioxide by the

forest canopy but also affects the utilization of carbohydrates by roots due to its association with

canopy processes and soil respiration (Baumgartner et al., 2020). Furthermore, research suggests

that the NEE is influenced by biotic factors such as NDVI (Normalized Difference Vegetation

Index) and LAI (Leaf Area Index) (Tang et al., 2022). Given the projected future global warming

trends, the role of forests as a vast carbon reservoir becomes highly significant and worthy of
attention. The Qinghai-Tibet Plateau (QTP) is the highest and largest plateau in the world, with an
extensive area of alpine forests covering approximately 2.3 X 10° km?. These forests hold

tremendous economic and ecological benefits. The southeastern region of the QTP boasts one of

the world's highest-altitude alpine forest ecosystems. Research indicates that the alpine forest

ecosystem in this area has a remarkable capacity to consume methane, reaching up to 5.06 kg ha’!

yr'!, and playing a significant role in mitigating the impact of greenhouse gases (Qu et al., 2023).

Since the 1960s, the QTP has experienced a faster warming rate than lowland areas. It is projected
that this phenomenon will be intensified by the end of the 215 century (Li et al., 2019). Currently,
the QTP is considered a weak carbon sink at the overall level, but the carbon source-sink
dynamics vary among different ecosystems (Chen et al., 2022). For instance, most lakes in the
QTP are currently characterized by supersaturated CO; levels (Cole et al., 1994). Mu et al. (2023)
found that the thermokarst lakes serve as significant carbon sources through carbon flux

measurements in 163 thermokarst lakes during the summer and autumn seasons. Wang et al. (2021)

discovered that these ecosystems act as sinks for carbon dioxide by comparing carbon fluxes in

ten high-mountain ecosystems with different grassland types.Wang-et-al(2021);-discovered-that

high-meuntain-ecosystems-with-differentgrassland-types: The alpine meadows in the eastern QTP

were identified as strong carbon sinks, with the highest annual average NEE recorded at -284 g C

m2. Forest ecosystems play a crucial role in the south-eastern edge of the QTP, providing
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important support for climate regulation and forestry-based economic activities. Moreover, recent

predictive studies suggest that under both current and future climate scenarios, the forested area in

this region is expected to expand further, with coniferous forests continuing to grow into higher

altitudes (Liu et al., 2021). Due to the extensive presence of permafrost in the QTP, forest net

primary productivity exhibits a most pronounced response to surface temperatures in the

continuous permafrost zone over multiple years. Therefore, the changes in permafrost in the QTP

should not be overlooked, as they also have a significant impact on carbon absorption by forests

(Mao et al., 2015). However, the QTP is a vast region with a widespread distribution of

high-altitude and subalpine forests. Researchers need to conduct long-term monitoring to
understand how these forests will respond to climate change. Furthermore, there is a significant
data gap concerning the monitoring of carbon exchange capacity in the forests of the QTP,
indicating the need for further data collection efforts. Based on this, we have established a carbon
flux monitoring site in the subalpine ecosystem of the Three Parallel Rivers Region, which is
located on the south-eastern edge of the QTP and lies in the transitional zone between the QTP
and the Yunnan-Kweichow Plateau and is renowned as a global hotspot for biodiversity (Wang et
al., 2022). Our research objectives are as follows:
1) Determine whether the subalpine forests in the Three Parallel Rivers Region act as a carbon
sink or source, and quantify the annual uptake or release of carbon dioxide;
2) Investigate the main environmental factors influencing the carbon exchange process in the
subalpine forests and identify the factors with the greatest impact;

3) Since the carbon sink potential of forest ecosystems in the QTP is currently unknown, we

evaluated the carbon exchange capacity of subalpine forests by comparing existing data with

other ecosystems in the QTP.Assess-the-earbon-exchance-eapacity-of-the-subalpiretorests—-
comparison-to-other-ceosystems-of-the-QTFP-

This study will provide a data foundation and background support for accurately estimating

the carbon balance of forests in high-altitude areas and for model simulations in the future.
2 Materials and Methods

2.1 Overview of the study site
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The study site is located in the Hongla Mountain Yunnan Snub-nosed Monkey National
Nature Reserve in Mangkang County, Tibet, China (29.28633°N, 98.69096°E), the core area of
the Three Parallel Rivers (Nujiang River, Lancang River, and Jinsha River) Region. The elevation
of the study site is 3755 m. The observation period was from November 2020 to October 2022.
The study area experiences large diurnal temperature variations and dry conditions in winter,
while the summers are warm and humid. Fhe-elimate-of-the-region-is-characterized-as—atypieal-
rmeuntainous-elimate—The average daily sunshine duration exceeds 10 h, with an annual average

temperature of 5 °C and an average annual precipitation of around 600 mm_(Niu et al., 2023). The

main tree species in the area include Picea likiangensis var. rubescens, Abies squamata, Sabina

tibetica Kom, and Abies ernestii. They are accompanied by the growth of some Quercus

aquifolioides, Rhododendron lapponicum, and Potentilla fruticosa shrubs. The average height of

the trees is below 30 meters. and the forest is in a relatively active growth phase, reaching the state

of a mature forest. The vegetation coverage ranges from 70% to 80%.Fhe—vegetation—coverage-

- The dominant soil type is

yellow-brown soil. The mountainous terrain contributes to distinct vertical climate characteristics

and significant variations in water and heat conditions. Characterized by numerous dry and hot

river valleys and widespread distribution of canyons, the climate in the study area exhibits a clear

impact from the southwest and southeast monsoons. The varying elevations give rise to diverse

ecosystems, transitioning from alpine forests to mountain shrubs, and above 4000 meters, high

alpine grasslands and meadows, forming a noticeable vegetation transition zone. The mountainous

topography results in evident vertical climate features and significant fluctuations in water and

heat conditions, with precipitation showing a pronouncedly uneven distribution throughout the

region (Zemin et al., 2023).Fhe-study-stte-ts-loecated-in-the-core-area-ot-the-ThreeParallel Rivers-
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218 Figure 1. location of the flux site (a). Ecosystem types (b) and main rivers (c) in Three Parallel

219 Rivers Region. Flux tower (d) and forest top view (e). (The national boundary range in the figure

220 was retrieved from the http:/bzdt.ch.mnr.gov.cn, elevation data, and ecosystem type from
221

222

223 2.2 Eddy covariance system
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The flux data in this study were collected from a 35 m-high tower located at the study

the top of the tower, a 3-D wind velocity (Wind Master, Gill, UK) and an open-path infrared

CO2/H20 analyzer (LI-7500DS, Li-Cor, USA) were installed to measure CO> flux. The

instruments had a measurement frequency of 10 Hz. Fhe-instroments-had-a—response-frequeney—of

+0-Hz: Additionally, micro-meteorological sensors were placed at different heights on the tower,

including sensors at 15 m for observing air temperature and humidity (HMP155A, Vaisala,

Finland), sensors at -5 cm for soil temperature (TEROS11, LI-Cor, USA). and sensors at 35 m for

photosynthetically active radiation (LI-190R, LI-Cor, USA).ineluding—sensers—for-observing—air

HSAY—and—photosyntheticaty—aetive—radiatton—(HH90R—H-Cor—USA):  among  other

environmental variables. All data were recorded at 30-m intervals and stored in a SmartFlux 3 data
logger (Li-Cor, USA) for future download.
2.3 Data processing and quality control

When considering only the turbulent transport of matter and energy in the vertical direction,

the carbon dioxide flux (Fc) can be represented by the following equation (Yu and Sun. 2006;

Monteith et al., 1994):F4

E.=W'CO, (1)

Where W' is the vertical component of 3-D wind speed fluctuations (m s™!), and CO»' represents

the fluctuations in measured CO, mole concentration. A positive Fc indicates carbon emissions,

while a negative value represents carbon uptake.Where - represents—the—vertical-component-of

10
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The acquired 10 Hz raw data was processed and corrected using the EddyPro software

(EddyPro 7.06, Li-Cor, USA). The calibration processeerreetion-proeess involved outlier detection

for flux data, lag elimination, coordinate rotation (Jia et al., 2020), ultrasonic temperature
correction (Schotanus et al., 1983), frequency correction (Moncrieff et al., 1997), and

Webb-Pearman-Leuning (WPL) correction (Leuning and King, 1992), After these controls, the

integrity of the effective FC raw valid data we obtained reached 92.95 %. We removed outliers

caused by environmental disturbances such as power outages, rain, snow, and dust particles that

interfered with the instrument. Due to the slope of the underlying surface being around 5 degrees,

we also corrected from non-uniform and non-flat surfaces using EddyPro for double coordinate

rotation (Cao ct al., 2019). We-also—corrected—crrors—resulting—from-npon-untform—and-non-fat-
wnderlying—surfaces—{(Cao—et—al5—2019)As a result, we obtained half-hourly flux data with

associated data quality indicators. To evaluate the turbulence steadiness, we employed the "0-1-2"

quality assessment method, which classified flux results into three quality levels: 0 for excellent

data quality, 1 for moderate data quality, and 2 for low data quality (Mauder and Foken, 2011;

Foken et al., 2005 yMeauder-and-Foken;2641H. We removed data points labeled with a quality level

of "2". We further eliminated flux data with negative values during nighttime since plants do not
perform photosynthesis at night. Additionally, we conducted spectral analysis to identify and

remove data points with values significantly deviating from normal. Finally, friction velocities (u*)

for each of the two years were determined separately using the method of moving point, and

deleted data recorded during nighttime when u* was less than 0.28 and 0.39 m s! (Reichstein et al.,

2005). After excluding outliers from the data, the data integrity is 72.67%. Tovi software (Tovi,

Li-Cor, USA) was used in the process.Einallys—weutilized-thefriction—veloeity (B*)-as-a-eriterion

When turbulence is weak, a portion of CO; is stored in the vegetation canopy and the

atmosphere below the measurement height. At this time, the NEE is calculated as (Zhang et al.,

2018):NEE-o+-€0O- can-be-represented-by-the-foHowing:

NEE = F. + F, (2)

11
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Where NEE represents the net ecosystem exchange of CO», Fc stands for the observed flux during

a specific period, Fs represents the CO; storage in the forest canopy, Fs is calculated as (Ac/At)-h,

where Ac is the difference in CO; concentration between two consecutive measurements, At is the

time interval between two consecutive measurements, and h is 35m.

We adopted the following formula as a gap-filling strategy for daytime NEE (NEEgay)

concerning PAR. aiming to address missing values during the daytime (Falge et al., 2001):
Vhere-NEE-represents-the-net-ecosystem-exchange-of- COx;-Fo-standsfor-the-observed-thex-during-
a-speetbie-time-periods-Es-represcnts-the-COz-storage-in-the-forest-canopy-which-is-assumed-to-be-
W, I the Michaelis M el Gt the_davtime NEE (NEE " PAR
ST . | Lrine the-davii ol L_2001):

a-PAR-P_
NP = paRs P

- Rday 3)

where: a (umol CO»/umol PAR) represents the apparent photosynthetic quantum efficiency, which
characterizes the maximum efficiency of converting light energy during photosynthesis. PAR
(umol m? s is the photosynthetically active radiation, a measure of the amount of light energy
available for photosynthesis. Pmax (umol CO2 m s7!) is the apparent maximum photosynthetic rate,
representing the maximum CO; uptake rate under optimal conditions. Raay (tmol CO, m? s) is
the daytime dark respiration rate, which denotes the rate of CO; release during daylight hours. The
parameters 0.a; Pmax, and Raay are obtained through the non-linear fitting of the Michaelis-Menten
model to the observed data.

During the nighttime, the NEE is modeled using an exponential function of ecosystem
respirationrespiratien and soil temperature to fill in the missing values of NEE during the night

(NEEnign) (Lloyd and Taylor, 1994; Kato et al., 2006):

NEE ., = a-exp™ (4)

The parameters a and b are estimated values for the exponential function used in modeling
NEEnign. The variable ¢ represents the soil temperature measured at the depth of 5 cm. Origin 2023

(Originlab_Corporation, USA) is the data processing software used for this analysis. For the

missing data, interpolation was performed using Tovi software allows for data interpolation to fill

12
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E-Cor USA)-that-alews—for-datainterpelationto—fillin-the-gaps and ensure a continuous dataset

for further analysis (Reichstein et al., 2005)._27.33% of missing data were interpolated, The final

flux data achieved a data integrity of 100%.

In flux analysis, the significance of source area contributions cannot be overlooked. In this

study, the peak distances of the 90% flux contribution areas averaged over two years are 364.2 and

357.1m, respectively. Looking at seasons, the average peak distances of the 90% flux contribution

areas for winter, spring, summer, and autumn over the two years are 353.9, 358.2, 350.05, and

344.34m, respectively.

2.4 Flux partitioningFlax-splitting

Ecosystem respiration (RE) is the sum of plant and heterotrophic respiration in an ecosystem
and is obtained by adding the measured nighttime data to the extrapolated daytime data. Gross
primary productivity (GPP) is the total amount of organic carbon fixed by green plants through
photosynthesis per unit of time and per unit of area:

RE=RayTRuignt (5)
GPP=-NEE+RE (6)
Carbon use efficiency (CUE) is a crucial parameter that reflects the ability of an ecosystem to

sequester carbon. It is defined as the ratio of net ecosystem productivity (NEP) to gross primary

productivity.
CUE can be expressed using the following equation:

_NEP _ NEE
CUE= GPP  GPP (7)

To study the wvariation of ecosystem respiration rates with environmental
factorsenvironmental—econditions, we considered the dependence of nocturnal ecosystem
respiration on soil temperature (Pavelka et al., 2007, Mamkin et al., 2023):

Qio=exp (10-0) (8)
In (NEEnigh)= o T+y (9)

Where T is the soil temperature (°C) and y is an empirical parameter of the equation.

13



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

To clarify the carbon sink potential of forests in the QTP and to compare it with other

ecosystems, a search was conducted in two authoritative databases, Web of Science and China

National Knowledge Internet, for research articles on the current utilization of EC systems in the

QTP. A total of 82 research results were collected from 48 studies, and their annual average

environmental factors, such as air temperature, precipitation, and altitude, were obtained.

3 Results
3.1 Daily average changes in main environmental factors

During the observational period, the environmental conditions exhibited significant
fluctuations. The winter and spring seasons were characterized by cold and dry conditions, while
the summer and autumn seasons were warm and humid. The daily maximum air temperature (AT)
recorded was 15.87 °C (on June 15, 2021), and the minimum temperature was -9.88 °C (on

January 17, 2022), with an average of 5.5 °C over the two years. The relative humidity (RH) with

an annual average of 55.89%. The vapor pressure deficit (VPD) with an annual average of 4.46

hPa. Soil temperature (ST) exhibited a similar trend to air temperature. The highest observed soil

temperature was 13.53 °C (on June 27, 2021), while the minimum was -3.78 °C (on January 18

2022), with an annual average of 6.11 °C. Photosynthetically active radiation (PAR) with an

annual average of 447.24 mol m? s Fhe—relativehumidity(RH)—ranged—from—a—maximum—of

14
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Figure 2. Daily values of main environmental factors, air temperature (AT), relative humidity

(RH), vapor pressure deficit (VPD), soil temperature (ST), and Photosynthetically active radiation

(PAR). (The data of the shadow part in the figure comes from the Ranwu forest site (Figure 1).

Since there was no interpolated data source for VPD, the annual average was used instead.)(Fhe-

3.2 The seasonal variations in NEE, RE, and GPP

The observations from the forest ecosystem indicate distinct diurnal and seasonal variations
in NEE and GPP. The NEE and GPP exhibit a pronounced U-shaped curve, with significant
seasonal differences. The summer and autumn are characterized by peak carbon uptake, with the
maximum NEE reaching—0-78—ume-COr—m~ s (12:30;—autumn). During the nighttime, the
ecosystem generally releases carbon, while during favorable daytime meteorological conditions, it
demonstrates a carbon uptake capacity. The peak carbon absorption of the forest ecosystem occurs
from 12:00 to 15:00 (Beijing time, UTC+8:00){Beijing—time;—UBFC+8:00). daily carbon

sequestrationThe-earbon-—sequestration—period in summer and autumn is 1.5-3 hrs longer than in

winter. The timing of maximum carbon sequestration capacity changes with each season. In
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winter, the transition from nighttime carbon release to daytime carbon uptake occurs around 08:30,

which is approximately 1 hour later than in summer. GPP characterizes the forest's carbon

sequestration capacity, and since photosynthesis does not occur at night, GPP is zero during

nighttime. The maximum daily total productivity is recorded at 14.76 + 7.34 umol CO, m? s!

during the summer of the second vear, with a standard deviation indicating greater variability in

GPP _and NEE during the summer and autumn compared to the winter and spring. Although

diurnal variations in RE are relatively small, there are significant seasonal differences. During the

night, when only respiration occurs, RE equals NEE. However, as photosynthesis becomes active

during the day, RE gradually increases and stabilizes. The respiratory rate of the coniferous forest

is highest in autumn, being eight times greater than in winter.Ja—winter—the—transition—from-
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Figure 3. Monthly mean values of carbon fluxesEigure-3-The-monthby—variations-in-earbon-fluxes

3.3 Relationship between NEE and main environmental factors

The PCA analysis of two years of NEE and environmental factors (Figure 4) indicates that

the explanations for the first principal component (PC1) and the second principal component (PC2)

are essentially the same between the two years. The total contributions of PC1 and PC2 are 87.7%

and 87.5%. respectively, with PC1 accounting for 64.0% and 64.6% individually. The angle

between photosynthetically active radiation (PAR) and PCl is minimal, suggesting a strong

correlation between PAR and PC1. Additionally, PAR and VPD contribute the most to PC1, while

AT and RH contribute the most to PC2. The analysis results reveal a significant positive

correlation between NEE and RH, while a significant negative correlation is observed with AT,
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VPD., and PAR. This implies that an increase in RH is unfavorable for the forest's absorption of

carbon dioxide. Among these environmental factors, PAR plays a dominant role. Furthermore, the

figure illustrates the relationships between environmental factors, showing a positive correlation

between RH and TA, and a negative correlation with VPD and APR. The indicators exhibit some

seasonality, with notable differences between the winter-spring and summer-autumn seasons,

indicating limited similarity between seasons.The-fittingresults-between NEE-and-environmental-
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Figure 4. Principal component analysis of environmental factors and NEEEisure-4-Relationship-

| NEE and-smai . L
3.4 Seasonal variation characteristics of NEE, GPP, and RE

The NEE—+ate did not show significant inter-seasonal differences (Figure 5). However, data

distribution indicates that the variability in NEE rate differs across different seasons. particularly

between summer-autumn and winter-spring. Hewever—data—distribution—indicates—that—the-

=}. The changes in GPP over the

two years were similar, with significant differences observed between summer and winter
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(P<0.05). The RE was higher during summer-autumn compared to winter-spring. The highest

ecosystem respiration occurred in the first year during autumn, while in the second year, it was

highest during summer. Within the same vyear, summer and autumn exhibited significant

differences (P<0.05), while between the same seasons in different years, notable distinctions were

not observed.w

in-the-seeond-yearit-was-highest-during-summer: This pattern is also reflected in GPP and NEE.
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Figure 5. Seasonal variation of carbon fluxes

3.5 Changes in total NEE, GPP, RE, and CUE
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The cumulative fluxes over the two years for the forest ecosystem are shown in Figure 6.

NEE indicates the net carbon sequestration in each month. The cumulative respiration reached its

highest value of 361 ¢ C m?2 in the summer of 2022. The total NEE. GPP. and RE for the first year

were -332. 1121, and 788 g C m™=. respectively, and -351, 1199. and 847 ¢ C m™? for the second

year, respectively. The CUE was higher during the spring and lower during the autumn, with a

maximum value of 0.74 and a minimum value of 0.07. The average CUE over the two years was

0.40 and 0.35. respectively. Fhe-cumulative-respiration-reached-its-highest-value-of-36323-0-C-m~-
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Figure 6. Change in total carbon flux and carbon use efficiency

3.6 The carbon sequestration potential of subalpine forests of QTP
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To clarify the carbon sequestration contribution of the subalpine forests found in the QTP, we
compared these research results (Figure 7). Found that ecosystems with high vegetation cover
exhibited higher annual cumulative carbon sequestration. Among these ecosystems, the subalpine
forests in the QTP showed the highest carbon sequestration potential, reaching an average of
36839+48 g C m? per year. The carbon sequestration potential of different ecosystems ranked as
follows: forest > meadow > steppe > shrub. The average value for wetlands indicated that they are
a significant source of CO», releasing 5756:93 ¢ C m? into the atmosphere annually. We also
analyzed the influence of altitude, mean annual air temperature, and precipitation on NEE at these

sites in the QTP. It has been observed that these sites cover a wide range of altitudes, ranging from

1977 to 4800 m. According to existing results, an increase in elevation may lead to a reduction in

carbon uptake, while the range of mean annual temperature varies between -14.8 to 15.1 °C, and

higher mean annual temperatures significantly increase carbon uptake. Forests exhibit the highest

mean annual precipitation, averaging 827 mm. with mean annual precipitation having a relatively

weak impact on the NEE.

antual-preeipitation-had-a—weak-influence-onNEE: These findings highlight the important role of

subalpine forests in carbon sequestration in the QTP and provide insights into the factors that

affect carbon exchange in the QTP, such as altitude, temperature, and precipitation.
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Figure 7. Carbon exchange potential of different ecosystems in the Qinghai-Tibet Plateau
4 Discussion

4.1 Main factors affecting the carbon sequestration function of subalpine forests

Climate change significantly affects the vegetation's carbon sequestration capacity,
particularly at the seasonal scale due to phenological changes (Acosta-Hernadndez et al., 2020). In

the short term, these factors (PAR., AT, RH. and VPD) play important roles in regulating

vegetation photosynthesis and, consequently, carbon uptake. For instance, PAR representing the
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portion of solar energy that can be utilized by plants and is an essential component in chloroplast

reactions. PAR drives a nonlinear response of GPP to Solar-induced fluorescence (SIF) across

different seasons, resulting in a strong positive correlation between GPP and SIF (Wang et al.,

2023b). VPD affects photosynthesis and transpiration of leaves, with stomata serving as tiny pores

mediating carbon dioxide uptake. Research has demonstrated that excessive increases in VPD are

detrimental to photosynthesis. For instance, a moderate increase in VPD significantly reduces

photosynthetic _efficiency under light fluctuations , due to changes in RH and/or AT often

accompany fluctuations in light, studies also indicate that the impact of VPD on sunlight

utilization efficiency is primarily determined by relative RH rather than AT (Liu et al., 2024), In

different seasons, the same influencing factors exhibit varying degrees of contribution to NEE. For

example, during winter, when the climatic conditions are relatively harsh with low air temperature

and humidity, the forest maintains a low level of carbon uptake.Climate-change-is-the-significant

- On longer time scales,

such as annual and decadal variations, the inherent changes in forest NEE may be attributed to

disturbances and recovery (Hayek et al., 2018). In this study, significant differences in ecosystem

respiration _were observed during the summer and autumn in different years. Past research

suggested that due to leaf aging or water stress, the photosynthetic light use efficiency of the
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ecosystem peaks after spring leaf expansion and gradually declines (Wehr et al., 2016). This

implies a peak in carbon exchange during the summer, followed by higher productivity and

ecosystem respiration in the following seasons. The variation in different years may be attributed

to rainfall regulating the availability of natural resources such as water, biomass, litter, and soil

nutrients (Schwinning and Sala, 2004). For instance, in temperate forests, when microbial biomass

undergoes seasonal changes, microbial activity exhibits a seasonal lag in response to temperature

variation, resulting in a seasonally delayed effect between litter heterotrophic respiration and

temperature (Ataka et al., 2020). Whether such differences persist between different years on

longer time scales remains to be demonstrated through more sustained and detailed research in the

future. Ecosystem respirationReseareh—by—Amiro—(200H—has—demeonstrated—that—distarbanees-

sensitivity to
temperature is represented by the Q1o coefficient. In this study, seasonal variations influenced the
magnitude of Q1o (as shown in Figure 8). The calculated Q1o for each season are as follows: 9.025,

2.22, 2.71, and 4.48. The winter season exhibited the highest sensitivity of forest ecosystem

respiration to temperature, indicating that respiration rates in the winter are more responsive to

changes in temperature compared to other seasons. The main reason for such differences is that

ecosystem respiration consists of heterotrophic respiration and autotrophic respiration, which are
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typically governed by different factors (Edwards, 1975). For instance, the high activity of soil

microbes contributes to heterotrophic respiration, a process dominated by soil temperature and

moisture conditions, which are severely restricted during the cold and dry conditions of winter

(Falge et al., 2002). Simultaneously, due to the changing relative roles of egrowth and maintenance

respiration, the allocation of autotrophic respiration varies seasonally. In winter, soil CO;

emissions constitute a significant portion of ecosystem CQO; emissions, and in some boreal forests,

the ratio between the two can reach 0.6 or even higher (Davidson et al., 2006), In winter, under the

frequent coverage of snow, cold-adapted microorganisms thriving in a relatively narrow sub-zero

temperature range engage in respiration and exhibit relatively high sensitivity to warming or

cooling beyond this range (Monson et al., 2006). The seasonal patterns of the Q¢ value are jointly

determined by the variation in the ratio of soil respiration to ecosystem respiration, reflecting these

scasonal changes. Fhe—winter—scason—cexhibited—the—highest—sensitivity—of—forest—ceosystem-

Our integrated analysis (as shown in Figure 7) reveals that despite the high elevation of the

"Third Pole", the topographic factor of elevation does not have a significant impact on carbon
uptake. Instead, NEE gradually increases with a steep rise in elevation. Research conducted by

Wang et al. (2023¢)WANG—et-al{2023b), indicates that mean annual average temperature and

precipitation are the main driving factors of interannual variations in NEE in alpine meadows and
alpine steppes. Decreased precipitation resulting in a transition into carbon sources at some
regions with high precipitation-dependent alpine grasslands. It is worth noting that, among all data
collection sites, alpine wetlands show an average carbon source trend. Due to prolonged flooding
and low temperatures, microbial activity in alpine wetlands is hindered, and the accumulation of
organic carbon from plant litter decomposition is substantial. As a result, approximately 575693 g
C m? is emitted into the atmosphere annually. Previous studies have indicated that NEE in alpine

wetlands is increasing with global warming (Yasin et al., 2022).

26




576

577
578

579

580

581

582

583

Winter Spring
= In (ER)=0.22ST-0.55 In (ER)=0.08ST-0.47
= R?=0.69 R2=0.12
~—
s T/.\ 61 Summer Autumn
g @ In (ER)=0.108T+0.13  In (ER)=0.15ST-0.23
N e
5 R?=0.31 R’=0.61
S E 4_
£ 3
2 E
2 =
> 2 5
@)
Q
82
O L] L] L) L] L] L] L] L) L] L]
-4 -2 0 2 4 6 8 1012 14 16
(0]
ST (°C)
2.0q ... 2.5 .
Winter Spring
1.64 In (RE)=0.22ST-0.55 2.0 In (RE)=0.08ST-0.47
2__ 2_
1 2] R>=0.69 || R=0.12
0.8
= 0.4 1
*é — 0.51
3 v 0.04
7N N 0.0
g4t
E'E 9 -4 -2 0 2 4 68 42 0 2 4 6 8 10
% = 3 Summer - Autumn
? = -] In (RE)=0.10ST+0.13 6' In (RE)=0.15ST-0.23
S 2 1 p2_
o 6-R 0.31 5_R 0.61
5.
44 .
3 39
24 21
1] 11
2 4 6 8 10 12 14 16 4 6 8 10 12 14 16
ST (°C)

Figure 8. Relationship between NEEnight and soil temperature in different seasons
4.2 Sustained carbon sequestration of subalpine forests
Subalpine forests are integral components of global alpine ecosystems and play crucial roles
in the global carbon cycle. Our study on subalpine forests demonstrates a continuous absorbing of
carbon dioxide even during winter, which aligns well with measurements taken in the vicinity of

Mount Fuji in Japan (Mizoguchi et al., 2012). The age of subalpine forests is a crucial factor

27



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

influencing sustained carbon sequestration. Based on NPP simulations of natural subalpine forests
in the Northern Rockies, Carey. (2001) found that aboveground net primary productivity reaches
its maximum after approximately 250 years, followed by a decline, this challenges the previous
view that forests older than 100 years are generally considered to be unimportant carbon sinks.

Compared to the forest (mature forest) of Mount Gongga in the QTP (e.g., Zhang et al., 2018), the

subalpine forest in this study exhibits a stronger carbon sequestration capacity. However, its

carbon sequestration ability is slightly weaker than that of the Qilian Mountains high-mountain
forests (approximately 60-70 years old) in the QTP (Zhang et al., 2018; Du et al., 2022b).
Although existing flux monitoring results of high-altitude forests in the QTP indicate that these
forest ecosystems act as carbon sinks, it is important to consider that globally there are still many
cold regions with coniferous forests serve as carbon sources. For example, continuous CO: flux
monitoring from native boreal forests in Sweden for over 10 years indicates that they are a net
carbon source, which is attributed to the contribution of woody debris to RE due to disturbances
such as extreme weather events, fires, insect infestations, and pathogen attacks (Hadden and
Grelle, 2017). In the summer of 2018, Europe experienced a heatwave that affected the carbon
cycling in forests. The mixed coniferous-deciduous forest in southern Estonian, under the
influence of the heatwave, transitioned from a net carbon sink to a net carbon source in 2018
(Krasnova et al., 2022). Particular attention should be paid to the long-term monitoring in
high-altitude environments of the impact of disturbances on forest carbon sequestration capacity.
Our study has shown that forests in the QTP have the strongest carbon sink capacity, indicating
that alpine forests will have an important sustained effect on carbon reduction in the QTP in the
context of future climate change, but whether this sustained effect will be longer than other
ecosystems is still unknown. However, a modeling experiment in a large semi-arid area of
California predicted that grasslands are more resilient carbon sinks than forests in responding to
climate change in the 21st century (Dass et al., 2018). In terms of carbon sequestration rate, forests
in the QTP were significantly stronger than other ecosystems, followed by grasslands, while
alpine deserts and alpine grasslands in the north-western and southern regions were the main
carbon sources (Wu et al., 2022). Forests are mostly distributed in the south-eastern margin of the

QTP and the mid-altitude area near 3000 m in the Sichuan-Tibet alpine gorge area, with an area of
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19.3 x 10* km? (Yu et al., 2022)(¥—et-ak2022). Based on the average value of a few current

carbon flux monitoring, the forest in the QTP will absorb about 71x 10° Mg C year™.
5 Conclusion

This study explores the carbon sequestration function, seasonal variations, and climate
drivers of subalpine forests in the QTP. Over the observational period, We synchronously
monitored ecosystem carbon exchange and primary environmental factors using an eddy
covariance system. The research reveals that the subalpine forest is a carbon sink, with a total

NEE, GPP, and RE of -332, 1121, and 788 g C m™, respectively, and -351, 1199, and 847 ¢ C m?

for two years, respectively.with-a—total NEE-GPPand RE-6f358-65-1H59.-60and-802-67s-C-
me—respeetivelyr—and—4H 94126596 —and—846:55— o C—m~ for—two—vears—respeetivehs

Photosynthetically active radiation was identified as the primary control of NEE. The NEE did not

exhibit significant differences across seasons. Combining results from other eddy covariance sites
on the QTP, this study highlights those forests have the highest carbon sequestration potential,
reaching 368 ¢ C m™ annually, followed by meadows, steppes, and shrubs. Wetlands, however,
were identified as a substantial carbon dioxide source. Despite the challenges posed by climate
change, the subalpine forests in the QTP retain substantial carbon sequestration potential.
Strengthening conservation and management efforts for subalpine forests is crucial to ensure their
continued and significant carbon sequestration function in the future. Overall, this research
underscores the vital role of subalpine forests in the QTP as essential carbon sink regions, playing

a critical role in the context of global climate change.
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