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Forest plantations cover a large percentage of global forest landscapes
contributing significantly to carbon sequestration. By using continuous eddy
covariance technique, we observed net ecosystem CO2 exchange (NEE), gross
primary production (GPP), ecosystem respiration (ER), and meteorological
variables from August 2018 to December 2019 in a Poplar plantation. The
Poplar plantation ecosystem was a carbon sink overall, with high carbon
uptake in growing season and limited uptake/emission in non-growing
season. The annual cumulative NEE, GEP, and ER were −763.61, 1542.19, and
778.58 g C m−2 yr−1, respectively. Photosynthetically active radiation (PAR)
significantly influenced NEE both at half-hourly and daily scale (P < 0.01 for
both), while relative humidity (RH) and vapor pressure deficit (VPD) only
significantly affected NEE at half-hourly scale (P < 0.01). The prevailing wind
direction throughout 2019 was southeast and it varied between seasons.
Southeast wind was the prevailing wind direction in summer and winter, while
southwest and northeast wind were the dominant wind direction in spring and
autumn, respectively. Our results highlight that polar plantations play an
important role in storing carbon, and that understanding meteorological
conditions is crucial in investigating ecosystem-atmosphere interactions and
their impacts on carbon cycling.
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1 Introduction

Carbon dioxide (CO2) is a powerful greenhouse that can efficiently trap heat and warm
the Earth. The current CO2 in the atmosphere is 421 ppm, 50% higher than the pre-
industrial concentration (Letcher, 2020). The increasing trend of CO2 will lead to the an
obvious rise of surface temperature compared to pre-industrial temperatures (Bindoff et al.,
2014). The unprecedented climatic warmth has resulted in a series of environmental
problems (e.g., drought, storms, heat waves, rising sea levels) (Cook et al., 2018; Hashim and
Hashim, 2016), warranting the investigation of carbon sink that can remove greenhouse gas
from the atmosphere.

Forests can sequester carbon by capturing atmospheric CO2 through photosynthesis.
Due to the high carbon storage of the trees and soils, forests are the largest carbon sink in the
terrestrial ecosystem, with annual absorption of 7.6 billion metric tonnes of CO2 (Harris
et al., 2021). While forests can make a great contribution to slow down global warming,
many countries have been massively defrosted by humans to meet the increasing need of
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food and fuel, and by natural disasters like wildfires (Betts et al.,
2017). Forest loss has caused severe environmental and economic
issues, and to cope with the situation, many countries have launched
tree-planting programs (Du et al., 2022; Kaine et al., 2023; Shen et al.,
2024; Tang et al., 2022), leading the global expansion of forest
plantations.

Forest plantations, established through human intervention,
represent a distinct type of ecosystem that is often overlooked in
carbon sequestration studies (Böttcher and Lindner, 2010). They
not only bring economic benefits by offering woods, but also
contribute to the environment by storing carbon (Kaith et al.,
2023). Forest plantations cover around 294 million ha,
representing roughly 7% of global forest area. China has a
massive area of forest plantation, accounting for 33.3% of
China’s total forest area and 26.3% of the global forest
area (Cheng et al., 2023). While many studies have
investigated carbon fluxes in natural forests (Bisht et al.,
2023), fewer studies have investigated carbon fluxes in forest
plantations.

Poplar (Populus spp.) are perennial deciduous tree species that
can adapt to dry and moist habitats. Due to the fast-growing speed
and high biomass productivity, Poplar trees could be used as wood
and biofuel products. They have been found to be widely distributed
around the world (Xi et al., 2021), roughly reaching 31.4 and
6.67 million in the world and China, respectively (Wu et al.,
2019). Thus, Poplar plantation could potentially contribute to the
mitigation of global warming. However, the unique contributions of
managed Poplar ecosystems to carbon cycling have not been
thoroughly examined.

Remote sensing, ground-based measurements, and modeling
approaches are three typical methods monitoring the carbon
sequestration of terrestrial ecosystems (He et al., 2024). By using
satellites and aerial imagery to assess vegetation cover, biomass,
and land-use changes over large areas, remote sensing provides
spatial and temporal data essential for carbon assessment (Asner,
2009). Ground-based measurements involve direct sampling and
analysis of carbon pools in vegetation and soil, showing the
amount of carbon stored in different components of the
ecosystem (Baldocchi et al., 2001). Eddy covariance
measurement is a specific type of ground-based technique
capturing the exchange of CO2, water vapor, and energy
between the land surface and the atmosphere (Mauder et al.,
2021). It can provide continuous, real-time data on net ecosystem
exchange (Pastorello et al., 2020), offering insights into how
ecosystems respond to environmental changes over various
temporal scales as well as supplying data to validate and
calibrate carbon cycle models (Bao et al., 2019; Buysse
et al., 2017).

In this study, we analyzed NEE and its component fluxes
(including GEP and ER) in a Poplar plantation by using eddy
covariance measurement. Meteorological variables were also
recorded simultaneously. We aim to reveal the magnitude,
variability, drivers, and sources of carbon fluxes in the Poplar
plantation. We hypothesized that the Poplar plantation is a sink
of the atmospheric CO2; CO2 fluxes show seasonal and diurnal
variations caused by different meteorological conditions; most of
the emissions originate from the southward of the
measurement site.

2 Materials and methods

2.1 Site description

The measurement was set up in the Dongtai forest plantation
(32°51″26″N, 120°51″01″E) which was established in 2018
(Figure 1). The annual mean temperature, precipitation, and
sunshine hour are 14.6°C, 1,051 mm, and 2,167 h, respectively.
Desalted meadow is the main soil type and sandy loam is the main
soil structure in the plantation. Dongtai forest plantation covers
3,000 ha with a flat terrain, and it was established in 2018 as well. The
EC system was roughly established in the center of the site, 35 m
above the soil surface. The forest coverage rate is up to 85% and the
stand density and tree height are 2,800 trees ha-1 and 20 ± 0.3 m,
respectively. The forest plantation is dominated by Populus
canadensis, with the presence of understory vegetation, consisting
of trees (e.g., Morus alba L., Broussonetia papyrifera L.), forbs (e.g.,
Solidago canadensis L., Microstegium vimineum, and Pharbitis
purpurea), and grasses (e.g., Setaria glauca L., Imperata
cylindrica, and Setaria viridis).

2.2 Flux measurements

We used EC technique to measure CO2 fluxes. The EC system
consisted of (i) an open-path infrared CO2/H20 gas analyzer
measuring the density of CO2 and water vapor (LI-7500A, Li-
COR Inc., United States); (ii) a 3D sonic anemometer
(Windmaster, Gill, United Kingdom ) observing the three-
dimensional wind velocity and virtual temperature; (iii) a data
logger (CR5000, Campbell Scientific Inc., United States) to record
measurement data from the gas analyzer and the 3D sonic
anemometer.

Other relevant instruments observing meteorological variables
include net radiometer with all 4 sensors (CNR4, Kipp and Zonen,
Delft, Netherlands), PAR radiometer (LI-190R, Li-COR Inc.,
United States), humidity and temperature sensors (HMP155,
Vaisala Group, Helsinki, Finland), tipping bucket rain gauge
(Texas Electronics TR-525M, Texas Instruments, Dallas,
United States), soil temperature and moisture sensor (TEROS12,
METER, United States). Data obtained from all the aforementioned
instruments was recorded by the data logger (Sutron 9210 Xlite,
United States) every 30 min, then processed by SmartFlux, and
stored in a USB driver.

2.3 Flux data treatment

The raw data obtained from EC was analyzed by EddyPro
6.2 developed by LI-COR Biosciences (Fratini and Mauder,
2014). The half-hourly flux was calculated by the mean
covariance between fluctuations in vertical wind velocity and
CO2 density. Several corrections were conducted afterwards,
including de-spiking (Vickers and Mahrt, 1997; Vitale, 2021), de-
trending (Donateo et al., 2015), coordinate rotations (Rannik et al.,
2020), spectral corrections (Emad, 2023; Moncrieff et al., 2005), and
density corrections (Jentzsch et al., 2021). For more information on
correction procedures, see Franz et al. (2018).
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The corrected half-hourly fluxes were screened to remove
erroneous data. We removed the data observed in the periods of
the system malfunctioning and low turbulence. The data did not
meet the stationarity criteria was also removed (Foken andWichura,
1996). EddyPro 6.2 can create quality flags (1–9) (Lee et al., 2004),
and we only used the data that have quality flags of 1, 2, and 3.

The missing data were gap-filled in the software TOVI
2.8.1 developed by LI-COR Biosciences (Fratini and Mauder,
2014). We used various methods to fill the missing data
according to the gap length. The linear regression was used when
the gaps were less than 2 h. For the gaps over 2 h, mean diurnal
variation (MDV, filling gaps with bin-averages of corresponding half
hours or hours on previous and subsequent days) was used.
However, MDV cannot consider the non-linear regression
between flux data and environmental variables when the gaps are
over 1 week, which unavoidably leads to high uncertainties. Thus,
non-linear regression was used when the gaps were over 1 week.

At the gap-filling step, GEP and ER were further deduced by
portioning the NEE measurement. NEE was equal to ER in non-
growing season, due to the lack of carbon uptake by photosynthesis.
During the growing season, only nighttime respiration (ERn) was
equal to NEE, and thus, we used the well-established correlation
between ERn and soil temperature to compute daytime respiration
(Equation 1). This method is supported by studies such as Xu and
Baldocchi (2004) and Reichstein et al. (2005), which demonstrated
its effectiveness in partitioning NEE into its components. GEP was
further deduced by Equation 2.

ERn � A × exp B × TS( ) (1)
where ERn (μmol CO2 m

−2 s−1) is the nighttime respiration, A and B
are parameters, TS (°C) is soil temperature at depth of 5 cm.

GEP � ER −NEE (2)
where GEP (μmol CO2 m

−2 s−1) is the gross ecosystem production,
ER (μmol CO2 m−2 s−1) is ecosystem respiration, and NEE (μmol
CO2 m

−2 s−1) is net ecosystem exchange.
A complete dataset can be generated after gap-filling, allowing us to

calculate the cumulative CO2 fluxes at different temporal scales.
Specifically, the daily cumulative fluxes (g C m⁻2 d⁻1) were calculated

by summing the half-hourly NEE flux data for each day. Similarly, the
monthly cumulative fluxes (g C m⁻2 mon⁻1) were determined by
summing the daily cumulative fluxes for each month. This approach
ensures that all flux measurements, corrected and gap-filled, are
accurately integrated over the specified time periods, providing a
comprehensive view of the carbon dynamics in the Poplar plantation.

The footprint analysis was also conducted to estimate the site
and relative importance of passive scalar sources contributing to the
observed fluxes. The estimation was conducted following method of
the “simple footprint parameterization” proposed by Kljun et al.
(2004). The analysis was also conducted in the Tovi with the input of
measurement height, friction velocity, and turbulence.

2.4 Statistical analysis

The statistical analysis was conducted in R v.3.6.1. The dataset
was first inspected for the following to ensure data quality: (i)
outliners were identified using boxplots; (ii) normality was
assessed with the Shapiro-Wilk test; and (iii) homogeneity of
variances across different subpopulations was evaluated using
Levene’s test. Pearson correlation analysis was used investigate
the correlation between meteorological variables (relative
humidity, air temperature, vapor pressure deficit, PAR) and
carbon fluxes (NEE, GEP, and ER).

3 Results

3.1 Variations in environmental conditions

3.1.1 Seasonal variations in environmental
conditions

The precipitation in the Poplar plantation varied seasonally
(Figure 2A). Higher amount of precipitation was observed
occurring in the summer (June-August), with the maximum
precipitation occurred on the 17th of July 2019 (58.8 mm). The
precipitation started to decrease significantly in October when the
plantation entering the off-season. SWC showed small variations
with time, ranging from 13% to 32%. Similarly, no clear seasonal

FIGURE 1
Location of Dongtai (DT) forest plantation and flux tower. Figure modifies after Han et al. (2022).
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FIGURE 2
Seasonal variations in precipitation (Rain, mm, (A)), relative humidity (RH, %, (A)), soil water content (depth: 5 cm, SWC, %, (A), air temperature (TA, °C,
(B)), soil temperature (depth: 5 cm, TS, °C, (B)), vapor pressure deficit (VPD, Pa, (C)), and photosynthetically active radiation (PAR, mol m−2 d−1, (D)).
Precipitation measurement starts in June 2019 due to rain gauge malfunction.

FIGURE 3
Diurnal variations in relative humidity (RH, %, (A)), air temperature (TA, °C, (B)), vapor pressure deficit (VPD, Pa, (C)), and photosynthetically active
radiation (PAR, µmol m−2 s−1, (D)).
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pattern was observed in relative humidity (RH) which was in a range
of 60%–100%, although a slightly higher value was observed in the
summer than that in other seasons.

The seasonal variation pattern of soil temperature (depth: 5 cm)
and air temperature (TA) was consistent (Figure 2B). They started to
increase in February, peaked in July, and then decreased steadily.
The mean and maximum for air temperature and soil temperature
were 16.60°C and 15.96°C, and 32.07°C and 30.33°C, respectively.
The same unimodal pattern was also observed in the changes of
vapor pressure deficit (VPD) and photosynthetically active radiation
(PAR) (Figures 2C, D).

3.1.2 Diurnal variations in environmental
conditions

The diurnal variation pattern of relative humidity, air temperature,
VPD, and PAR of each season was consistent (Figure 3). Yet, the degree
of variations varied among the seasons, and from the large to small was
summer > spring > autumn > winter. Relative humidity showed a “U”-
shaped trend, decreasing from 7:00, reaching the minimum at 13:00,
and then increasing steadily to a stable value (Figure 3A). The diurnal
variations of air temperature, VPD, and PAR showed an inverted “U”-
shape (Figures 3B–D). These variables all started to increase from 7:
00 a.m. with sunrise, peaked at noon, and then decreased steadily to a
stable value.

3.2 Variations in CO2 fluxes

3.2.1 Seasonal variations in CO2 fluxes
NEE in the Poplar plantation showed a strong seasonality

(Figure 4A), ranging from −9.88 to 3.42 (daily scale)

and −40.01 to 20.20 (half-hourly scale) g C m−2 d−1. In 2018, the
carbon uptake was large between August and October, but it started
to decrease since mid-October. The plantation became a weak
carbon sink or source from November 2018 to April 2019.
Afterward, the plantation entered the growing season and carbon
uptake was observed again, reaching the maximum in mid-July
(−9.88 g C m−2 d−1).

Similarly, GEP and ER varied seasonally throughout the
observations (Figures 4B, C). On a daily scale, GEP and ER
ranged from −1.24 to 13.81, from 0.006 to 6.72 g C m−2 d−1,
respectively. The seasonality of GEP and ER exhibited an
inverted “U” shape, increasing since April and peaking in August
(13.82 and 6.72 g C m−2 d−1, respectively), before gradually
decreasing to a low stable value. In the non-growing season, GEP
remained constantly low, hovering around zero, while ER was
constantly below 2 g C m−2 d−1. Notably, GEP at the hourly scale
exhibited large variations and even showed negative values. This
might be due to the rapid and transient environmental changes
(e.g., fluctuations in sunlight, temperature, and wind
speed), measurement noise, and the inherent variability of
turbulent fluxes.

3.2.2 Diurnal variations in CO2 fluxes
NEE showed a “U”-shaped trend with time, transitioning to

negative values at 7:00 with sunrise, reaching the minimum at 13:00
(−0.23 mg C m−2 s−1), and afterwards steadily increasing to a stable
value by 18:00 (Figure 5). The diurnal variation pattern of each
season was consistent, although the degree of variations different:
summer > spring > autumn > winter.

Contradictory with the diurnal variations observed in NEE, GEP
exhibited an inverted “U”-shaped trend. GEP began to increase from

FIGURE 4
Seasonal variations in net ecosystem exchange (NEE, g Cm−2 d−1, (A)), gross ecosystem production (GEP, g Cm−2 d−1, (B), and ecosystem respiration
(ER, g C m−2 d−1, (C).
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7:00, peaked at noon, and then steadily decreased to a stable low
value by 18:00. ER showed similar diurnal variations, albeit to a
lesser degree. Across seasons, both GEP and ER displayed consistent
diurnal variation patterns, with the degree of variations ranking in
the following order: summer > spring > autumn > winter.

3.2.3 Variations in cumulated CO2 fluxes
Overall, the Poplar plantation was a carbon sink throughout the

observations (Figure 6). The annual cumulative NEE in
2019 was −763.61 g m−2 yr−1. The cumulated NEE varied
between seasons. The plantation showed a modest carbon

FIGURE 5
Diurnal variations in net ecosystem exchange (NEE, mg C m−2 s−1, (A)), gross ecosystem production (GEP, mg C m−2 s−1, (B)), and ecosystem
respiration (ER, mg C m−2 s−1, (C)).

FIGURE 6
The cumulative net ecosystem exchange (NEE, mg C m−2 d−1), gross ecosystem production (GEP, mg C m−2 d−1), and ecosystem respiration (ER,
mg C m−2 d−1) at the daily scale.
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emission/uptake rate from January to April, with the daily
cumulated NEE constantly remaining around zero. However,
starting from April, the daily accumulated NEE became negative,
implying a shift towards carbon uptake. Afterward, carbon uptake
increased rapidly. From October, the plantation showed a weak
carbon uptake and emission once more. The monthly cumulated
NEE showed a “V”-shaped trend, increasing from April, peaking in
June, and then decreasing to a low value since October (Figure 7).

The annual cumulative GEP and ER in 2019 was 1542.19 and
778.58 g m−2 yr−1, respectively. The daily cumulative GEP and ER
also varied between the growing and non-growing seasons
(Figure 6). From January to April 2019, the changes in GEP
and ER were slow. The significant increase of GEP and ER began
in April and continued until October, after which they gradually
decreased to reach a stable, low value. The monthly cumulated
GEP and ER showed an inverted “V”-shaped trend, increasing
from April, peaking respectively in July and June, and then
steadily decreasing.

3.3 Correlations between CO2 fluxes and
environmental factors

3.3.1 The overall correlations between CO2 fluxes
and environmental factors

Throughout the growing season in 2019, NEE was significantly
affected by RH, TA, VPD, and PAR (P < 0.01, Table 1), and the
effects from large to small: PAR > VPD > TA > RH. Notably, all
these environmental variables were significantly affected by each
other (P < 0.01). RH mostly correlated with VPD, while TA was
predominantly affected by PAR. Similarly, GEP and ER were also
significantly affected by RH, TA, VPD, and PAR (P < 0.01). The
effects of these environmental variables on GEP and ER from large
to small were PAR > TA > VPD > RH and TA > PAR > VPD > RH,
respectively.

3.3.2 The correlations between NEE and PAR, VPD,
and air temperature

NEE increasingly became more negative with rising PAR at both
the half-hourly and daily scale (P < 0.01 for both, Figures 8A, B). In
contrast, NEE was only significantly affected by VPD and TA at the
half-hourly scale (P < 0.01), and the correlation disappeared at the
daily scale (Figures 8C–F).

3.4 Footprint estimates

3.4.1 Wind direction analysis
The wind speed of the Poplar plantation ranged from

0.009 to 1.31 m s−1 in 2019. The wind frequency ranked from
highest to lowest as follows: southeast wind (90°–180°) >
northeast wind (0°–90°) > southwest (180°–270°) > northwest
(270°–360°), with values of 36.2%, 26.2%, 24.4%, and 13.2%,
respectively (Figure 9). Thus, the dominant wind direction over
the year was southeast. The prevailing wind direction varied
between seasons. In spring, summer, autumn, and winter, the
dominant wind directions were southwest (wind frequency
37.9%, wind speed 0.42 m s−1), southeast (42.3%, 0.41 m s−1),
northeast (37.3%, 0.34 m s−1), and southeast (37.7%, 0.38 m s−1),
respectively.

3.4.2 Flux footprint analysis
The footprint size differed between stable and unstable

atmospheric conditions, as well as between day and night
(Figure 11). A larger footprint size was observed under stable
conditions compared to unstable conditions. Moreover, the
footprint size was greater during daytime than at night. When
the contribution zones were set to 80%, the longest distance from
the footprint to the flux tower was 615 and 379 m under stable and
unstable conditions, respectively; 328 m and 520 m during daytime
and nighttime, respectively.

4 Discussion

We conducted a whole-year EC measurement in a Poplar
plantation, a less commonly studied forest type. Unlike previous
research, we investigated CO2 fluxes and their response to
environmental variables, including PAR, air temperature, and
VPD at both half-hourly and daily scales, providing detailed
insights into carbon dynamics. As we hypothesized, the Poplar
plantation was a sink of the atmospheric CO2, showing different
carbon uptake rates between seasons. We found that PAR, air
temperature, and VPD significantly affected CO2 fluxes, with
PAR being the only variable exerting effects on NEE at both the
half-hourly and daily scale. The close relationship between these
meteorological factors and NEE have also been observed in Han
et al. (2024). Additionally, this study revealed how dominant
wind direction affected flux footprint size, offering new
understanding of atmospheric influences on CO2 flux
measurements. However, against our hypothesis, the annual
dominant wind direction in our study area was southeast.

FIGURE 7
The cumulative net ecosystem exchange (NEE, mg C m−2

month−1, gross ecosystem production (GEP, mg C m−2 month−1, and
ecosystem respiration (ER, mg C m−2 month−1, at the monthly scale.
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4.1 Poplar plantation is a strong sink of
CO2 fluxes

Our results show that the Poplar plantation overall is a sink
absorbing atmospheric CO2. Higher carbon uptake was observed in
the summer months, probably due to the strong photosynthesis
when the plants were in an active growing stage and environmental
conditions were favorable (e.g., high temperature, increasing solar
radiation, sufficient precipitation) (Adams et al., 2020). In contrast,
the carbon uptake became limited when the plants entering the off-
season and the photosynthesis was weak, resulting from the
decreasing temperature and solar radiation, the loss of leaves,
and the low water availability (Ameray et al., 2021). The seasonal
variations of GEP and ER were similar with NEE (Figures 4, 6, 7),
which could also be ascribed to the increasing photosynthetic
activities, higher leaf area index, active plant growth and biomass
accumulation, a longer photoperiod, and optimal environmental
conditions (Wagle and Kakani, 2014; Xia et al., 2009).

In 2019, the annual cumulative NEE was −763.61 g C m−2

yr−1, which was more than three times higher than that observed
in the Poplar plantation in Belgium (Verlinden et al., 2013), and
approximately 2 times higher than that observed in the Poplar
plantations located in Hunan province, China (Peng et al., 2009).
These results indicate that the Poplar plantation in our study area
is highly efficient at carbon sequestration, probably due to the
favorable environmental conditions. For example, our site could
benefit from an average annual temperature of 14.6°C, which
enhances metabolic and photosynthetic activities, compared to
10.5°C at the Belgian site and 13.5°C at the Hunan site.
Additionally, our site receives 1,051 mm of annual
precipitation, providing ample water for optimal growth. This
is higher than the 820 mm of annual precipitation at the Belgian
site and 950 mm at the Hunan site. Furthermore, our site could
benefit from higher photosynthetically active radiation (PAR)
due to longer sunshine hours (2,167 h annually), further
enhancing photosynthesis. The other sites have fewer sunshine
hours and potentially lower PAR, contributing to their lower
carbon sequestration efficiency. The annual cumulative NEE in
our study is up to 12 times higher than that observed in a natural
pine forest (Peng et al., 2009; Yan et al., 2023), 4.5 times higher
than that observed in a natural Caatinga forest (Mendes et al.,

2020), 2 times higher than that recorded in an evergreen
broadleaf forest (Yan et al., 2013). Taken together, Poplar
trees are very efficient in carbon sequestration.

4.2 Environmental controls on CO2 fluxes

Our results show that photosynthetically active radiation
(PAR) can positively affect carbon uptake in the Poplar
plantation (Figures 8A, B). This is because chlorophyll and
other pigments can transform PAR into glucose (Fan et al.,
2011), and thus, enhance eventually enhance photosynthesis
and carbon uptake. The positive correlation between PAR and
carbon uptake has also been found before (Hikosaka et al., 2021).
Notably, PAR in our study reached the saturation point,
indicating a limitation for plants to absorb and convert light
energy into chemical energy during the observations. Therefore,
plants at our study site might not utilize higher levels of PAR for
photosynthesis beyond the saturation point. Although the
increasing PAR can lead to higher photosynthesis and carbon
uptake up to the saturation point, other factors (e.g., CO2

concentration, temperature range, and the efficiency of
photosynthetic machinery) may eventually restrict
photosynthetic activities and carbon uptake (Kumarathunge
et al., 2019); further work is required to investigate the
specific mechanism.

The positive correlation between VPD and carbon uptake in the
Poplar plantation (Figures 8C, D) matches many previous findings
(Bobich et al., 2010; Zhang et al., 2024). Our finding implies a
moderate VPD level, suitable soil moisture conditions, and sufficient
water supply to the plants at our site. This is because high VPD
levels, indicating drier atmospheric conditions and the water stress
in plants, can lead to stomata closure, decreasing water availability
for biochemical reactions in chloroplasts, and photosystem function
disruption (Wu et al., 2020). All these inside-plant changes could
reduce photosynthesis and carbon uptake, as has been found before
(Zhang et al., 2024).

Increasing air temperature can enhance carbon uptake in the
Poplar plantation (Figures 8E, F), matching previous studies (Helbig
et al., 2022; Zhang et al., 2024). The possible reason for the positive
correlation between air temperature and carbon uptake might be

TABLE 1 Correlation between environmental variables, including relative humidity (RH, %), air temperature (TA, °C), vapor pressure deficit (VPD, Pa),
photosynthetically active radiation (PAR, µmol m−2 s−1) and carbon fluxes, including net ecosystem exchange (NEE, mg C m−2 s−1), gross ecosystem
production (GEP, mg C m−2 s−1), and ecosystem respiration (ER, mg C m−2 s−1) in the growing season of 2019.

Variable
GEP ER NEE RH TA VPD PAR

GEP 1 0.352** −0.991** −0.260** 0.390** 0.380** 0.837**

ER 0.352** 1 −0.226** 0.067** 0.718** 0.136** 0.220**

NEE −0.991** −0.226** 1 0.280** −0.305** −0.377** −0.840**

RH −0.260** 0.067** −0.280** 1 −0.064** −0.927** −0.363**

TA 0.390** 0.718** −0.305** −0.064** 1 0.322** 0.344**

VPD 0.380** 0.136** −0.377** −0.927** 0.322** 1 0.472**

PAR 0.837** 0.220** −0.840** −0.363** 0.344** 0.472** 1

The Asterisk denotes statistical significance: *0.05, **0.01.
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that higher temperature could enhance microbial respiration,
enzyme activity, membrane fluidity, electron transport, and
rubisco activity and, thus, stimulate photosynthetic activities.
However, when soil temperature above certain thresholds
exceeding limits for plant and microbial activity (Bürli et al.,
2021), and when multiple environmental factors interact to
regulate carbon dynamics or air temperatures in a range that
does not significantly affect biological activities (Chari et al.,
2021), negative and poor correlation between soil temperature
and carbon uptake could also be observed, respectively.

Notably, at the daily scale, PAR was the only environmental
variable affecting NEE, while VPD and air temperature only
significantly affected NEE at the half-hourly scale (Figure 8). This
difference occurs because PAR has a consistent and direct
influence on photosynthesis throughout the day, driving
carbon uptake. In contrast, VPD and air temperature have

more variable effects that can fluctuate significantly within
shorter time frames. Different controlling variables on carbon
uptake at different time scales have also been reported. For
example, Fang (2011) reported that NEE was mostly affected
by PAR at the half-hourly scale, while air temperate significantly
affected on NEE at the daily scale in the Poplar plantation
established in the sandy soils. The dominant controls on
carbon uptake can also vary between the day and night, as
Hinko-Najera et al. (2017) reported that PAR and air
temperature controlled NEE in the daytime, while only air
temperature controlled NEE at night. Similarly, Mayen et al.
(2024) reported that changes of NEE in daytime was mainly
controlled by PAR, while changes in NEE at night were mainly
driven by temperature. All these results suggest that the
controlling factors for CO2 fluxes could be different,
depending on time scale, and ecosystem types.

FIGURE 8
Correlation between (NEE, g C m−2 s−1 for half-hourly scale, g C m−2 d−1 for daily scale) and environmental variables, including photosynthetically
active radiation (PAR, µmol m−2 s−1, (A, B)), vapor pressure deficit (VPD, Pa, (C, D)), and air temperature (TA, °C, (E, F)).

Frontiers in Environmental Science frontiersin.org09

Ge et al. 10.3389/fenvs.2024.1443779

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1443779


4.3 Flux footprint size is controlled by
atmospheric conditions

Our results show that the southeast is the dominant wind
direction overall in the Poplar plantation located in Dongtai
(Figure 9). However, the prevailing winds can be different
between seasons, probably due to the interactions between the
atmospheric circulation patterns, temperature gradients, surface
traits, and topography (Stoffelen et al., 2005). The flux footprint
size could impact CO2 flux measurements by determining the area
over which the flux measurements are representative, with larger
footprints under stable conditions capturing more extensive areas
and potentially higher flux values, while smaller footprints under
unstable conditions capture less variability (Li et al., 2022; Pöhlker
et al., 2019). The larger footprint size under stable conditions than
under unstable conditions (Figure 10) suggests that flux footprint
size could be affected by atmospheric conditions. This might be
ascribed to the following two possible reasons. Firstly, when
atmospheric conditions are stable, the atmosphere could be more

FIGURE 9
Annual wind rose in the Poplar plantation located in Dongtai.

FIGURE 10
Wind rose of four seasons in the Poplar plantation located in Dongtai.
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stratified with less vertical mixing and, thus, air parcels could travel
longer distances before being mixed or dispersed, leading to a large
footprint size for flux measurements (Li et al., 2022). Secondly, air
parcels may follow more consistent and predictable trajectories
under stable atmospheric conditions, allowing air parcels to
travel longer distances before reaching the measurement site
(Pöhlker et al., 2019).

Accordingly, the diurnal variations in the atmospheric
conditions could explain the different footprint sizes between the
day and night (Figures 11C, D). This information is discussed at the
end to emphasize the importance of understanding flux footprint
size for accurately interpreting CO2 flux data and assessing the
contribution of different sources and sinks within the measured
area. This ensures the reliability and robustness of our findings on
carbon dynamics in the Poplar plantation. The footprint size in our
study is around 1.5 times larger than that observed in Wang et al.
(2014), probably because their measurement height was lower than
ours. The effects of measurement height on footprint size have also
been reported by Arriga et al. (2017). Other factors affecting
flux footprint size might include surface characteristics
(Fitzpatrick et al., 2019) and model selection for footprint
calculation (Liu et al., 2022).

4.4 Limitations of this study

We recognize that our study has some limitations. First, our
measurements lasted only 1 year, which may not fully capture
interannual variability in CO2 fluxes. Second, we did not examine
how seasonal shifts in wind patterns impact carbon flux
measurements. Further analysis could enhance understanding of
the spatial variability of fluxes related to changing atmospheric
conditions. Although this study discussed the influence of
environmental variables like PAR, VPD, and air temperature on
CO2 fluxes, it lacks a detailed mechanistic exploration of how these
factors interact. Finally, the reliance on a single measurement site
may limit the generalizability of our findings to other Poplar
plantations.

5 Conclusion

Our study revealed that the Poplar plantation functioned
predominantly as a carbon sink, with its carbon uptake varying
between the growing and non-growing seasons. During the growing
season, the plantation absorbed CO2 effectively, whereas, in the non-
growing season, it acted as a weak carbon source. Our findings
suggest that optimizing forest management practices can enhance
carbon uptake, particularly during the growing season. We observed
significant diurnal variations in carbon uptake, with peak rates
occurring at noon. Among the environmental variables, PAR,
VPD, and air temperature were crucial in influencing carbon
uptake. PAR was identified as the primary factor affecting NEE
at both half-hourly and daily scales, while VPD and temperature
significantly impacted NEE only at the half-hourly scale. The
different dominant factors affecting carbon flux at varying time
scales suggests the need for refined models in carbon dynamics.
Additionally, the dominant wind direction was southeast, but it
varied seasonally, influencing the flux footprint size. Our findings
also indicate that atmospheric conditions affect flux footprint size,
with larger footprints observed under stable conditions. This
comprehensive analysis could enhance our understanding of
carbon dynamics in Poplar plantations and underscore the
importance of local environmental conditions in shaping carbon
sequestration processes.

FIGURE 11
Annual footprint under stable (A) and unstable (B) atmospheric
conditions, and during daytime (C) and nighttime (D) in the Poplar
plantation.
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