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Abstract
The Tianshan Mountains are an important ecological security barrier and car-
bon sequestration site in western China. As the dominant species of Tianshan
forests, Picea schrenkiana has a carbon sink function that directly affects the
regional carbon storage pattern and cycling processes, making it a key factor in
the carbon balance of the Tianshan forest region. To clarify the characteristics
and influencing factors of carbon fluxes in Tianshan spruce forests, carbon flux
observations were conducted in May 2023–2024 at the Xinjiang Tianshan Forest
Ecosystem National Observation and Research Station based on the eddy co-
variance method. The results showed that: (1) the spruce forest on the northern
slope of the middle Tianshan Mountains in Xinjiang generally functioned as a
carbon sink, with an annual carbon sink of 635.633 𝜇mol・m-2, and the diurnal
variation in CO2 flux showed a “U”-shaped pattern, ranging from −36.82 to
13.02 𝜇mol・m-2・s-1; (2) the flux contribution area was concentrated from the
northwest to the southwest, consistent with the prevailing wind direction and
vegetation-covered areas, indicating that the spatial distribution of fluxes was
jointly regulated by biological and meteorological factors; (3) temperature was
the key environmental factor regulating the carbon source/sink status of this
system. On the monthly scale, air temperature and photosynthetically active
radiation jointly dominated changes in net ecosystem exchange, whereas on the
daily scale, the dynamics of net ecosystem exchange were driven by soil temper-
ature through regulation of the diurnal rhythm of ecosystem respiration. This
study provides data support for accurately assessing the carbon sink capacity
of the Tianshan Picea schrenkiana ecosystem.
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rier and carbon-sink site in western China. As the dominant tree species of
Tianshan forests, Schrenk spruce directly affects the regional pattern of car-
bon storage and cycling processes through its carbon-sink function, and is a
key factor in the carbon balance of the Tianshan forest region. To clarify the
carbon-flux characteristics of Tianshan Schrenk spruce forests and their influ-
encing factors, carbon-flux observations were conducted in May 2023—2024 at
the National Station for Positioning Observation and Research of the Tianshan
Forest Ecosystem in Xinjiang using the eddy covariance method. The results
show that: (1) the Schrenk spruce forests in the middle section of the Tianshan
Mountains in Xinjiang generally functioned as a carbon sink, with an annual
carbon sink of 635.633 𝜇mol ⋅ m−2. The diurnal variation in 𝐶𝑂2 flux was “U”
-shaped, ranging from −36.82 to 13.02 𝜇mol ⋅ m−2 ⋅ s−1; (2) the flux contribu-
tion area was concentrated from the northwest to the southwest, consistent
with the prevailing wind direction and vegetation-covered area, indicating that
the spatial distribution of flux was jointly regulated by biological and meteoro-
logical factors. (3) Temperature was the key environmental factor regulating
the carbon source/sink status of this system. On the monthly scale, air tem-
perature and photosynthetically active radiation jointly dominated changes in
net ecosystem exchange; on the daily scale, the dynamics of net ecosystem ex-
change were driven by the diurnal rhythm of ecosystem respiration regulated by
soil temperature. This study provides data support for accurately evaluating
the carbon-sequestration capacity of Tianshan Schrenk spruce ecosystems.

Keywords: eddy covariance; Schrenk spruce forest; carbon flux; environmental
factors; Tianshan Mountains

Accurately quantifying the carbon sources and sinks of terrestrial ecosystems is
the scientific basis for predicting future climate-change trends and formulating
effective emission-reduction strategies[1]. Since the Industrial Revolution, at-
mospheric 𝐶𝑂2 concentration has risen from 0.495 ∼ 0.511 mg ⋅ L−1 to above
0.747 mg ⋅ L−1. This change has intensified global warming through the green-
house effect, making research on ecosystem carbon cycling a focus[2–3]. Among
terrestrial ecosystems, mountain ecosystems, because of their high complexity
and diversity, exhibit strong spatial heterogeneity and uncertainty in carbon-
cycling processes, and have an influence on the global carbon cycle that cannot
be ignored[3–4]. Therefore, revealing the laws of carbon cycling in mountain
ecosystems has become a key field in current global carbon-cycle research[5].

The eddy covariance method can conduct continuous, non-destructive, long-
term observations of material and energy exchange at the vegetation–atmo-
sphere interface, making it a key technique for directly quantifying net ecosys-
tem exchange (NEE) and its components—gross primary productivity (GPP)
and ecosystem respiration (ER)—at the ecosystem scale[6]. Based on this tech-
nique, scholars have made important progress in revealing the response pat-
terns of forest carbon flux to environmental factors. For example, studies have
shown that carbon exchange in boreal and subalpine forests is mainly driven by
energy factors such as temperature and photosynthetically active radiation[7],
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whereas carbon fluxes in coastal mangrove forests and other ecosystems are
more strongly regulated by moisture conditions, such as saturated vapor pres-
sure deficit and precipitation[8], revealing differences in the driving mechanisms
of different ecosystems. However, most studies have mainly focused on humid
and semi-humid climatic regions; understanding of the spatiotemporal charac-
teristics of forest carbon flux and its dominant influencing factors in arid regions
such as Xinjiang remains insufficient, which seriously constrains in-depth under-
standing of forest carbon-cycle mechanisms in arid regions.

Forests can absorb and fix atmospheric 𝐶𝑂2, serving as sinks, reservoirs, and
buffers for atmospheric 𝐶𝑂2. As key carriers of carbon sinks, the carbon-
sequestration efficiency of forests has irreplaceable strategic value for achieving
the global carbon-neutrality target[9]. The forest area of Xinjiang is 9.01 ×
106 hm2, and it is an important component of the northern forest belt of Cen-
tral Asia and the Eurasian continent, mainly distributed in the Altai Moun-
tains, the Tianshan Mountains, and major river valleys[10]. Schrenk spruce is
a characteristic evergreen tree species of the Tianshan Mountains and plays an
important role in carbon sequestration and water conservation[11–12]. As the
dominant tree species of the Tianshan forest region, dynamic changes in its
carbon source/sink potential play a key regulatory role in carbon storage and
cycling in the Tianshan Mountains[13]. Therefore, analyzing the spatiotempo-
ral dynamics of carbon exchange in Schrenk spruce forests and their influencing
factors, and quantifying their carbon budget,
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Clarifying the carbon sequestration potential of Xinjiang’s forests is of great
significance, and can also help China achieve its dual-carbon goals and actively
respond to climate change.

Accordingly, this study takes the Picea schrenkiana forest of the Tianshan Moun-
tains in Xinjiang as the research object. Based on eddy covariance observations,
it aims to address the following questions: (1) reveal the spatiotemporal vari-
ation patterns of carbon fluxes in the Tianshan Picea schrenkiana forest; (2)
clarify the characteristics of carbon uptake/release by the Picea schrenkiana
forest and the environmental influencing factors at different temporal scales.
The results will provide a scientific basis for deeper understanding of forest
carbon cycling mechanisms in arid regions, and for accurately evaluating the
carbon sink capacity of the Tianshan Picea schrenkiana ecosystem.
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1 Materials and Methods
1.1 Overview of the Study Area

The Xinjiang Tianshan Forest Ecosystem Station is affiliated with the National
Forestry and Grassland Administration’s forest ecosystem positioning research
network. It is located at 87°27′–87°29′E, 43°24′–43°26′N, and administratively
belongs to Banfanggou Forest Farm, Urumqi City. The site has an elevational
gradient of 1908–2710 m and a typical temperate continental climate. The an-
nual mean temperature is 2.0 ℃; historical extreme temperatures are −30.2
℃ (minimum) and 30.5 ℃ (maximum); the active accumulated temperature
$�$10 ℃ is 1170.5 ℃・d; the annual frost-free period (>0 ℃) is 89.3 d; annual
precipitation is 572.7 mm; and the maximum snow depth is 65 cm. This re-
gion has been jointly influenced over geological history by mountain-building
movements, Quaternary glaciation, and bioclimatic factors, leading to the de-
velopment of a cold-temperate montane coniferous forest ecosystem dominated
by Picea schrenkiana.

1.2 Instrumentation

The flux tower at the Xinjiang Tianshan Forest Ecosystem Station can be used
to observe net ecosystem CO2 exchange (NEE) in the Picea schrenkiana forest.
It mainly consists of an open-path eddy covariance flux monitoring system and a
micrometeorological observation system. The flux observation tower is installed
at a height of 35 m and is equipped with an open-path CO2/H2O analyzer (LI-
7500, LI-COR, USA) and a three-dimensional ultrasonic anemometer (CAST-3,
Campbell, USA). Raw data are synchronously collected at a sampling frequency
of 10 Hz. The data are stored in real time by a CR3000 data logger (Campbell,
USA), and 30 min mean flux parameters are calculated online based on the eddy
covariance algorithm, including CO2 flux (𝐹𝑐), friction velocity (𝑢∗), and others.

1.3 Flux Data Processing

This study used data from January 2023 to April 2024. Based on the 10 Hz
high-frequency raw data, the built-in LI-7500DS module EddyPro 7.0.6 (LI-
COR, USA) was used for online processing, automatically performing outlier
removal, terrain correction, and QA/QC flagging, and finally outputting a 30
min flux dataset to analyze the diurnal cycle and seasonal dynamics of carbon
fluxes.

For flux data quality control, EddyPro software classified flux results into three
quality classes according to the“0–1–2”quality evaluation method and in com-
bination with turbulence stationarity: class 0 (high quality), class 1 (medium
quality), and class 2 (low quality) [14]; class 2 data were removed. Further pro-
cessing was also required: (1) remove negative nighttime data, because at night
only soil and vegetation respiration occur, and CO2 flux cannot be negative; (2)
remove data that are clearly different from normal values through spectral anal-
ysis; (3) according to previous experience and research results [15], this study
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selected 0.2 m ⋅ s−1 as the critical threshold for 𝑢∗, and removed observational
data with friction velocity 𝑢∗ < 0.2 m ⋅ s−1. For missing data, if the missing
period was less than 2 h, linear interpolation was used; if it exceeded 2 h, the
mean diurnal variation method (MDV) was applied, using the observational
mean value at the same time period within an adjacent interval to replace the
missing value, thereby ensuring the accuracy and completeness of the data and
providing reliable data support for subsequent research.

Subsequent data processing and figure preparation were conducted in Excel,
SPSS, and Origin.

1.4 Calculation Method

Net ecosystem carbon exchange (NEE) was calculated as follows [16]:

NEE = ER − GPP

In the formula: when ecosystem respiration (Ecosystem Respiration, ER) >
gross primary productivity (Gross Primary Productivity, GPP), the NEE value
is positive, indicating that vegetation releases CO2 to the atmosphere and that
the forest ecosystem is a carbon source; when ER < GPP, the NEE value is neg-
ative, indicating that vegetation absorbs CO2 from the atmosphere and that the
forest ecosystem is a carbon sink; when GPP = 0, vegetation is not undergoing
photosynthesis, and at this time NEE = ER.

2 Results and Analysis
2.1 Variation Characteristics of Environmental Factors

Observational data from January 2023 to April 2024 were selected as the re-
search object. Among them, the meteorological factors (Fig. 1) included air
temperature (𝑇𝑎), 5 cm soil temperature (𝑇𝑠), precipitation (𝑅𝐴𝐼𝑁), soil volu-
metric water content (𝑆𝑊𝐶), relative humidity (𝑅𝐻), photosynthetically active
radiation (𝑃𝐴𝑅), and wind speed (𝑊𝑆). Seasonal variation in air temperature
and soil temperature was relatively pronounced (Fig. 1a). Air temperature
and 5 cm soil temperature showed similar seasonal trends. Air temperature
was highest from June to August, at 28.05–32.69 ℃, and the annual mean air
temperature was 2.71 ℃. Soil temperature reached its maximum in July and
August, at 16.01–17.61 ℃, and the annual mean soil temperature was 3.49 ℃.
In winter (October to the following January), air temperature and soil tem-
perature reached their lowest values, and soil temperature was higher than air
temperature. Precipitation was mainly concentrated from June to September
each year, while in other months overall precipitation was scarce and of low
intensity (Fig.

Fig. 1 Variation characteristics of environmental factors
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Visible figure labels:
(a) Air temperature; soil temperature.
(b) Soil volumetric water content; precipitation.
(c) Relative humidity; photosynthetically active radiation.
Time / year-month-day.

Fig. 1b); the corresponding soil water content was low and stable in late winter
and early spring, rose rapidly in spring because of snowmelt, fluctuated at high
values in summer, and declined in autumn and winter (Fig. 1b). Relative
humidity (Fig. 1c) increased markedly in summer, reaching its maximum in
July–August (> 90%), which was related to precipitation. As shown in Fig. 1c,
photosynthetically active radiation exhibited obvious seasonal variation, with a
unimodal fluctuation pattern characterized by high values in summer and low
values in winter. The highest daily mean value in June reached 716.10 𝜇mol⋅m−2⋅
s−1 on June 27, and the lowest daily mean value in December was 53.60 𝜇mol ⋅
m−2 ⋅ s−1 on December 25. The annual mean wind speed at the observation
station was 2.02 m ⋅ s−1. The prevailing wind directions were northwest, south,
and north; among them, southerly winds accounted for 21.27% of the annual
wind directions, followed by northwesterly and northerly winds, accounting for
19.46% and 19.34%, respectively (Fig. 2).

2.2 Spatiotemporal variation in carbon flux
2.2.1 Spatial distribution of 𝐶𝑂2 flux

The average distance between the 90% flux-contribution source area and the flux
tower ranged from 283.02 to 436.41 m. The maximum 𝐶𝑂2 flux occurred in the
northwest direction, and the minimum occurred in the south direction (Fig. 3a).
The farthest points of the flux-contribution area were relatively concentrated,
with a maximum distance of 463.632 m from the flux-tower observation point;
the flux measurements mainly originated from the northwest, northeast, and
southwest directions (Fig. 3b). The 𝐶𝑂2 flux map for each wind direction (Fig.
3c) quantified these differences: fluxes were highest in the northwest, southwest,
and northeast directions (the darkest gray), whereas fluxes were lowest in the
southeast direction. The directional differences in nighttime 𝐶𝑂2 flux fluctuated
less, and the differences were mainly dominated by the daytime period (Fig. 3d).

Fig. 2 Wind direction frequency distribution

Visible figure labels: wind frequency / %; 𝑊𝑆/(m ⋅s−1); wind-speed classes: ≥ 4,
3–4, 2–3, 1–2, 0–1.

2.2.2 Temporal variation in 𝐶𝑂2 flux

The diurnal variation trends of monthly 𝐹𝑐 in 2023 were generally similar, all
showing a “U”-shaped pattern (Fig. 4). Carbon sinks mainly occurred during
8:00–18:00, with a fluctuation range of −1.4 × 10−5 to −0.018 𝜇mol ⋅ m−2 ⋅ s−1.
The minimum value occurred at 11:00 in July, and the maximum value occurred
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at 8:00 in March. Carbon sources were mostly concentrated from 20:00 to 07:00
the next day, with a fluctuation range of 13.02 to 0.26 𝜇mol ⋅ m−2 ⋅ s−1. The
maximum value occurred at 23:00 in July, and the minimum value occurred
at 17:00 in January. The carbon source–sink transition periods differed among
months; among them, July had the longest daily mean carbon-sequestration
duration, reaching 12 h, whereas January had the shortest, only 6 h.

2.2.3 Temporal variation in NEE, GPP, and ER

The Picea schrenkiana forest ecosystem in the Tianshan Mountains overall
showed a significant net carbon sink (Figs. 5–6), with an annual carbon se-
questration of 11.44 Mg C ⋅hm−2 ⋅a−1. Net ecosystem exchange 𝑁𝐸𝐸 exhibited
strong seasonality: from February to April, ecosystem respiration was relatively
strong (𝐸𝑅 > 𝐺𝑃𝑃), and the Picea schrenkiana forest acted as a carbon source
(𝑁𝐸𝐸 > 0); from May to October, it remained a carbon sink (𝑁𝐸𝐸 < 0), with
the strongest carbon-sequestration capacity in August. The annual cumulative
𝑁𝐸𝐸, 𝐺𝑃𝑃 , and 𝐸𝑅 were −635.63 𝜇mol ⋅ m−2 ⋅ a−1, 1125.50 𝜇mol ⋅ m−2 ⋅ a−1,
and 489.87 𝜇mol ⋅ m−2 ⋅ a−1, respectively.

2.3 Temporal dynamic distribution of carbon sources/sinks
From the temporal distribution pattern of carbon sources/sinks throughout 2023
(Fig. 7), carbon sinks were mainly concentrated in the range of −5 to 0 𝜇mol ⋅
m−2 ⋅ d−1, totaling 206 d; carbon sources were mainly concentrated in the range
of 0 to 3 𝜇mol⋅m−2 ⋅d−1, totaling 111 d. It can be seen that the number of carbon-
sink days far exceeded the number of carbon-source days. Carbon dynamics were
relatively stable, with no long-term, high-intensity tendency toward a single
carbon-sink or carbon-source state, indicating that the internal carbon-cycle
regulation mechanism was relatively effective.

2.4 Correlation between carbon flux and meteorological fac-
tors
2.4.1 Influencing factors of carbon sources and carbon sinks

To explore the driving effects of environmental factors, stepwise regression was
used to analyze air temperature (𝑇𝑎), light

(a) Legend: 90% contribution source-area range. Axis: 90% contribution source-
area range / m.

(b) Legend: distribution of the farthest points of the flux footprint. Axis:
distribution of the farthest points of the flux footprint / m.

(c) Legend: CO2 flux in each wind direction. Axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ s−1).
(d) Legends: daytime carbon flux; nighttime carbon flux. Axis: 𝐹𝑐/(𝜇mol ⋅
m−2 ⋅ s−1).
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Fig. 3 Flux footprint and sector-wise CO2 flux distribution

photosynthetically active radiation (𝑃𝐴𝑅), 5-cm soil temperature (𝑇𝑠), 5-cm
soil moisture (𝑆𝑊𝐶), and precipitation (𝑅𝐴𝐼𝑁) on carbon sources and sinks
(Table 1). Changes in the carbon sink were jointly affected by 𝑇𝑠, 𝑇𝑎, and 𝑆𝑊𝐶;
the total explanatory power of these three environmental factors reached 50.4%.
Among them, 𝑇𝑠 explained 48.2% and showed a significant negative correlation
with the carbon sink (𝑃 < 0.001). The dominant factor controlling the carbon
source was soil temperature, which explained 29% and was positively correlated
with the carbon source (𝑃 < 0.001).

2.4.2 Influencing factors of NEE, GPP, and ER at different temporal
scales

To identify the key environmental driving factors, correlation coefficients be-
tween factors such as air temperature (𝑇𝑎), photosynthetically active radiation
(𝑃 𝐴𝑅), 5-cm soil temperature (𝑇𝑠), 5-cm soil moisture (𝑆𝑊𝐶), and precipita-
tion (𝑅𝐴𝐼𝑁) and each component of carbon flux were calculated at different
temporal scales (Fig. 8). The results showed that, at the daily scale, 𝑁𝐸𝐸 in
the Tianshan Picea schrenkiana forest ecosystem was negatively correlated with
𝑇𝑠, 𝑇𝑎, and 𝑅𝐻 (𝑃 < 0.01), with the strongest negative correlation occurring
with 𝑇𝑠 (𝑅 = −0.28). 𝐺𝑃𝑃 and 𝐸𝑅 were negatively correlated with 𝑃𝐴𝑅 and
positively correlated with all other environmental factors, among which their
correlations with 𝑇𝑠 and 𝑅𝐻 were the strongest. At the monthly scale, 𝑁𝐸𝐸
in the Tianshan Picea schrenkiana forest ecosystem was mainly significantly
negatively correlated with 𝑇𝑎, 𝑇𝑠, and 𝑃𝐴𝑅 (𝑃 < 0.01), with values of −0.87,
−0.93, and −0.77, respectively. 𝐺𝑃𝑃 was most strongly affected by 𝑇𝑎 and 𝑇𝑠,
with 𝑅 values of 0.9 and 0.94, respectively, followed by 𝑃𝐴𝑅 and 𝑅𝐻. The 𝑅
values between 𝐸𝑅 and 𝑇𝑎 and 𝑇𝑠 were 0.84 and 0.83, respectively.

3 Discussion
The Xinjiang Picea schrenkiana forest overall functioned as a carbon sink, with
an annual sink amount of 635.633 𝜇mol ⋅ m−2. The diurnal variation in CO2
flux of the Picea schrenkiana forest showed a“U”shape, with a daily variation
range of −36.82 to 13.02 𝜇mol ⋅ m−2 ⋅ s−1. Under the same forest type (Table 2)
[8, 17–20], the carbon-flux variation of the Picea schrenkiana forest⋯

Fig. 4. Diurnal variation of carbon fluxes by month

• (a) Legend: March, April, May.
y-axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ s−1); x-axis: Time.

• (b) Legend: June, July, August.
y-axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ s−1); x-axis: Time.

• (c) Legend: September, October, November.
y-axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ s−1); x-axis: Time.

• (d) Legend: January, February, December.
y-axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ s−1); x-axis: Time.
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Fig. 5. Dynamics of NEE, GPP, and ER in the spruce forest during
the period from January 2023 to May 2024

Legend: ER, GPP, NEE.
y-axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ d−1); x-axis: Days/d.

Fig. 7. Temporal dynamics of carbon source and carbon sink in
spruce forests in 2023

Top labels: Carbon sink; Carbon source.
y-axis: Days/d; x-axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ s−1).
Fig. 6. Monthly dynamics of spruce forests in 2023

Legend: NEE, GPP, ER.
y-axis: 𝐹𝑐/(𝜇mol ⋅ m−2 ⋅ month−1); x-axis: Month.

The variation is pronounced. The latitude of the Xueling spruce forest is higher
than that of other mixed forests. Because high-latitude forests have short grow-
ing seasons but concentrated light energy, they often exhibit more extreme diur-
nal amplitudes in carbon flux, whereas low-latitude forests maintain relatively
steady photosynthesis throughout the year and show smaller amplitudes. Sec-
ond, owing to the distinctive climatic characteristics of arid regions, the diurnal
temperature range exceeds 15 °C, and low nighttime temperatures strongly sup-
press respiration, thereby improving the efficiency of net carbon accumulation.
Therefore, unlike the other forest ecosystems in Table 2 that may be dominated
by moisture or phenology, this study reveals that the Tianshan Xueling spruce
forest is a typical “soil-temperature-regulated”ecosystem.

carbon sink; its sharp flux variations fundamentally arise from the distinctive
mechanism whereby GPP is highly sensitive to changes in soil temperature.

Table 1 Stepwise regression analysis between carbon source, sink and
environmental factors

Carbon flux
Independent
variables

Regression
equation Adjusted 𝑅2 𝑃

Carbon
sink

𝑇 𝑠 NEE =
−2.915 −
0.902𝑇 𝑠

0.482 <0.001

Carbon
sink

𝑇 𝑠, 𝑆𝑊𝐶 NEE =
−0.728 −
0.906𝑇 𝑠 −
13.641𝑆𝑊𝐶

0.496 <0.001

Carbon
sink

𝑇 𝑠, 𝑆𝑊𝐶, 𝑇 𝑎 NEE =
−0.907 −
0.688𝑇 𝑠 −
12.142𝑆𝑊𝐶−
0.135𝑇 𝑎

0.504 <0.001
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Carbon flux
Independent
variables

Regression
equation Adjusted 𝑅2 𝑃

Carbon
source

𝑇 𝑠 NEE =
1.095 +
0.166𝑇 𝑠

0.29 <0.001

Carbon
source

𝑇 𝑠, 𝑆𝑊𝐶 NEE =
0.857 +
0.166𝑇 𝑠 +
1.153𝑆𝑊𝐶

0.291 <0.001

The spatial distribution of CO2 fluxes shows that 90% of the carbon flux mainly
comes from the northwest, northeast, and southwest directions. Combined with
the year-round wind-direction distribution, it can be seen that the study area
is dominated by northwesterly, southwesterly, and northerly winds, indicating
that the spatial distribution characteristics of CO2 fluxes are affected to some
extent by wind direction and wind speed. Zhang et al. [21] also considered
wind direction and wind speed to be among the main factors influencing flux
contribution areas. In addition, the magnitude of CO2 flux values in different
directions is also related to vegetation coverage within their contributing source
areas [22]. In combination with the findings of Chang Mengdi et al. [23], the
vegetation coverage in the northwest and southwest directions of the flux ob-
servation tower in this study was found to be 80%–90%. During the daytime,
directional differences in CO2 fluxes are significant, mainly due to the spatial
heterogeneity of vegetation distribution and wind speed; whereas at night, the
convergence of fluxes results from stable vegetation respiration [22,24]. This
indicates that the spatial pattern of ecosystem carbon fluxes is jointly regulated
by biotic and meteorological factors.

Fig. 8 Temporal-scale dependent correlation analysis of carbon flux
and environmental factors in coniferous forests

Visible panel labels: (a) daily scale; (b) monthly scale; color scale: correlation
coefficient. Variables shown include 𝑇 𝑎, 𝑇 𝑠, 𝑃𝐴𝑅, 𝑅𝐻, 𝑆𝑊𝐶, 𝑅𝐴𝐼𝑁 , 𝑁𝐸𝐸,
𝐺𝐸𝑃 , 𝐺𝑃𝑃 , and 𝐸𝑅.

Table 2 Research findings of flux studies across different regions
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Site
Climate
type

Forest
type
and
stand
age

Research
scale

Range of
CO2 flux

variation /
(�mol ⋅ m−2 ⋅ s−1)

Research
focus Source

Jinyun
Moun-
tain,
Chongqing(106°17′–
106°24′E,29°41′–
29°52′N)

Subtropical
mon-
soonal
humid
climate

Mixed
conifer-
ous and
broad-
leaved
for-
est(35
a)

Year-
round

−22–8.64 Energy
closure,
flux
charac-
teristics,
correla-
tion
analysis

[8]

Qilian
Moun-
tains,
Qing-
hai(102°22′E,
37°08′N)

Plateau
conti-
nental
climate

Cold-
temperate
conifer-
ous
for-
est(60–
70 a)

Growing
season

−16.1–1.82 Flux
charac-
teristics,
correla-
tion
analysis

[17]

Fengyang
Moun-
tain,
Zhe-
jiang(119.21°E,
27.93°N)

Subtropical
warm
humid
climate

Mixed
conifer-
ous and
broad-
leaved
for-
est(40
a)

Year-
round

−11.4–19.1 Flux
charac-
teristics,
correla-
tion
analysis

[18]

Dinghu
Moun-
tain,
Guang-
dong(112°30′–
112°33′E,23°09′–
23°11′N)

Southern
subtrop-
ical
climate

Mixed
conifer-
ous and
broad-
leaved
for-
est(76
a)

Year-
round

−26.8–8.41 Flux
charac-
teristics,
correla-
tion
analysis

[19]

Damaojian
Moun-
tain,
Zhe-
jiang(119.51°E,
28.58°N)

Subtropical
mon-
soon
climate

Mixed
conifer-
ous and
broad-
leaved
forest

Year-
round

−27.27–
20.23

Energy
closure,
flux
charac-
teristics,
correla-
tion
analysis

[20]
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Site
Climate
type

Forest
type
and
stand
age

Research
scale

Range of
CO2 flux

variation /
(�mol ⋅ m−2 ⋅ s−1)

Research
focus Source

Tianshan
Moun-
tains,
Xin-
jiang(87°27′–
87°29′E,43°24′–
43°26′N)

Temperate
conti-
nental
climate

Cold-
temperate
conifer-
ous
forest

Year-
round

−36.82–
13.02

Flux
charac-
teristics,
correla-
tion
analysis

This
study

From the perspective of influencing factors, enhanced plant photosynthesis in-
creases gross primary productivity and fixes more CO2; a reduction in ecosystem
respiration (ER) decreases the amount of CO2 released to the atmosphere. To-
gether, these two processes define the direction of NEE. Temperature is a key
factor regulating the carbon-sink function of forest ecosystems

25–26

. This study likewise confirms this finding: at both daily and monthly scales,
soil temperature (𝑇 𝑠) and air temperature (𝑇 𝑎) were significantly positively
correlated with gross primary productivity (GPP) and ecosystem respiration
(ER). This indicates that, when moisture conditions are suitable, high daytime
temperatures directly promote photosynthesis and lead to a sharp increase in
GPP, whereas abrupt nighttime cooling directly suppresses ER and causes it to
decrease sharply

27
. Meanwhile, soil warming significantly promotes ER by enhancing plant respi-
ration and microbial metabolism. These results are consistent with the findings
of Zhu Jingbin

28
and Ping et al.

29
.

Regression analysis showed that 𝑇 𝑠 and 𝑇 𝑎 were significantly negatively corre-
lated with NEE, and that NEE was mainly driven by 𝑇 𝑠

30

. This reveals that, under the conditions of this study, the promoting effect
of temperature increase on GPP exceeded its promoting effect on ER, thereby

chinarxiv.org/items/chinaxiv-202606.00218 Machine Translation

https://chinarxiv.org/items/chinaxiv-202606.00218


causing the ecosystem carbon-sink capacity (i.e., an increase in the negative
value of NEE) to strengthen with rising temperature. In addition, this temper-
ature effect is condition-dependent: under drought stress, an increase in soil
temperature (𝑇 𝑠) may intensify water evaporation, induce water stress, and in-
directly inhibit GPP; in this case, the net effect of temperature on NEE may
weaken or even reverse

31–32
. The relative contribution of RH was lower than that of temperature and
photosynthetically active radiation, and RH was negatively correlated with NEE.
On the one hand, an increase in RH raises stomatal conductance and increases
GPP

33–34
; on the other hand, a decrease in RH suppresses microbial activity and weakens
ER

35
. When the two act synergistically, the gain in photosynthetic carbon fixation
and the reduction in respiratory carbon release form a positive superposition,
driving NEE toward an enhanced carbon-sink state.

4 Conclusions
Based on carbon-flux data from the Tianshan Forest Ecosystem Station from
January 2023 to May 2024, this study analyzed the dynamic variation of carbon
fluxes and their influencing factors. The main conclusions are as follows:

(1) The Picea schrenkiana forest ecosystem on the northern slope of the mid-
dle Tianshan Mountains in Xinjiang exhibited a significant carbon-sink
function, with an annual net carbon sink of 635.633 𝜇mol ⋅ m−2. The diur-
nal variation in CO2 flux showed a typical“U”-shaped distribution, with
a daily mean range of −36.82 to 13.02 𝜇mol ⋅ m−2 ⋅ s−1.

(2) In terms of spatial pattern, the flux contribution areas were mainly dis-
tributed to the northwest, northeast, and southwest, highly coinciding
with the prevailing wind direction and areas of high vegetation coverage.
This indicates that terrain-induced water redistribution and local microcli-
mate play important regulatory roles in the spatial distribution of carbon
fluxes.

(3) Soil temperature (𝑇 𝑠) was identified as the core environmental control fac-
tor for carbon source/sink transition in this system, and its increase signif-
icantly suppressed the intensities of both carbon sink and carbon source.
The carbon-sink function was jointly regulated by air temperature (𝑇 𝑎)
and soil water content (𝑆𝑊𝐶); together, the three factors explained 50.4%
of the variation in carbon flux. In addition, the regulatory mechanisms of
environmental factors exhibited significant time-scale dependence: at the
daily scale, NEE was mainly dominated by 𝑇 𝑠, which regulated the diurnal
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fluctuation of ecosystem respiration; at the monthly scale, NEE shifted to
being jointly controlled by temperature and photosynthetically active ra-
diation (𝑃𝐴𝑅), reflecting the decisive influence of seasonal hydrothermal
and light–temperature combinations on the carbon-sink pattern.

In summary, this multi-scale regulatory mechanism reveals the complexity of the
responses of mountain forests in arid regions to moisture and thermal factors,
and provides important scientific evidence for accurately assessing the carbon-
sink potential of Tianshan forests under the background of climate change.
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Variation in carbon flux and its response to
environmental factors in Schrenk spruce forests
on the northern slopes of the central Tianshan
Mountains
CUI Yirui1, JIANG Yan1, LI Jimei2,3, ZHANG Yutao2,3

(1. College of Agriculture, Shihezi University, Shihezi 832003, Xinjiang, China;
2. Institute of Forest Ecology, Xinjiang Academy of Forestry, Urumqi 830063,
Xinjiang, China; 3. Xinjiang Tianshan Forest Ecosystem National Observation
and Research Station, Urumqi 830000, Xinjiang, China)

Abstract: The Tianshan Mountains serve as a crucial ecological security bar-
rier and carbon sequestration reservoir in western China. The forests in this
area are dominated by Picea schrenkiana, which plays a key role in regional car-
bon storage and cycling and is thus a significant factor for the carbon balance
in this region. To elucidate the variation in carbon flux in the Tianshan forest
ecosystem as well as the influencing factors, we conducted continuous carbon
flux measurements from 2023 to 2024 at the national positioning observation
and research station of the Xinjiang Tianshan forest ecosystem using the eddy
covariance technique. The key findings are as follows: (1) the P. schrenkiana
forests on the northern slopes of the central Tianshan Mountains functioned as a
net carbon sink, with an annual carbon sequestration rate of 635.633 𝜇mol ⋅m−2.
The diurnal variation in 𝐶𝑂2 flux exhibited a U-shaped pattern, ranging from
−36.82 to 13.02 𝜇mol ⋅ m−2 ⋅ s−1. (2) The flux footprint was predominantly
concentrated between the northwestern and southwestern sectors, aligning with
the prevailing wind direction and vegetation-covered area, indicating that the
spatial flux distribution is co-regulated by both biological and meteorological
factors. (3) Temperature was the key environmental factor regulating the car-
bon source/sink dynamics of this system. At the monthly scale, net ecosystem
exchange (NEE) was primarily controlled by air temperature and photosyn-
thetically active radiation. In contrast, at the diurnal scale, soil temperature
governed NEE dynamics by regulating the diurnal rhythm of ecosystem res-
piration. This study provides critical information for accurately assessing the
carbon sink capacity of the P. schrenkiana-dominated forest ecosystem in the
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Tianshan Mountains.

Keywords: eddy covariance; Picea schrenkiana; carbon flux; environmental
factors; Tianshan Mountains

Note: Figure translations are in progress. See original paper for figures.
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