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Abstract
The Yellow River Basin (YRB), located in the mid-latitude region of China,
encompasses diverse ecosystem types and is highly sensitive to climate change.
However, the temporal patterns and environmental drivers of net ecosystem
CO2 exchange (NEE) across multiple timescales remain poorly understood. Us-
ing eddy covariance observations from the China FLUX network collected be-
tween 2003 and 2020, this study investigated the temporal dynamics of NEE
and its primary environmental controls in five representative ecosystem types
within the YRB and its adjacent 100-km buffer zone: cropland, forest, grassland,
shrubland, and wetland ecosystems. The results showed that all five ecosystems
exhibited a generally U-shaped diurnal pattern from May to September, char-
acterized by net CO2 uptake during the daytime and net CO2 release at night.
At the daily scale, cropland displayed a typical bimodal carbon uptake pattern,
whereas forest ecosystem exhibited the greatest day-to-day variability in NEE.
In contrast, grassland, shrubland, and wetland ecosystems showed relatively
smooth daily fluctuations. The net CO2 source-sink functions derived from
NEE differed substantially among ecosystem types. Forest ecosystems acted
as the most stable and persistent carbon sinks, whereas croplands exhibited
short-term but high-intensity carbon uptake. Wetlands showed pronounced in-
terannual variability, including an extreme net CO2 release event at the Haibei
wetland site in 2007. Grassland and shrubland ecosystems were more susceptible
to environmental stress and could shift from net CO2 sinks to net CO2 sources
during drought years. The environmental controls on NEE exhibited clear time-
scale dependence. At the half-hourly scale, photosynthetically active radiation
(PAR) was the dominant driver of NEE variability, the influence of tempera-
ture increased progressively from the daily to monthly scales. These findings
improve the understanding of regional carbon dynamics in the YRB, provide
insights into the net CO2 source-sink status of different ecosystem types, and
elucidate the mechanisms regulating ecosystem CO2 exchange across multiple
temporal scales.
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Abstract: The Yellow River Basin (YRB), located in the mid-latitude region
of China, encompasses diverse ecosystem types and is highly sensitive to cli-
mate change. However, the temporal patterns and environmental drivers of
net ecosystem CO2 exchange (NEE) across multiple time scales remain poorly
understood. Using eddy covariance observations from the ChinaFLUX network
collected between 2003 and 2020, this study investigated the temporal dynamics
of NEE and its primary environmental controls in five representative ecosystem
types within the YRB and its adjacent 100-km buffer zone: cropland, forest,
grassland, shrubland, and wetland ecosystems. The results showed that all
five ecosystems exhibited a generally U-shaped diurnal pattern from May to
September, characterized by net CO2 uptake during the daytime and net CO2
release at night. At the daily scale, cropland displayed a typical bimodal car-
bon uptake pattern, whereas forest ecosystem exhibited the greatest day-to-day
variability in NEE. In contrast, grassland, shrubland, and wetland ecosystems
showed relatively smooth daily fluctuations. The net CO2 source-sink functions
derived from NEE differed substantially among ecosystem types. Forest ecosys-
tems acted as the most stable and persistent carbon sinks, whereas croplands
exhibited short-term but high-intensity carbon uptake. Wetlands showed pro-
nounced interannual variability, including an extreme net CO2 release event at
the Haibei wetland site in 2007. Grassland and shrubland ecosystems were more
susceptible to environmental stress and could shift from net CO2 sinks to net
CO2 sources during drought years. The environmental controls on NEE exhib-
ited clear time-scale dependence. At the half-hourly scale, photosynthetically
active radiation (PAR) was the dominant driver of NEE variability, the influ-
ence of temperature increased progressively from the daily to monthly scales.
These findings improve the understanding of regional carbon dynamics in the
YRB, provide insights into the net CO2 source-sink status of different ecosystem
types, and elucidate the mechanisms regulating ecosystem CO2 exchange across
multiple temporal scales.
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1 Introduction
Against the backdrop of intensifying global warming, the continued increase
in atmospheric carbon dioxide (CO2) concentrations has become a key factor
affecting the stability of the Earth system (IPCC, 2021). As an important com-
ponent of the global carbon cycle, terrestrial ecosystems absorb CO2 through
photosynthesis and release CO2 through ecosystem respiration, thereby playing
a pivotal role in regulating the global carbon budget (Ren and Cai, 2025). Even
small imbalances between these processes can alter atmospheric CO2 concen-
trations and subsequently influence climate regulation and ecosystem feedback
mechanisms (Baldocchi, 2008). Therefore, net ecosystem CO2 exchange (NEE),
which quantifies the balance between ecosystem carbon uptake and release, has
become a key indicator for determining whether terrestrial ecosystems function
as net CO2 sinks or sources over a given time scale. NEE is therefore widely
used in studies of the global carbon cycle and in assessments of carbon neutrality
pathways (Baldocchi, 2008; Chen et al., 2025).

Assessing the carbon sequestration potential of terrestrial ecosystems has be-
come a central objective of global change research. Existing studies have fo-
cused primarily on forest ecosystems characterized by favorable hydrothermal
conditions and high productivity (Pan et al., 2011; Harris et al., 2021) and on
intensively managed croplands (Zhang et al., 2020). These ecosystems generally
exhibit strong and relatively stable carbon sink functions and provide important
climate-regulating ecosystem services (Smith et al., 2008; Mitsch et al., 2013).
However, the persistent “missing carbon sink”problem in global carbon bud-
get assessments suggests that the understanding of carbon source-sink dynamics
and carbon sequestration potential in terrestrial ecosystems, particularly in mid-
latitude regions, remains incomplete (Houghton et al., 2018; Ciais et al., 2019;
Friedlingstein et al., 2023).

From a mechanistic perspective, the strength and stability of terrestrial carbon
sinks vary substantially among ecosystem types and are regulated by complex
nonlinear interactions between vegetation physiological processes and abiotic
factors such as radiation, temperature, and water availability (Baldocchi, 2008;
Lasslop et al., 2010). Mid-latitude regions encompass both temperate and sub-
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tropical climate zones and are characterized by diverse ecosystem types, pro-
nounced climatic gradients, and intensive human activities. As a result, carbon
flux responses to environmental drivers are often highly complex and scale de-
pendent (Zhang et al., 2023d; Bai et al., 2024). At hourly to daily time scales,
NEE is typically most sensitive to variations in photosynthetically active ra-
diation (PAR) and air temperature (𝑇𝑎). In contrast, at monthly to annual
time scales, water availability and its associated land-atmosphere feedbacks fre-
quently become the dominant constraints on ecosystem carbon uptake, partic-
ularly in arid and semi-arid areas (Huxman et al., 2004; Poulter et al., 2014;
Ahlström et al., 2015; Humphrey et al., 2021). Moreover, elevated vapor pres-
sure deficit (VPD) can induce stomatal closure and reduce evapotranspiration,
thereby suppressing carbon assimilation, altering water-use efficiency, and in-
creasing the vulnerability of carbon sinks to environmental stress (Novick et
al., 2016; Grossiord et al., 2020). Therefore, identifying the dominant controls
on NEE across different temporal scales and quantifying their relative contribu-
tions are essential for reducing uncertainties in regional carbon budget estimates
and improving carbon sink assessments in mid-latitude marginal monsoon and
arid–semi-arid transition regions.

The Yellow River Basin (YRB) is located in the core mid-latitude region of China
and lies along the northwestern fringe of the East Asian monsoon system, mak-
ing it highly sensitive to changes in temperature and moisture conditions (Bai
et al., 2024). The basin spans a wide range of geomorphic units, extending from
the Qinghai-Xizang Plateau through the Inner Mongolia Plateau and the Loess
Plateau to the North China Plain. This geographical gradient creates substan-
tial variation in elevation, climate, and vegetation characteristics (Zhang et al.,
2021d). Recent studies have demonstrated that the YRB possesses considerable
carbon sequestration potential. Large-scale ecological restoration projects on
the Loess Plateau have significantly increased regional biomass carbon stocks
(Feng et al., 2016; Fu et al., 2017). Alpine meadows on the Qinghai-Xizang
Plateau function as carbon sinks during the growing season (Kato et al., 2004;
Piao et al., 2009), while

intensively managed croplands on the North China Plain (Bao et al., 2014; Wang
et al., 2015c) and coastal wetlands in the Yellow River Delta (Chu et al., 2016;
Tang et al., 2018) also exhibit substantial carbon uptake during specific periods.
Nevertheless, long-term eddy covariance observations and comparative analyses
across multiple ecosystem types within the YRB remain limited, hindering a
comprehensive understanding of regional carbon source-sink dynamics and their
underlying regulatory mechanisms.

To address this knowledge gap, this study integrated eddy covariance observa-
tions collected between 2003 and 2020 from five representative ecosystem types
in the YRB, including forests, croplands, grasslands, shrublands, and wetlands.
The objectives are to (1) characterize the temporal variability of NEE across
multiple time scales, (2) identify the dominant environmental drivers regulat-
ing NEE at different temporal scales, and (3) quantify the relative contributions
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Fig. 1 Location of the selected eddy covariance sites and the spatial
distribution of major land-cover types within the Yellow River Basin (YRB)

and its adjacent 100-km buffer zone.

Figure 1: Fig. 1 Location of the selected eddy covariance sites and the spatial
distribution of major land-cover types within the Yellow River Basin (YRB) and
its adjacent 100-km buffer zone.

of key environmental factors to NEE variability. The findings are expected to
improve our understanding of carbon cycling processes in mid-latitude terres-
trial ecosystems and provide a scientific basis for accurately assessing carbon
sequestration potential and enhancing the reliability of regional carbon sink
accounting in semi-arid areas.

2 Materials and methods
2.1 Study area

The YRB is located in the mid-latitude region of China (32°10′–41°50′N, 95°53′–
119°05′E). The Yellow River has a total length of approximately 5464 km and
drains an area of about 8 × 10^5 km^2. The basin is characterized by a west-to-
east decreasing elevation gradient. Originating in the Bayan Har Mountains on
the Qinghai-Xizang Plateau, the river flows successively through the Qinghai-
Xizang Plateau, the Inner Mongolia Plateau, the Loess Plateau, and the Huang-
Huai-Hai Plain before discharging into the Bohai Sea. Owing to its complex
topography and pronounced climatic gradients, the basin supports a wide range
of ecosystem types, including forests, grasslands, croplands, shrublands, and
wetlands (Fig. 1). To improve ecosystem representation, eddy covariance sites
within the YRB and its adjacent 100-km buffer zone were included in this study.

Fig. 1 Location of the selected eddy covariance sites and the spatial distribution
of major land-cover types within the Yellow River Basin (YRB) and its adjacent
100-km buffer zone.

2.2 Data sources

The data used in this study were obtained from the National Ecosystem
Science Data Center, National Science & Technology Infrastructure of China
(http://www.nesdc.org.cn), and the National Qinghai-Xizang Plateau/Third
Pole Environment Data Center (http://data.tpdc.ac.cn). The dataset includes
observations from 15 eddy covariance flux sites located within the YRB and
its adjacent 100-km buffer zone. Sites located outside the basin boundary were
included to improve

ecosystem coverage and enhance site representativeness, as their climatic con-
ditions and vegetation characteristics are comparable to those of the peripheral
areas of the basin.
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The bibliographic references and data links/dois for all observation site are sum-
marized in Table 1. The dataset comprises two categories of variables across five
ecosystem types: carbon flux variables and environmental variables. NEE was
selected as the primary carbon flux variable. Environmental variables included
𝑇𝑎 (°C), soil temperature (𝑇𝑠; °C), relative humidity (RH; %), PAR (𝜇mol/(m2・
s)), precipitation (mm), wind speed (WS; m/s), VPD (kPa), and soil volumetric
water content (SWC; m3/m3).

Table 1 Basic information for the observation sites

Site
Ecosystem
type

Observation
period

Longitude
(°E)

Latitude
(°N)

Data
refer-
ence Link/doi

Changwu Cropland 2005–
2009

107.68 35.24 Wang et
al. (2024)

https://doi.org/10.57760/sciencedb.17188

LuanchengCropland Oct
2013–
Sep
2017

114.41 37.53 Liu et
al. (2023a)

https://doi.org/10.57760/sciencedb.000119.00050

Shouyang Cropland 2012–
2014

113.20 37.50 Mei et
al. (2023)

https://doi.org/10.57760/sciencedb.07304

Yingke Cropland 2008–
2011

100.41 38.85 Wang et
al. (2024)

https://doi.org/10.11888/Terre.tpdc.301321

Yucheng Cropland 2003–
2010

116.57 36.82 Zhao et
al. (2021)

https://doi.org/10.11922/sciencedb.j00001.20002

Arou Grassland 2009–
2011

100.46 38.04 Wang et
al. (2024)

https://doi.org/10.11888/Terre.tpdc.301321

Damao Grassland 2015–
2018

110.32 41.64 Song et
al. (2023)

https://doi.org/10.57760/sciencedb.000119.00043

Haibei
meadow

Grassland 2015–
2020

101.31 37.61 Zhang
et
al. (2023b)

https://doi.org/10.57760/sciencedb.06764

SanjiangyuanGrassland 2012–
2016

100.55 34.35 He et
al. (2023)

https://doi.org/10.57760/sciencedb.000119.00025

Haibei
shrub

Shrubland 2003–
2013,
2016–
2018,
and
2020

101.33 37.66 Zhang
et
al. (2021b,
2023a)

https://doi.org/10.12199/nesdc.ecodb.chinaflux2003-
2010.2021.hbg.005
https://doi.org/10.57760/sciencedb.06763

Guantan Forest 2008–
May
2012

100.25 38.53 Wang et
al. (2024)

https://doi.org/10.11888/Terre.tpdc.301321

BaotianmanForest 2017–
2018

111.93 33.49 Niu et
al. (2023)

https://doi.org/10.57760/sciencedb.j00001.00859
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Site
Ecosystem
type

Observation
period

Longitude
(°E)

Latitude
(°N)

Data
refer-
ence Link/doi

XiaolangdiForest 2011–
2020

112.46 35.02 Huang
et
al. (2023)

https://doi.org/10.57760/sciencedb.ecodb.00095

Haibei Wetland 2004–
2009

101.32 37.60 Zhang
et
al. (2021a)

https://doi.org/10.11922/sciencedb.1010

Hongyuan Wetland Jun
2015–
2020

102.65 33.10 Chen et
al. (2023)

https://doi.org/10.57760/sciencedb.000119.00052

2.3 Data processing
2.3.1 NEE data processing and Random Forest model construction

This study used standardized flux products publicly released by ChinaFLUX
and related national ecosystem science data platforms. The data from each
eddy covariance site had already undergone raw flux calculation, quality con-
trol, nighttime low-turbulence filtering, gap-filling, and other standard process-
ing procedures conducted by the data providers according to ChinaFLUX or
equivalent protocols. Therefore, the original 10-Hz high-frequency measure-
ments were not reprocessed. Instead, the processed data products provided by
the data platforms were directly used for subsequent analyses.

To improve transparency and reproducibility, Table 2 summarizes the data
processing methods reported in the corresponding data publications for each
site. According to these descriptions, flux corrections and quality-control pro-
cedures generally included raw-data outlier removal, sonic virtual temperature
correction, coordinate rotation (primarily double-rotation or two-dimensional
coordinate rotation), detrending or block averaging, Webb–Pearman–Leuning
(WPL) density correction, frequency-response or spectral correction, stationar-
ity testing, integral turbulence characteristic testing, exclusion of measurements
collected during rainfall events, nighttime friction

velocity (𝑢∗) filtering, removal of anomalous flux values, and energy balance
closure evaluation (Webb et al., 1980; Foken and Wichura, 1996; Mauder and
Foken, 2004).

Table 2 Summary of net ecosystem carbon dioxide (CO2) exchange (NEE)
quality-control procedures, friction velocity (𝑢∗) filtering, and gap-filling meth-
ods for each observation site
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Site

Flux
process-
ing
soft-
ware/method

𝑢∗

thresh-
old

Valid data
after QC

(%)

Short-
gap
filling

Long-
gap
filling Reference

Changwu - - - LI - Wang et
al. (2024)

Luancheng - - 66.0 MDS
(<30 d)

NLR Liu et
al. (2023a)

Shouyang - - - - - Mei et
al. (2023)

Yingke REddyProc- - MDS RF Wang et
al. (2025b)

Yucheng ChinaFLUX
stan-
dard
method

- 39.1–50.4 - ChinaFLUX
stan-
dard
method

Zhao et
al. (2021)

Arou REddyProc- - MDS RF Wang et
al. (2025b)

Damao ChinaFLUX
stan-
dard
method

0.10
m/s

34.0–61.6 LI (<2
h)

MDS Song et
al. (2023)

Haibei
meadow

EddyPro
v. 7.0.6

0.15
m/s

34.7–46.5 - BRT Zhang
et
al. (2023b)

SanjiangyuanChinaFLUX
stan-
dard
method

- - LI (<2
h)

LI and
NLR

He et
al. (2023)

Haibei
shrub

EddyPro
v. 7.0.6

0.15
m/s

38.1–48.3 LI (<2
h)

NLR
and
BRT

Zhang
et
al. (2021b)

Guantan REddyProc- - MDS RF Wang et
al. (2025b)

BaotianmanLoggerNet;
Ed-
dyPro
6.0.0

0.20
m/s

52.0 and
61.0

- MDS
and
MDV

Niu et
al. (2023)
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Site

Flux
process-
ing
soft-
ware/method

𝑢∗

thresh-
old

Valid data
after QC

(%)

Short-
gap
filling

Long-
gap
filling Reference

Xiaolangdi - 0.15
m/s in
2016;
0.26
m/s in
2017;
and not
reported
for the
remain-
ing
years

45.1–67.9 MDS
(<15 d)

ANN
and
MDV

Huang
et
al. (2023)

Haibei ChinaFLUX
stan-
dard
method

- 34.1–48.9 LI (<2
h)

NLR Zhang
et
al. (2021a)

Hongyuan MATLAB - 31.8–39.3 LI (<2
h)

NLR Chen et
al. (2023)

Note: LI, linear interpolation; MDS, marginal distribution sampling; MDV,
mean diurnal variation; NLR, nonlinear regression; ANN, artificial neural net-
work; BRT, boosted regression trees; RF, Random Forest. REddyProc was pri-
marily used for post-processing half-hourly flux data. Valid data after quality
control (QC) refers to the final proportion of valid half-hourly NEE observations
reported in the corresponding data publications. If specific information on 𝑢∗

thresholds, valid data proportions, or gap-filling methods was not reported in
the original publications, these items are indicated as “-”in the table, and no
additional assumptions were made in this study.

Methods used to identify outliers and low-quality data varied among sites and
primarily included standard-deviation threshold methods, moving-window ap-
proaches, and physically based threshold screening. 𝑢∗ filtering was applied
at all sites, with the reported 𝑢∗ thresholds for several sites ranging from ap-
proximately 0.10 to 0.26 m/s. Following quality control and 𝑢∗ filtering, the
proportion of valid observations ranged approximately from 31.8% to 67.9%.

For gap-filling, short gaps were generally filled using linear interpolation,
whereas longer gaps were filled using methods such as mean diurnal variation
(MDV), marginal distribution sampling (MDS), nonlinear regression (NLR),
boosted regression trees (BRT), RF, or artificial neural networks (ANN). These
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methods typically employed environmental variables, including PAR (or solar
radiation), 𝑇𝑎, 𝑇𝑠, VPD, SWC, and WS, as predictors to improve the continuity
of NEE time series and reduce uncertainties in annual carbon budget estimates
(Papale et al., 2006; Moffat et al., 2007).

RF is an ensemble machine-learning algorithm based on multiple decision trees
(Breiman, 2001). The method generates multiple training datasets through
bootstrap resampling, randomly selects a

subset of predictors at each splitting node, and combines predictions from all de-
cision trees to produce the final output. RF can effectively characterize complex
nonlinear relationships between predictor and response variables while reducing
the risk of overfitting associated with individual decision trees. Therefore, it has
been widely applied to investigate and predict relationships between ecosystem
carbon fluxes and environmental drivers. Because ecosystem NEE is jointly
regulated by radiation, temperature, moisture conditions, vegetation physio-
logical processes, and other interacting factors, its responses to environmental
variations are often highly nonlinear. RF is therefore particularly suitable for
capturing these complex relationships. In addition, variable-importance metrics
derived from RF models can be used to quantify the relative contributions of
different environmental factors to NEE variability, thereby providing insights
into potential driving mechanisms.

In this study, RF regression models were developed using quality-controlled and
gap-filled NEE data together with synchronous environmental observations to
identify the dominant environmental controls on NEE across different temporal
scales. NEE was treated as the response variable, while 𝑇𝑎, 𝑇𝑠, PAR, VPD, RH,
WS, precipitation, and SWC were used as predictor variables. To ensure con-
sistency among variables, we standardized all predictors and response variables
using Z-score normalization prior to model training.

The RF models were implemented using the Python scikit-learn library
(Pedregosa et al., 2011). The model parameters were set as follows:
n_estimators=1000, max_features=5, and min_samples_leaf=5. After
model fitting, normalized impurity-based feature importance was used to
quantify the relative importance of environmental predictors associated with
NEE variability. These importance values reflect model-derived statistical
associations and should not be interpreted as independent causal effects.
Pearson correlation analysis was used to assess the relationships between NEE
and individual environmental variables at the half-hourly, daily, and monthly
scales using paired valid observations, with statistical significance evaluated
at 𝑃 < 0.05 and 𝑃 < 0.01 levels. During April–October 2016–2017, the daily
relationships of NEE with 𝑇𝑎 and PAR were further evaluated using Pearson
and Spearman correlation coefficients together with linear and quadratic
regressions; model performance was evaluated using 𝑅2 and root mean square
error (RMSE). For the half-hourly analysis, daytime NEE–PAR relationships
under PAR(�)10 𝜇mol/(m2・s) were fitted using a rectangular hyperbolic model,
whereas nighttime NEE–𝑇𝑎 relationships under PAR<10 𝜇mol/(m2・s) were
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fitted using an exponential model.

2.3.2 Calculation of VPD
Saturation vapor pressure was not directly measured; it was calculated from air
temperature using the Tetens empirical equation (Campbell and Norman, 1998;
Yuan et al., 2021):

𝑒𝑠 = 0.6108 exp( 17.27𝑇𝑎
𝑇𝑎 + 237.3) , (1)

where 𝑇𝑎 is air temperature (°C); and 𝑒𝑠 is the saturation vapor pressure (kPa).

Actual vapor pressure 𝑒𝑎 (kPa) was calculated from RH (%) as follows:

𝑒𝑎 = 𝑒𝑠 (RH
100) . (2)

Finally, VPD (kPa) was calculated as:

𝑉 𝑃𝐷 = 𝑒𝑠 − 𝑒𝑎. (3)

3 Results
3.1 Temporal variability of NEE
3.1.1 Diurnal variability of NEE

Marked differences were observed among cropland, forest, grassland, shrubland,
and wetland ecosystems in the diurnal patterns, carbon sink strength, and du-
ration of CO2 uptake reflected by

NEE. FromMay to September, all five ecosystem types exhibited a characteristic
U-shaped diurnal pattern, with net CO2 uptake during the daytime and net CO2
release at night from 2003 to 2020 (Fig. 2). During this period, NEE exhibited
the largest diurnal amplitudes, with values ranging approximately from −1.60
to 0.35 mg CO2/(m2・s). Both the maximum CO2 uptake and the maximum
CO2 release were observed in the cropland ecosystem. In the remaining months,
diurnal NEE variation was relatively weak, and the amplitudes of the diurnal
cycles were substantially smaller.

Among the five ecosystem types, cropland exhibited the most pronounced di-
urnal variation in NEE. The U-shaped pattern was particularly evident in
April, May, August, and September, indicating strong daytime CO2 uptake
and large diurnal amplitudes. In August, the minimum NEE approached −1.60
mg CO2/(m2・s), reflecting a short-term but highly intensity carbon sink. The
forest ecosystem maintained net CO2 uptake over a longer period and displayed
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a clear diurnal pattern from April to October. However, its overall variation was
more moderate, with NEE generally ranging from −0.80 to 0.30 mg CO2/(m2・
s).

Pronounced diurnal variation in grassland and wetland ecosystems was mainly
observed from June to September. In particular, the wetland ecosystem exhib-
ited strong daytime CO2 uptake during July and August, although the mag-
nitude of uptake varied substantially from month to month. The shrubland
ecosystem showed relatively smooth NEE dynamics. Although it also exhibited
a U-shaped pattern from May to September, its overall amplitude was smaller
than those observed in the cropland and forest ecosystems.

3.1.2 Intra-annual variability of daily NEE
At the daily scale, the five ecosystem types exhibited distinct intra-annual pat-
terns and magnitudes of NEE variability from 2003 to 2020 (Fig. 3). The
cropland ecosystem displayed a characteristic bimodal pattern of carbon up-
take. The first uptake peak occurred around May, reaching approximately −4.0
g C/(m2・d), followed by a pronounced CO2 release peak around mid-June,
with values up to 3.5 g C/(m2・d). This release period was primarily associated
with bare-soil exposure and tillage disturbance during the transition from win-
ter wheat harvest to summer maize planting. A second uptake peak occurred
in August, reaching approximately −7.0 g C/(m2・d), reflecting the strong pho-
tosynthetic activity of summer maize during its peak growing season.

The forest ecosystem exhibited the greatest day-to-day variability among all
ecosystem types. Daily NEE decreased rapidly after May and reached its max-
imum CO2 uptake in July, with values of approximately −10.5 g C/(m2・d).
This pronounced variability may be attributed to the higher leaf area index,
biomass, and canopy photosynthetic capacity of forests, which can amplify the
effects of short-term fluctuations in daily radiation, VPD, and diffuse radiation
on ecosystem carbon exchange (Duursma et al., 2009; Liu et al., 2022; de Pue
et al., 2023).

In contrast, grassland and shrubland ecosystems showed relatively smooth
seasonal fluctuations, with most carbon uptake occurring between June and
September. The maximum CO2 uptake in shrubland (approximately −3.4
g C/(m2・d)) exceeded that of grassland (approximately −1.4 g C/(m2・d)).
However, the day-to-day variability of shrubland remained considerably lower
than that of forest ecosystems. The pattern is likely attributable to the gener-
ally lower leaf area index, reduced productivity potential, and persistent water
limitation characteristic of semi-arid shrublands, which constrain ecosystem
responses to short-term meteorological fluctuations (Jia et al., 2014).

The wetland ecosystem showed substantial CO2 release during March and April,
reaching approximately 1.5 g C/(m2・d), before gradually shifting to net CO2
uptake after late May. Maximum uptake occurred during July and August, with
values of approximately −2.5 g C/(m2・d). Compared with forests, wetlands
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Fig. 2 Monthly mean diurnal cycles of net ecosystem carbon dioxide exchange
(NEE) in cropland, forest, grassland, shrubland, and wetland ecosystems

across the YRB.

Figure 2: Fig. 2 Monthly mean diurnal cycles of net ecosystem carbon dioxide
exchange (NEE) in cropland, forest, grassland, shrubland, and wetland ecosys-
tems across the YRB.

showed lower day-to-day variability, likely because persistently high soil mois-
ture and the buffering effects of water-level fluctuations reduced the influence
of short-term meteorological variability on NEE. As a result, wetland carbon
exchange appears to be more strongly regulated by seasonal hydrothermal con-
ditions and freeze-thaw processes than by short-term weather fluctuations (Wei
et al., 2022).

3.1.3 Monthly variability of NEE in terrestrial ecosystems
of the YRB
At the monthly scale, NEE showed pronounced seasonal variation across all five
ecosystem types

Fig. 2 Monthly mean diurnal cycles of net ecosystem carbon dioxide (CO2)
exchange (NEE) in cropland, forest, grassland, shrubland, and wetland ecosys-
tems across the YRB. (a), January; (b), February; (c), March; (d), April; (e),
May; (f), June; (g), July; (h), August; (i), September; (j), October; (k), Novem-
ber; (l), December. Negative NEE values indicate net ecosystem CO2 uptake,
whereas positive values indicate net CO2 release.

from 2003 to 2020 (Fig. 4). As vegetation activity increased during the growing
season, each ecosystem gradually transitioned from net CO2 release to net CO2
uptake and reached peak carbon uptake during summer. Forest, grassland,
shrubland, and wetland ecosystems all functioned as net carbon sinks from
June to August, whereas the cropland ecosystem experienced a brief period of
net carbon release in June before reaching its strongest carbon sink intensity in
August.

The cropland ecosystem showed a distinct bimodal seasonal pattern. The first
period of carbon uptake occurred during April and May, followed by a transition
to a net carbon source in June and a second period of strong carbon uptake from
July to September, peaking in August. This pattern was closely associated with
the cropping systems and management practices at the cropland sites. Sites such
as Changwu, Luancheng, and Yucheng are primarily located in the middle and
lower reaches of the YRB and within the agricultural region of the North China
Plain, where winter wheat–summer maize rotation is the dominant cropping
system. During June, winter wheat reaches maturity and is harvested, resulting
in temporary bare-soil exposure, enhanced residue decomposition, and tillage
disturbance, while summer maize remains in the sowing or seeding
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Fig. 3

Figure 3: Fig. 3

Fig. 4. Monthly totals of NEE in five terrestrial ecosystem types across the
YRB. Panels: (a) Cropland; (b) Forest; (c) Grassland; (d) Shrubland; (e)

Wetland. The y-axis is NEE (g C/(m2・month)); the x-axis is Month, from
Jan to Dec.

Figure 4: Fig. 4. Monthly totals of NEE in five terrestrial ecosystem types
across the YRB. Panels: (a) Cropland; (b) Forest; (c) Grassland; (d) Shrubland;
(e) Wetland. The y-axis is NEE (g C/(m2・month)); the x-axis is Month, from
Jan to Dec.

Fig. 3 Intra-annual dynamics of daily NEE in five terrestrial ecosystem types
across the YRB study area. (a), cropland; (b), forest; (c), grassland; (d), shrub-
land; (e), wetland. The dashed horizontal line denotes NEE=0.0 g C/(m2・
d); negative NEE values indicate net ecosystem CO2 uptake, whereas positive
values indicate net CO2 release.

stage with relatively low photosynthetic capacity. Therefore, cropland func-
tions as a temporary carbon source during this period. In July and August,
summer maize enters its rapid growth stage, photosynthetic activity increases
substantially, and the ecosystem shifts back to a strong carbon sink.

The forest ecosystem exhibited a longer and more stable carbon sink period.
NEE decreased after April and maintained strong net CO2 uptake from May
to August, indicating that the greater biomass and longer canopy duration of
forests support sustained and stable carbon sequestration. Grassland and shrub-
land ecosystems showed similar seasonal patterns, functioning as net carbon
sinks from June to September. However, their carbon uptake intensities were
generally lower than those of forests and croplands. The stronger summer car-
bon uptake observed in shrublands compared with grasslands may be related to
higher vegetation cover and greater water-use efficiency.

The wetland ecosystem functioned as a carbon sink from May to August and
reached its maximum uptake intensity in July. However, it rapidly shifted back
to a carbon source after September, indicating that monthly-scale carbon ex-
change in wetlands is jointly regulated by vegetation phenology, hydrological
conditions, and organic matter decomposition processes.

Fig. 4 Monthly totals of NEE in five terrestrial ecosystem types across the
YRB. (a), cropland; (b), forest; (c), grassland; (d), shrubland; (e), wetland. The
horizontal line at NEE=0 g C/(m2・month) indicates the balance between net
CO2 uptake and net CO2 release. Negative NEE values indicate net ecosystem
CO2 uptake, whereas positive values indicate net CO2 release.
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Fig. 5

Figure 5: Fig. 5

3.1.4 Interannual variability of NEE in terrestrial ecosystems of the
YRB

The annual net CO2 budgets of the different ecosystem types in the YRB exhib-
ited pronounced interannual variability from 2003 to 2020 (Fig. 5). Cropland
and forest ecosystems consistently functioned as strong and stable net CO2 sinks
throughout the observation period. Specifically, the maximum annual net CO2
uptake by cropland occurred at the Yingke site in 2011 (−960.25 g C/(m2・a)),
while forest ecosystems reached their strongest net CO2 uptake at the Guan-
tan site in 2011 (−886.08 g C/(m2・a)). Even for the weakest annual net CO2
uptake records (the Changwu cropland site in 2007 and the Xiaolangdi forest
site in 2013), annual NEE remained negative, indicating persistent net carbon
uptake despite considerable interannual fluctuations in sink strength.

In contrast, shrubland and grassland ecosystems generally functioned as
relatively weak carbon sinks. Shrubland showed limited interannual variability
and consistently maintained net CO2 uptake throughout the study period.
Grassland, however, showed lower stability. Although most grassland site-year
records indicated net CO2 uptake, the strongest uptake was observed at Arou
in 2011 (−351.66 g C/(m2・a)), whereas net CO2 release occurred at Damao
during 2015–2017 and at Sanjiangyuan in 2016.

The wetland ecosystem exhibited the strongest interannual variability among
all ecosystem types. At the Haibei wetland site, substantial net CO2 release
occurred between 2004 and 2008,

Fig. 5 Interannual variations in NEE at selected eddy covariance sites within
the YRB. Negative NEE values indicate net ecosystem CO2 uptake, whereas
positive values indicate net CO2 release.

with the largest release recorded in 2007 (1027.97 g C/(m2・a)). Flux parti-
tioning analysis indicated that this anomalous carbon loss was associated with
both enhanced ecosystem respiration and reduced gross primary productivity
(GPP), with the increase in ecosystem respiration contributing more strongly
to the observed net CO2 release (Table S1).

3.2 Environmental controls on NEE in terrestrial ecosys-
tems of the YRB
3.2.1 Relationships between environmental factors and NEE across
different time scales

At the half-hourly scale, correlations between environmental variables and NEE
were generally weak, although most correlation coefficients were statistically
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significant (Fig. 6a). This finding suggests that ecosystem CO2 exchange
showed detectable instantaneous responses to changes in environmental con-
ditions. Among all variables, PAR was significantly negatively correlated with
NEE across all five ecosystem types, indicating that it was the most consistent
environmental driver at this temporal scale. 𝑇𝑎 and 𝑇𝑠 also generally showed sig-
nificant negative correlations with NEE, with particularly strong relationships
observed in shrubland ecosystems. RH was typically weakly and positively cor-
related with NEE, whereas VPD showed significant negative correlations in all
ecosystem types. In contrast, SWC, WS, and precipitation generally showed
weak correlations with NEE, although significant relationships were detected
in all ecosystem types. Overall, these results suggest that short-term fluctu-
ations in NEE were primarily regulated by the combined effects of radiation,
temperature, and atmospheric moisture conditions.

At the daily scale, the correlations between environmental factors and NEE
became stronger and more consistent, highlighting the increasing importance of
temperature regulation (Fig. 6b). Both 𝑇𝑎 and 𝑇𝑠 were significantly negatively
correlated with NEE in all ecosystem types, with the strongest relationships
observed in forests. PAR remained significantly negatively correlated with NEE
in all ecosystems except grassland. Meanwhile, RH showed significant negative
correlations with NEE in all ecosystem types, indicating that higher atmospheric
humidity generally favored net CO2 uptake at the daily scale. The effects of
precipitation and WS became more pronounced than those observed

at the half-hourly scale, although substantial ecosystem-specific differences re-
mained. Precipitation showed a weak positive correlation with NEE in cropland
ecosystems, whereas significant negative correlations were observed in grassland,
shrubland, and wetland ecosystems. WS generally exhibited weak positive cor-
relations with NEE across all ecosystem types.

At the monthly scale, correlations between environmental variables and NEE
more clearly reflected cumulative environmental effects, and the explanatory
power of temperature reached its maximum (Fig. 6c). 𝑇𝑎 and 𝑇𝑠 were gener-
ally significantly negatively correlated with NEE, with the strongest relation-
ships observed in forest and shrubland ecosystems. These results indicate that
temperature was a key regulator of seasonal NEE dynamics. RH remained
negatively correlated with NEE at the monthly scale, whereas the influence
of PAR weakened and remained significant only in some ecosystems. In con-
trast, precipitation exhibited significant negative correlations with NEE across
all five ecosystem types, suggesting that increased precipitation generally en-
hances ecosystem CO2 uptake at the monthly scale. The long-term influence of
VPD was primarily evident in shrubland and wetland ecosystems. Overall, cor-
relation analysis revealed a pronounced scale dependence in the environmental
regulation of NEE. Short-term variations were mainly driven by instantaneous
environmental factors, particularly PAR, whereas medium- and long-term vari-
ations were increasingly governed by the combined effects of temperature and
moisture conditions.

chinarxiv.org/items/chinaxiv-202608.00024 Machine Translation

https://chinarxiv.org/items/chinaxiv-202608.00024


Fig. 7

Figure 6: Fig. 7

Fig. 6 Pearson’s correlation coefficient (𝑟) values between NEE and environ-
mental variables across ecosystem types at the half-hourly (a), daily (b), and
monthly (c) scales. PAR, photosynthetically active radiation; RH, relative hu-
midity; SWC, soil water content; 𝑇𝑎, air temperature; 𝑇𝑠, soil temperature;
VPD, vapor pressure deficit; WS, wind speed; ∗, significance at 𝑃 < 0.05 level;
∗∗, significance at 𝑃 < 0.01 level. “-”indicates that the correlation coefficient
was not calculated because of insufficient valid data.

3.2.2 Relative contributions of environmental factors to NEE across
different time scales

The relative contributions of environmental factors to NEE varied substantially
among temporal scales (Fig. 7). At the half-hourly scale, PAR was the dominant
predictor in most ecosystem types, particularly in forests and croplands, where
it exhibited the highest feature importance. This result indicates that ecosystem
CO2 exchange at short time scales is primarily controlled by photosynthetic light
responses and is highly sensitive to instantaneous fluctuations in radiation.

At the daily scale, PAR remained an important driver in cropland ecosys-
tem; however, the importance of temperature variables (𝑇𝑎 and 𝑇𝑠) increased
markedly, especially in grassland and wetland ecosystems. This shift suggests
that cumulative thermal effects become increasingly important in regulating
daily carbon exchange dynamics.

At the monthly scale, temperature variables emerged as the dominant contrib-
utors to NEE variability. Shrubland, wetland, forest, and grassland ecosystems
showed particularly high relative importance of 𝑇𝑎 at this temporal scale, high-
lighting the dominant influence of seasonal thermal conditions on long-term
ecosystem carbon exchange.

A comparison between the RF feature-importance results and the correlation
analysis showed strong consistency. Environmental variables identified as highly
important by the RF model generally corresponded to those exhibiting strong
and statistically significant correlations with

Fig. 7 Relative importance rankings of environmental factors influencing NEE
at the half-hourly (a), daily (b), and monthly (c) scales.

NEE. This agreement between two independent analytical approaches enhances
confidence in the inferred environmental controls on ecosystem carbon exchange.

Overall, the relative contribution of temperature variables, particularly 𝑇𝑎, in-
creased progressively with increasing temporal scale and reached its maximum
at the monthly scale. In contrast, PAR exerted its strongest influence at the
half-hourly and daily scales. These findings demonstrate clear scale-dependent
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differences in the mechanisms regulating ecosystem CO2 exchange: short-term
fluctuations are primarily driven by rapid changes in light availability, whereas
long-term seasonal dynamics are mainly governed by variations in thermal con-
ditions.

3.2.3 Seasonal variability of meteorological factors during representa-
tive period (2016–2017)

To further compare ecosystem responses to environmental conditions under a
common climatic background, we selected the period 2016–2017 as a representa-
tive period for examining the seasonal dynamics of meteorological factors across
the five ecosystem types in the YRB. This period was selected because obser-
vations were available for at least one site in each ecosystem type during this
overlapping period.

PAR and 𝑇𝑎 showed pronounced seasonal patterns, increasing synchronously
during the warm season and decreasing during the cold season (Fig. 8). These
variables provide the primary radiative and thermal conditions underlying sea-
sonal fluctuations in NEE. The seasonal peaks of PAR and 𝑇𝑎 were particularly
pronounced in cropland and grassland ecosystems.

RH and VPD also exhibited seasonal variation but generally varied in opposite
directions throughout the year. VPD increased while RH decreased during the
warm season, whereas the opposite pattern occurred during the cold season.
This inverse relationship suggests that atmospheric moisture conditions may
play an important role in regulating ecosystem carbon exchange, particularly
under high-VPD conditions during the growing season.

Precipitation and SWC displayed consistent seasonal wet–dry transition pat-
terns. Variations in SWC generally corresponded to precipitation events, re-
flecting the response of soil moisture to rainfall inputs. Clear differences among
ecosystem types were observed. Forest and wetland ecosystems maintained rela-
tively high SWC values with comparatively small seasonal fluctuations, whereas
grassland and shrubland ecosystems experienced lower SWC during dry periods
and exhibited greater sensitivity to precipitation pulses.

In contrast, WS showed weaker seasonal regularity than PAR, 𝑇𝑎, RH, VPD,
precipitation, and SWC. This finding suggests WS primarily acted as a back-
ground environmental factor rather than a dominant driver of seasonal NEE
variability.

3.2.4 Responses of NEE to PAR and 𝑇𝑎 at daily and half-hourly scales
during the representative period (2016–2017)

To characterize ecosystem responses to key environmental drivers during the
representative period, we first examined the relationships between NEE and 𝑇𝑎
and between NEE and PAR using daily observations from April to October,
when vegetation activity and ecosystem carbon exchange were most active (Fig.
9).
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Fig. 8 Temporal variations in environmental variables across five ecosystem
types during 2016–2017. (a–d), cropland; (e–h), forest; (i–l), grassland; (m–
p), shrubland; (q–t), wetland. For ease of comparison, variables with closely
related environmental meanings were paired as follows: PAR–𝑇𝑎 for radiative
and thermal conditions, RH–VPD for atmospheric moisture conditions, and
precipitation–SWC for water input and soil-moisture response; 𝑇𝑠 and WS were
displayed together as the remaining variables. PAR, 𝑇𝑎, RH, VPD, SWC, 𝑇𝑠,
and WS are the 7-day centered moving averages, while precipitation is shown as
a 7-day cumulative value. Gaps or absent curves indicate periods or variables
with insufficient valid observations.

The results revealed substantial differences among ecosystem types in their re-
sponses to temperature and radiation at the daily scale. Overall, the relation-
ship between NEE and 𝑇𝑎 exhibited strong ecosystem-specific characteristics.
In cropland, the relationship was relatively weak, and NEE showed no clear re-
sponse to changes in 𝑇𝑎. In contrast, forest, grassland, shrubland, and wetland
ecosystems generally exhibited negative relationships between NEE and 𝑇𝑎, indi-
cating enhanced CO2 uptake with increasing temperature. Among these ecosys-
tems, shrubland showed the strongest temperature response. The quadratic
regression results suggest pronounced nonlinear temperature responses in shrub-
land and wetland ecosystems, while forest and grassland ecosystems also exhib-
ited temperature sensitivity, although with lower response magnitudes.

NEE generally showed a decreasing trend with increasing PAR in most ecosys-
tem types, indicating that increasing radiation generally enhanced net ecosys-
tem CO2 uptake. Forest and cropland ecosystems exhibited the strongest re-
sponses to PAR, followed by wetland and grassland ecosystems, whereas shrub-
land showed a comparatively weaker response. In most cases, quadratic regres-
sion provided a better fit than linear regression, suggesting that the daily-scale
response of NEE to PAR exhibited nonlinear saturation characteristics.

To further investigate the underlying mechanisms of ecosystem carbon exchange,
we examined the relationships between NEE and PAR and between NEE and 𝑇𝑎
at the half-hourly scale using growing-season observations from 2016–2017 under
daytime (PAR ≥ 10 𝜇mol/(m2・s)) and nighttime (PAR < 10 𝜇mol/(m2・s))
conditions, respectively (Figs. 10 and 11). This separation was adopted because
daytime NEE primarily reflects photosynthetic responses to radiation, whereas
nighttime NEE mainly represents ecosystem respiration and its temperature
dependence.

The results showed that daytime half-hourly NEE exhibited pronounced nonlin-
ear responses to PAR across all five ecosystem types (Fig. 10). Specifically, NEE
decreased rapidly with increasing PAR and gradually approached an asymptote
at higher radiation levels, displaying a typical light-saturation response. Among
the ecosystem types, cropland and forest showed the largest response ampli-
tudes, followed by wetland and shrubland, while grassland showed the weakest
response. These findings indicate that PAR exerted strong control over daytime
carbon uptake at the half-hourly scale.
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Fig. 9

Figure 7: Fig. 9

Fig. 10 Daytime half-hourly relationships between NEE and PAR during the
2016–2017 growing seasons. Panels: (a) Cropland; (b) Forest; (c) Grassland;
(d) Shrubland; (e) Wetland. Scatter points represent 30-min daytime NEE

observations; red curves indicate rectangular hyperbola fits.

Figure 8: Fig. 10 Daytime half-hourly relationships between NEE and PAR
during the 2016–2017 growing seasons. Panels: (a) Cropland; (b) Forest; (c)
Grassland; (d) Shrubland; (e) Wetland. Scatter points represent 30-min daytime
NEE observations; red curves indicate rectangular hyperbola fits.

Fig. 9 Relationships between daily NEE and 𝑇𝑎 (a, c, e, g, and i) and between
daily NEE and PAR (b, d, f, h, and j) across five ecosystem types. Shaded areas
denote the 95% confidence intervals.

In contrast, nighttime half-hourly NEE generally exhibited positive exponential
relationships with 𝑇𝑎 (Fig. 11). As 𝑇𝑎 increased, nighttime NEE increased cor-
respondingly, indicating enhanced respiration-driven CO2 release. The temper-
ature sensitivity of nighttime NEE varied among ecosystem types, with stronger
responses observed in wetland and shrubland ecosystems and weaker responses
in forest and grassland ecosystems.

Overall, the results from the representative period demonstrated clear process
differentiation in ecosystem carbon exchange at the half-hourly scale. Daytime
NEE showed a pronounced light-saturation response to PAR, whereas nighttime
NEE showed a positive exponential response to 𝑇𝑎.

Fig. 10 Daytime half-hourly relationships between NEE and PAR during the
2016–2017 growing seasons. (a), cropland; (b), forest; (c), grassland; (d), shrub-
land; (e), wetland.

Fig. 11 Nighttime half-hourly relationships between NEE and 𝑇𝑎 during the
2016–2017 growing seasons. (a), cropland; (b), forest; (c), grassland; (d), shrub-
land; (e), wetland.

Figure 11. Nighttime half-hourly relationships between NEE and 𝑇𝑎 during
the 2016–2017 growing seasons. (a), cropland; (b), forest; (c), grassland; (d),

shrubland; (e), wetland.

Figure 9: Figure 11. Nighttime half-hourly relationships between NEE and 𝑇𝑎
during the 2016–2017 growing seasons. (a), cropland; (b), forest; (c), grassland;
(d), shrubland; (e), wetland.
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4 Discussion
4.1 Variability of NEE in terrestrial ecosystems of the YRB

This study revealed distinct patterns of NEE variability across multiple temporal
scales in cropland, forest, grassland, shrubland, and wetland ecosystems of the
YRB. At the diurnal scale, all five ecosystem types exhibited a characteristic U-
shaped pattern from May to September, with net CO2 release at night and net
CO2 uptake during the daytime. This pattern is consistent with observations
reported for coastal wetlands in the Yellow River Delta (Chu et al., 2016), spring
wheat ecosystems in the Heihe River Basin (Sun et al., 2016), and grasslands in
the central Tianshan region (Zhang

et al., 2023c). However, substantial seasonal differences were evident. From
April to October, daytime carbon uptake remained strong and nighttime CO2
release was relatively weak. In contrast, from November to the following March,
the U-shaped pattern weakened considerably and nighttime CO2 release in-
creased. This seasonal transition is likely associated with reduced photosyn-
thetic activity caused by low-temperature stress and vegetation dormancy (Yan
et al., 2023).

Clear differences among ecosystem types were also observed. Due to the early
spring regrowth of crops such as winter wheat and the influence of agricultural
management practices, including irrigation and fertilization (Liu et al., 2023b),
cropland ecosystems generally exhibited enhanced diurnal fluctuations earlier
than the other ecosystem types and showed larger diurnal amplitudes during
the same period.

At the daily scale, differences in the timing, duration, and intensity of the net
carbon uptake period among ecosystem types reflected the combined influences
of vegetation structure, phenology, and hydrothermal constraints. Cropland ex-
hibited the latest onset of net carbon uptake, beginning after approximately day
130 of the year. However, the uptake rate increased rapidly thereafter, forming
a strong carbon sink during the peak growing season, with daily NEE values
approaching −5.0 g C/(m2・d). This strong uptake is largely attributable to
management practices, such as fertilization, that enhance ecosystem productiv-
ity (Zhang et al., 2021c). Nevertheless, cropland also exhibited the shortest
carbon uptake period and rapidly transitioned to a carbon source following au-
tumn harvest (around day 270), reflecting the typical seasonal growth cycle of
annual crops (Du and Liu, 2013; Zhang et al., 2021c).

Forest ecosystems exhibited the longest and strongest carbon uptake period.
Net carbon uptake began earliest (around day 90) and ended latest (around day
300), resulting in a carbon uptake season lasting more than 200 days (Baldocchi
et al., 2005; Yan et al., 2023; Qiao et al., 2025). During the peak growing season,
daily NEE approached −10.0 g C/(m2・d), reflecting the high photosynthetic
productivity of forest ecosystems. Forest also exhibited greater day-to-day vari-
ability in NEE, suggesting that forest carbon fluxes are highly responsive to
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short-term fluctuations in radiation and temperature.

Grassland and shrubland ecosystems exhibited similar phenological patterns,
with net carbon uptake generally beginning around day 120 and ending around
days 270–280. These similarities reflect the common hydrothermal constraints
characteristic of semi-arid environments. However, the peak carbon uptake of
shrubland (approximately −3.0 g C/(m2・d)) was generally greater than that of
grassland (approximately −1.5 g C/(m2・d)), consistent with the higher biomass
and productivity of shrubland vegetation.

Wetland ecosystems exhibited more complex daily-scale dynamics, often display-
ing double-peak or multi-peak patterns during the growing season, with peak
uptake rates of approximately −2.0 g C/(m2・d). This behavior suggests that,
in addition to radiation and temperature, wetland carbon exchange is strongly
influenced by hydrological conditions. Water-level fluctuations regulate photo-
synthesis in aquatic and hygrophytic vegetation and alter ecosystem respiration
by modifying soil redox conditions. Consequently, wetland carbon exchange
represents the integrated outcome of complex interactions among hydrological,
biological, and climatic processes.

At the monthly scale, all ecosystem types exhibited a characteristic seasonal
cycle of net carbon uptake during spring and summer and net carbon release
during autumn and winter (Fig. 4). This pattern is primarily driven by seasonal
variations in radiation and temperature and is consistent with observations from
temperate ecosystems worldwide. Nevertheless, substantial differences among
ecosystems types were observed in the timing, magnitude, and duration of their
carbon sink functions.

Forest ecosystems exhibited the longest carbon uptake period (approximately
6–7 months) and the strongest uptake peak, which can be attributed to their
greater biomass and larger leaf area index. Cropland ecosystems displayed a car-
bon uptake pattern characterized by rapid onset, high intensity, and relatively
short duration. In the present study, the multi-year mean NEE of cropland ex-
ceeded that of forest ecosystems in absolute magnitude, indicating that cropland
can function as a strong net CO2 sink under intensive agricultural management
in the YRB. This finding is

consistent with observations from winter wheat–summer maize rotation systems
in the North China Plain and irrigated croplands in northwestern China (Wang
et al., 2012; Tao et al., 2022).

The strong carbon uptake capacity of cropland is largely attributable to en-
hanced GPP resulting from multiple-cropping systems, irrigation, fertilization,
and the cultivation of high-yield crop varieties. However, a large negative
NEE does not necessarily imply long-term carbon sequestration because har-
vested biomass removes substantial amounts of fixed carbon from the ecosystem,
thereby reducing the long-term carbon storage potential of croplands (Zhang et
al., 2020). In contrast, although forests exhibited lower annual NEE values
than croplands, their longer carbon residence times and lower levels of human
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disturbance enable them to provide a more stable and persistent contribution
to regional carbon storage (Zhu et al., 2022; Pan et al., 2024).

Grassland and shrubland ecosystems showed similar seasonal dynamics, al-
though shrublands generally exhibited greater carbon uptake than grasslands.
Notably, while wetlands also followed the general pattern of acting as carbon
sinks during summer and carbon sources during winter, their carbon exchange
dynamics were more strongly controlled by hydrological conditions, resulting
in greater temporal complexity. Furthermore, wetlands functioned as a net
carbon source when averaged across all study years (Table 3), suggesting that
the carbon sink function of alpine wetlands may be vulnerable to persistent
climatic stress.

Table 3 Comparison of CO2 fluxes among different terrestrial ecosystems

Ecosystem
type Study area Time scale

CO2
emission/uptake

(g C/m2) Reference
Cropland Wheat fields

in the North
China Plain

Growing
season

−437.90 Zhang et
al. (2020)

Cropland Jinzhou
agroecosys-
tem site,
Liaoning
Province,
China

Annual
mean

−270.00 ± 31.00 Zhang et
al. (2021c)

Cropland Yellow River
Basin
(YRB)

Annual
mean

−447.28 This study

Forest Qilian
Mountains

Annual −545.99 Du et
al. (2022)

Forest Field poplar
forest in
Hongze Lake

Growing
season

−1758.10 Xu et
al. (2018)

Forest YRB Annual
mean

−350.04 This study

Grassland Horqin
sandy
grassland

Growing
season

−139.83 Niu et
al. (2018)

Grassland Xilinhot
grassland

Annual −120.00 Wang et
al. (2015b)

Grassland YRB Annual
mean

−25.98 This study
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Ecosystem
type Study area Time scale

CO2
emission/uptake

(g C/m2) Reference
Shrubland East scrub

meadow in
Qilian
Mountains

Growing
season

−662.98 Gao et
al. (2022)

Shrubland Yanchi
Research
Station,
Ningxia Hui
Autonomous
Region,
China

Annual −77.00 Jia et
al. (2014)

Shrubland YRB Annual
mean

−85.76 This study

Wetland Chongming
Dongtan
Coastal
Reclamation
Wetland

Growing
season

−1033.20 Wang et
al. (2015a)

Wetland Liaohe
Delta

Annual
mean

−556.00 Jia et
al. (2017)

Wetland YRB Annual
mean

286.28 This study

Note: Time-scale terminology follows the original publications.“Annual”denotes
an annual total; “Annual mean”denotes the multi-year mean of annual values.

According to the partitioning results for ecosystem respiration (𝑅eco) and GPP
derived from observations at the Haibei wetland site during 2004-2009 (Table
S1), the extreme CO2 release observed in 2007 resulted from the combined effects
of enhanced 𝑅eco and reduced GPP, with the increase in 𝑅eco contributing more
substantially to the net carbon loss. Previous studies have demonstrated that
carbon emissions from alpine wetlands and peatlands are highly sensitive to
changes in water level. Lower water levels increase oxygen exposure within
peat layers and accelerate organic matter decomposition, whereas rewetting can
significantly suppress ecosystem respiration (Zhao et al., 2010; Cui et al., 2017).
Studies conducted on peatlands of the Qinghai-Xizang Plateau further suggest
that declining water levels under warming and drying conditions

can accelerate decomposition processes and weaken ecosystem carbon sequestra-
tion capacity (Zhang et al., 2024; Yang et al., 2025). Therefore, the extreme
carbon release observed in 2007 should be interpreted as an anomalous event
driven primarily by enhanced respiration under warm and dry conditions rather
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than as a typical characteristic of alpine wetland carbon exchange.

The annual net CO2 budgets of all ecosystem types exhibited substantial in-
terannual variability (Fig. 5), highlighting the sensitivity of ecosystem carbon
cycling to climate variability and other disturbances, including land manage-
ment practices and extreme climatic events. In this study, the mean annual
NEE values of forest and cropland ecosystems were −350.04 and −447.28 g
C/(m2・a), respectively, which are comparable to values reported for rotational
croplands in the North China Plain (−437.90 g C/m2). These results indicate
that although these ecosystems may function as carbon sources during the non-
growing season, strong photosynthetic carbon uptake during the growing season
is sufficient to maintain net annual carbon sequestration.

Even forests, which are generally regarded as stable carbon sinks, exhibited
substantial interannual variability in carbon uptake capacity and may approach
carbon neutrality or even function as weak carbon sources in some years due to
drought, pest outbreaks, diseases, or changes in stand age structure. Grassland
and shrubland ecosystems functioned as relatively weak carbon sinks at the
interannual scale, with mean annual NEE values of −25.98 and −85.76 g C/(m2・
a), respectively. Their carbon budgets are particularly sensitive to interannual
precipitation variability (Yang et al., 2022), and prolonged drought conditions
may reverse their carbon sink function.

Several limitations should be acknowledged. First, the limited number of obser-
vation sites and their uneven spatial distribution among ecosystem types may
affect the representativeness of basin-scale carbon budget estimates. Second,
cropland was treated as a single ecosystem category without explicitly distin-
guishing among cropping systems, irrigation regimes, or management practices,
potentially masking important regional differences in carbon exchange. Third,
differences among sites in data availability, valid data proportions, gap-filling ap-
proaches, and reporting standards may introduce uncertainty into annual NEE
estimates and cross-site comparisons. Finally, because eddy covariance mea-
surements quantify NEE rather than the complete ecosystem carbon balance,
the terms“carbon sink”and“carbon source”used in this study refer specifically
to NEE-based net CO2 exchange during the observation period and should not
be interpreted as indicators of total ecosystem carbon balance.

4.2 Scale dependence and regulatory mechanisms of envi-
ronmental controls on ecosystem NEE in the YRB
RF-derived feature importance was used to identify the key environmental pre-
dictors of NEE. Because predictor variables may exhibit collinearity, these im-
portance values should be interpreted as model-based measures of relative con-
tribution rather than independent causal effects.

At the half-hourly scale, PAR was identified as the primary driver of NEE vari-
ability. This result is consistent with the instantaneous nature of photosynthesis
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as a light-driven biochemical process. At sub-daily time scales, photon flux den-
sity directly regulates the photosynthetic electron transport chain and provides
the energy required for carbon assimilation, thereby exerting strong control over
instantaneous ecosystem carbon uptake rates (Xia et al., 2024). However, as
the temporal scale increased from half-hourly to daily and monthly intervals,
the explanatory power of temperature variables (𝑇𝑎 and 𝑇𝑠) gradually exceeded
that of PAR and became the dominant environmental control.

This shift reflects scale-dependent differences in the mechanisms regulating
ecosystem carbon exchange. Although light provides the energy source for pho-
tosynthesis, temperature determines the potential capacity for carbon uptake
over longer time scales by influencing enzymatic activity, growing-season length,
and vegetation phenology. Through its effects on leaf development and canopy
duration, temperature regulates the temporal window during which ecosystems
can function as carbon sinks. Previous studies conducted in the YRB and across
the Northern Hemisphere have similarly demonstrated that climate warming-
induced phenological changes are among the key factors explaining interannual
variability in carbon sequestration across mid- and high-latitude regions (Gu et
al., 2022; Bai et al., 2024).

In addition, Li et al. (2022) reported that nighttime temperature exerts a sig-
nificant cumulative effect on monthly ecosystem respiration, providing further
evidence that temperature increasingly influences ecosystem carbon budgets
through its control of respiratory carbon losses. This transition from short-
term photosynthetic regulation to long-term thermal and phenological control
highlights the importance of adopting a multi-temporal-scale perspective when
assessing regional carbon budgets.

The half-hourly observations collected during 2016–2017 further supported these
findings. Under daytime conditions, the NEE–PAR relationship exhibited a pro-
nounced nonlinear negative response characterized by an initial rapid decline fol-
lowed by gradual saturation. This pattern is consistent with the well-established
light-response curve of ecosystem photosynthesis and indicates that radiation
directly controls net carbon uptake at short time scales. However, as PAR
increased beyond a certain threshold, the marginal increase in carbon uptake
diminished, reflecting the saturation of photosynthetic capacity. These process-
based results provide additional support for the conclusion that PAR is the
dominant driver of half-hourly NEE variability.

Although warm-season conditions provide abundant light and thermal resources,
this study found that ecosystem responses to increasing temperature and radi-
ation were not linear. Instead, NEE frequently approached saturation or even
declined beyond certain thresholds. This nonlinear behavior can largely be
attributed to the influence of VPD (Grossiord et al., 2020; Lu et al., 2022).
While SWC is traditionally considered the primary limiting factor in semi-arid
ecosystems, our results, consistent with those of Zhang et al. (2022) and Sun et
al. (2024), suggest that VPD exerts a more immediate and direct constraint on
NEE at the daily scale.
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From a physiological perspective, when VPD exceeds the tolerance threshold
of vegetation, stomata partially or completely close to reduce water loss and
prevent hydraulic failure. This response can substantially limit photosynthetic
carbon assimilation even when soil moisture remains adequate, resulting in a
pronounced decline in net ecosystem carbon uptake (Koehler et al., 2023). Un-
der ongoing climate warming, the increasing mismatch between available light
and thermal resources and effective water availability has emerged as an im-
portant mechanism contributing to the weakening of carbon sink strength in
grassland and shrubland ecosystems. As a consequence, these ecosystems may
temporarily function as carbon sources during periods of peak growing-season
drought stress (Yang et al., 2022).

Under nighttime conditions, the NEE–𝑇𝑎 relationship generally exhibited a pos-
itive exponential pattern, indicating that respiration-driven carbon release in-
creased with rising 𝑇𝑎. However, the magnitude of this temperature response
differed among ecosystem types, suggesting that the influence of temperature on
nighttime carbon exchange is jointly regulated by vegetation functional charac-
teristics and local hydrothermal conditions. These findings further demonstrate
the clear process-level differentiation at the half-hourly scale: daytime carbon ex-
change is primarily controlled by radiation-driven photosynthesis, whereas night-
time carbon exchange is dominated by the temperature sensitivity of ecosystem
respiration.

Further analysis indicated that differences in carbon sink stability among ecosys-
tem types under similar climatic conditions are largely attributable to variations
in biological structure and human management. Forest ecosystems maintained
relatively stable carbon sink functions even during drought years, consistent
with the findings of Kühnhammer et al. (2023). This resilience is primarily as-
sociated with the deep rooting systems of trees, which enable access to deeper
soil water reserves and help sustain transpiration and photosynthesis under con-
ditions of surface soil drying and elevated VPD.

In contrast, grassland and shrubland ecosystems are generally dominated by
shallow-rooted vegetation and therefore depend more strongly on precipitation-
driven soil moisture pulses. Consequently, their carbon exchange is more sen-
sitive to short-term fluctuations in water availability, resulting in greater vari-
ability in NEE (Zhang et al., 2023c).

Cropland ecosystems exhibit a distinctly different response pattern. Irrigation
and fertilization effectively alleviate water and nutrient limitations, thereby re-
ducing the direct influence of climatic variability on ecosystem productivity. As
a result, croplands display rapid and high-intensity carbon

uptake, a characteristic commonly observed in intensively managed agricultural
systems of the North China Plain (Zhang et al., 2022).

Wetland ecosystems exhibit another unique regulatory mechanism. Both exces-
sively high-water levels and severe drought conditions can suppress net CO2
uptake, consistent with findings from coastal and inland wetlands (Zhao et al.,
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2023; Wang et al., 2025a). These studies suggest the existence of an optimal hy-
drological range for wetland carbon sequestration. Excessively high-water levels
may limit oxygen transport to plant roots through aerenchyma tissues and in-
hibit photosynthetic activity, whereas excessively low water levels can stimulate
soil organic matter decomposition and increase respiratory carbon losses. This
strong dependence on hydrological conditions contributes to the pronounced
interannual variability and uncertainty observed in wetland carbon budgets.

5 Conclusions
Based on eddy covariance observations collected between 2003 and 2020, this
study investigated the multiscale temporal dynamics of NEE and its environ-
mental controls across five representative ecosystem types in the YRB, including
cropland, forest, grassland, shrubland, and wetland ecosystems.

NEE exhibited pronounced temporal variability and substantial differences
among ecosystem types. At the diurnal scale, all ecosystems displayed a
characteristic U-shaped pattern from May to September, characterized by net
CO2 uptake during the daytime and net CO2 release at night. At the daily
scale, cropland exhibited a typical bimodal pattern of carbon uptake associated
with crop phenology and agricultural management, whereas forest ecosystems
showed the greatest day-to-day variability in NEE. The remaining ecosystem
types exhibited comparatively smoother seasonal fluctuations.

The magnitude, duration, and stability of NEE-based net CO2 uptake differed
markedly among ecosystem types. Forest ecosystems maintained the most per-
sistent and stable carbon sink fluctuations, while croplands exhibited shorter
but more intensive periods of carbon uptake. Wetlands showed the strongest
interannual variability, including an anomalously large net CO2 release event
at the Haibei wetland site in 2007, which was primarily associated with en-
hanced ecosystem respiration. Grassland and shrubland were more vulnerable
to environmental stress and could temporarily shift from net CO2 release under
drought conditions.

The dominant environmental controls on NEE varied substantially across tem-
poral scales. PAR was the primary driver of instantaneous NEE variability at
the half-hourly scale, reflecting the direct regulation of photosynthetic processes
by light availability. In contrast, temperature became increasingly important at
daily and monthly scales through its influence on vegetation activity, phenology,
and ecosystem respiration. These findings demonstrate the strong temporal-
scale dependence of NEE regulation and highlight the influence of considering
both ecosystem-specific characteristics and temporal scale when evaluating re-
gional carbon dynamics.

Nevertheless, several sources of uncertainty remain. These include the uneven
spatial distribution of flux observation sites, limited ecosystem representation,
and the treatment of cropland as a single ecosystem category without explic-
itly accounting for differences in cropping systems and management practices.
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Future studies should incorporate additional long-term flux observations, finer
classifications of vegetation and agricultural management types, and the in-
tegration of eddy covariance measurements with remote sensing products and
process-based models. Such efforts will help improve the accuracy and reliability
of basin-scale assessments of ecosystem carbon exchange and carbon sequestra-
tion potential.
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Appendix
Table S1 Annual net ecosystem CO2 exchange (NEE) and its partitioned com-
ponents at the Haibei wetland site during 2004–2009

Year
NEE (g C/(m2・

a)) 𝑅eco (g C/(m2・a))
GPP (g C/(m2・

a))
2004 431.91 1969.94 1538.03
2005 279.68 2088.97 1809.30
2006 610.55 2198.73 1585.17
2007 1027.97 2490.73 1462.34
2008 442.12 2081.46 1639.34
2009 −65.27 2057.68 2122.95

Note: 𝑅eco, ecosystem respiration; GPP, gross primary productivity. 𝑅eco and
GPP were obtained directly from the original partitioned flux dataset. The rela-
tionship among the variables is NEE=𝑅eco−GPP. Positive NEE values indicate
net CO2 release to the atmosphere, whereas negative NEE values indicate net
ecosystem CO2 uptake.

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

Source: ChinaXiv. Machine translation. Verify with the original.
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