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Abstract

Environmental conditions significantly affect greenhouse gas (GHG) emissions from rice paddies. 
Using an open-path monitoring system, this study investigated methane (CH4), carbon dioxide (CO2), 
and nitrous oxide (N2O) emissions from intermittently irrigated coastal rice fields in northern Zhejiang, 
China. The results revealed synchronized trends in air, soil, and rice canopy temperatures, all peaking 
at the late tillering stage. Gross primary production (GPP) and net ecosystem production (NEP) showed 
similar dynamics, with cumulative values of 850.51 and 294.36 g C/m2, respectively. Both GPP and 
NEP showed linear positive correlations with photosynthetically active radiation (PAR) and a quadratic 
relationship with vapor pressure deficit (VPD). CH4 emissions peaked at tillering, with daily fluxes 
of 0.02-1.19 g/m2/d and a total of 27.05 g/m2. Positive linear correlations were observed between CH4 
emissions and temperature as well as VPD, explaining 15.12-17.37% and 10.14% of CH4 variation, 
respectively. The average N2O flux was 2.5281 µg·m-2·h-1, with higher cumulative fluxes during the 
jointing and booting stages. These results clarify GHG emission characteristics in northern Zhejiang’s 
rice fields and support the development of mitigation strategies.
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Introduction

Rice is a staple grain crop in China, where it occupies 
approximately 20% of the global rice cultivation area. 
Rice production is a major consumer of water and 
fertilizers and a significant source of carbon emissions 
[1]. Direct carbon emissions during rice cultivation, 
primarily in the form of CO2, CH4, and N2O, account for 
about 70% of the total emissions from rice production. 
Among these gases, CO2 and CH4 account for 86%  
and 16% of the total greenhouse effect, respectively  
[2-4]. With increasing rice demand driven by population 
growth and economic development, CH4 emissions  
from rice fields are expected to rise continuously. 
Alternate wetting and drying (AWD), a water-saving 
irrigation method, modifies soil moisture through 
periodic wetting and drying cycles, significantly 
altering the redox environment, microbial activity, 
and carbon-nitrogen cycling processes, thereby 
regulating greenhouse gas (GHG) emissions [5, 6]. 
Thus, understanding the coupling relationship between 
dynamic environmental factors and GHG emissions 
under AWD is crucial for reducing emissions from rice 
fields.

The CO2 flux in paddy fields is closely linked  
to gross primary production (GPP) and net ecosystem 
production (NEP) [7]. Previous studies have reported  
that carbon fluxes in agroecosystems are primarily 
regulated by environmental factors such as radiation, 
temperature, and precipitation, as well as crop 
varieties, leaf area index, and nutrient availability 
[8, 9]. However, the dominant environmental factors 
influencing daily NEP variations may differ among 
years with different climatic conditions. For instance, 
some studies suggest that air temperature and vapor 
pressure deficit (VPD) have a greater impact on daily 
NEP than photosynthetically active radiation (PAR) 
[10]. Environmental factors also affect CH4 emission 
dynamics in rice fields. Previous research indicates 
that air temperature is the primary factor controlling 
seasonal CH4 emission variations, with VPD as a 
secondary factor [11]. Another study demonstrated that 
daily CH4 emissions could be significantly influenced 
by air temperature, soil moisture content, net radiation, 
and VPD, while hourly CH4 emissions showed 
highly significant relationships with air temperature, 
radiation, and VPD [12]. Studies have also found that 
air temperature, water temperature, and atmospheric 
pressure are the primary influencing factors for 
greenhouse gas emissions. Temperature significantly 
affects the emissions of CO2, CH4, and N2O. Solar 
radiation accelerates organic matter decomposition 
by increasing soil temperature, creating a synergistic 
effect that enhances GHG emissions. CH4 emissions 
are influenced by wind speed, showing a positive 
correlation [13, 14]. Soil temperature regulates N2O 
emissions and significantly affects carbon-nitrogen 
transformation rates [15]. Changes in soil temperature 
and moisture explained 52.0-58.2% and 60.7-71.4% of 

N2O emissions, respectively. N2O emissions showed 
significant positive correlations with soil organic 
carbon, microbial biomass carbon, total nitrogen, and 
pH, while exhibiting a significant negative correlation 
with soil bulk density [16]. Based on the above findings, 
environmental factors play a crucial regulatory role 
in carbon and nitrogen fluxes in agricultural systems. 
However, existing research has largely focused on 
individual greenhouse gases or specific environmental 
factors, leaving a significant gap in the systematic 
identification of key environmental drivers and the 
synergistic response mechanisms that govern multiple 
greenhouse gas emissions. In particular, the differential 
regulatory patterns of environmental factors on multi-
gas emissions across different temporal scales (e.g., 
diurnal and seasonal variations) remain unclear.

The coastal rice fields in northern Zhejiang face 
challenges of increasing irrigation water consumption 
and negative environmental impacts from excessive 
fertilization. Rice production in this region accounts 
for about 40% of provincial water use and 70% of 
chemical fertilizer use, primarily nitrogen fertilizers, 
and contributes to approximately 20% of the provincial 
agricultural GHG emissions [17, 18]. The average 
temperature, wind speed, and sunshine duration in this 
region differ significantly from those in inland areas, 
leading to patterns of GHG emissions and carbon 
sequestration mechanisms that differ from those in 
traditional inland rice fields [19]. Furthermore, extreme 
weather events such as typhoons and heavy rainfall, 
combined with hydrological fluctuations caused by tidal 
effects, lead to greater complexity in the dynamics of 
water and carbon pools (e.g., straw decomposition, soil 
organic carbon transformation) and nitrogen cycling 
(e.g., fertilizer uptake, nitrification-denitrification) [20]. 
As a result, the patterns of greenhouse gas emissions 
and carbon sequestration mechanisms in these coastal 
rice fields differ significantly from those in traditional 
inland rice fields.

To investigate GHG emission patterns and explore the 
impacts of environmental factors under AWD irrigation 
in coastal rice-growing areas of northern Zhejiang, 
field-based experiments were conducted to monitor 
water and carbon fluxes, CH4 and N2O emissions, and 
environmental factors in rice fields. The objectives  
were to (i) assess the current state of GHG emissions 
from rice fields, (ii) identify key environmental  
factors regulating GHG production, emission, and 
absorption under water-saving irrigation, and (iii) 
explore the influencing mechanisms of these factors. 
These findings enhance understanding of the roles 
of environmental factors in GHG emissions during  
rice production and contribute to optimizing water-
carbon-nitrogen management in rice-producing areas 
to mitigate the greenhouse effect caused by agricultural 
practices.
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Materials and Methods

Experimental Site

Field experiments were conducted during the rice 
season (June to October 2024) at the Zhejiang Provincial 
Irrigation Experiment Center Station (120°39′E, 
30°18′N, average elevation 7.0 m). The experimental 
area has a uniform underlying surface, with a local 
annual average precipitation of 1320.5 mm, average 
temperature of 16.1ºC, frost-free period of 224 days, 
relative humidity of 82%, sunshine duration of  
2116.6 hours, and annual radiation of 109.6 kcal/m2.  
The soil is sandy loam, with an original soil organic 
matter content of 1.1%, total nitrogen (TN) of 0.06%, 
total phosphorus (TP) of 0.06%, pH of 7.5, and 
salt content of 0.1-0.2%. The experimental site is 
representative of the Hangjiahu Plain and coastal areas 
of northern Zhejiang Province (Fig. 1).

Experimental Design

Seedlings of the rice variety Zhenghexiang No. 2 
were transplanted at a hill spacing of 25 cm × 15 cm 
on June 21, and the crop was harvested on October 29, 

2024. A randomized block design was used with three 
replications of equal size. The growth stages were 
divided as shown in Table 1. The total growth cycle 
lasted 131 days, with vegetative and reproductive growth 
periods lasting 41 days and 90 days, respectively. Rice 
fields were irrigated following an intermittent irrigation 
practice, maintaining a cycle of shallow flooding, moist 
conditions, and short drying periods. The upper and 
lower moisture limits were monitored using a vertical 
ruler installed in the measuring bucket and a TDR 
instrument. Detailed water management information 
is provided in Table 2. Fertilization followed local 
management practices, as detailed in Table 3.

Greenhouse Gas Measurement and 
Environmental Factor Monitoring

CH4, CO2, and H2O fluxes were monitored using 
an open-path eddy covariance system (LI-7500DS, 
LI-COR, USA) (Fig. 2). The system automatically 
retrieved raw flux data, along with gas analyzer and 
ultrasonic anemometer data, to calculate and output 
CH4 and CO2 fluxes. N2O samples were collected 
using the static dark box method, with gas samples 
analyzed by gas chromatography (Fig. 3). Conventional 

Fig. 1. Experimental site.

Table 1. The growth stages of rice.

2024
Vegetative stage                Reproductive growth stage

Regreening Early 
tillering 

Late 
tillering 

Jointing–
booting 

Heading
–flowering Milky stage Maturity

Date 6.21-7.04 7.05-7.14 7.15-7.31 8.01-9.03 9.04-9.13 9.14-10.09 10.10-10.29

Duration (days) 14 10 17 34 10 26 20
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Table 2. Water-layer control standards for paddy fields.

Irrigation water level regulation
Vegetative stage Reproductive growth stage

Regreening Early 
tillering 

Late 
tillering 

Jointing–
booting 

Heading–
flowering

Milky 
stage Maturity

Lower limit of irrigation (mm) 5 0.8θs 0.7θs 0.9θs 0 0.8θs
Natural 
dryingUpper limit of irrigation (mm) 30 20 20 30 30 20

Upper limit of rainwater storage (mm) 50 70 0 120 100 60

Table 3. Fertilization regime during growth stages.

Fertilizer type 
(date)

Basal 
fertilizer
(Jun 19)

Topdressing during the vegetative growth stage Topdressing during the 
reproductive growth stage

(Aug 6)First (Jul 2) Second (Jul 9) Third (Jul 16) Fourth (Jul 23)

Total (kg/ha) 185 148 165 262 222 222

N (kg/ha) 28 / / 39 /

P2O5 (kg/ha) 28 / / 39 /

K2O (kg/ha) 28 / / 39 /

Urea (kg/ha) / 148 165 / 222 222

Fig. 2. Open-path greenhouse gas flux monitoring system.

Fig. 3. Static chamber N2O sampling and rice cultivation experiment.
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the grain-filling stage saw a slight uptick followed by  
a steady decrease until harvest. In the initial phase, from 
transplanting to the tillering stage, the low leaf area index 
and low canopy coverage resulted in T_leaf primarily 
reflecting the water surface temperature, rendering it 
lower than both Ta and Ts. As the canopy matured, T_
leaf aligned with Ta. During the entire growth period, 
Ta ranged from 15.60 to 34.99ºC, averaging 27.64ºC. 
Ts spanned 18.03 to 33.42ºC, averaging 27.48ºC. T_leaf 
varied from 15.00 to 32.71ºC, averaging 25.2ºC.

The spectral composition of the radiation under 
study fell exclusively within the 0.4-0.7 µm wavelength 
range of total solar radiation (Fig. 4b)), serving as the 
primary energy driver for rice photosynthesis and 
directly influencing its photosynthetic processes, 
growth, and development. The photosynthetically active 
radiation (PAR) exhibited a sawtooth fluctuation pattern, 
peaking at 574.6 mol/m2/d from rice transplanting to 
the end of regreening. During the tillering stage, PAR 
showed large fluctuations, then gradually declined 
with minor undulations until reaching its minimum at 
harvest. Across the growth period, PAR ranged from 
3.35 to 49.65 mol/m2/d, averaging 28.6 mol/m2/d. This 
variation stemmed from changes in the intensity and 
direction of solar radiation reaching the rice canopy, 
which were influenced by shifts in the solar altitude 
angle, thereby affecting PAR distribution. Moreover, 
alterations in wind direction and speed modified the 
airflow within the canopy, impacting leaf temperature 
and humidity, and consequently, the efficiency of PAR 

meteorological indicators, including air temperature 
(Ta), soil temperature (Ts), canopy temperature (T_leaf), 
PAR, VPD, and wind speed (v), were monitored using 
a weather station and the open-path eddy covariance 
system.

Results

Dynamic Changes in Environmental Factors

The dynamic changes in air temperature (Ta), 
soil temperature (Ts), canopy temperature (T_leaf), 
photosynthetically active radiation (PAR), vapor 
pressure deficit (VPD), and wind speed (v) in the rice 
fields are shown in Fig. 4. As depicted in Fig. 4a), Ta, 
Ts, and T_leaf exhibited similar trends. Following rice 
sowing in June, Ta progressively rose, accompanied 
by corresponding increases in Ts and T_leaf, peaking 
in July at the end of the regreening stage, with values 
reaching 34.65ºC, 33.29ºC, and 31.05ºC, respectively. 
Throughout the tillering stage, these temperatures 
displayed significant fluctuations, initially decreasing, 
then increasing, and finally decreasing again, attaining 
their maximum values during the growth cycle. 
Specifically, by the end of the tillering stage (August 
3rd), Ta, Ts, and T_leaf peaked at 34.99ºC, 33.42ºC, and 
32.71ºC, respectively. During the jointing-booting and 
flowering stages, a gradual decline was observed, while 

Fig. 4. Dynamic changes in environmental factors.

a)

c)

b)

d)
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utilization. Wind speed and direction varied with 
season and weather conditions. Fig. 4c) reveals that, in 
summer, high temperatures and low air pressure led 
to relatively high wind speeds, peaking at 4.36 m/s in 
late July (late tillering stage). Conversely, winter wind 
speeds were lower due to cold temperatures and high 
air pressure, with wind conditions fluctuating in other 
months. Fig. 4d) illustrates that the vapor pressure 
deficit (VPD) exhibited significant daily fluctuations, 
strongly influenced by climatic conditions, particularly 
when light was abundant during the tillering stage in 
July. From the jointing–booting stage onwards, VPD 
fluctuations diminished, showing a gradual decline. 
VPD levels were higher on sunny days and dropped 
sharply on cloudy or rainy days. Over the entire growth 
period, VPD ranged from 0.4 to 22.34 hPa.

GPP and NEP Variation Patterns

Fig. 5 presents the dynamic and cumulative 
changes in Gross Primary Productivity (GPP) and Net 
Ecosystem Productivity (NEP) during the rice-growing 
season. GPP displayed distinct stage-specific variations: 
Initially, from transplanting to tillering, rice root damage 
temporarily reduced photosynthetic capacity, leading 

to a GPP decline. Over time, root recovery prompted 
a gradual GPP increase. From tillering to jointing, leaf 
proliferation and expanded photosynthetic area resulted 
in a significant GPP rise. From jointing to heading, 
photosynthates primarily supported grain formation, 
with GPP continuing to climb. From heading to the 
milky stage, rapid grain development and substantial 
photosynthate accumulation drove GPP to peak  
at 14.07 g C/m2/d on August 22. Subsequently, from 
the milky stage to maturity, as grains matured and 
photosynthesis diminished, GPP gradually decreased to 
a low level. Across the growth period, GPP ranged from 
0 to 14.07 g C/m2/d, averaging a daily accumulation of 
6.44 g C/m2/d and a cumulative total of 850.51 g C/m2.

The NEP followed a trend similar to that of GPP 
but was also influenced by heterotrophic respiration. 
In the early growth stage, incomplete development of 
rice roots and leaves resulted in weak photosynthetic 
capacity and low heterotrophic respiration, leading to 
low NEP. During the rapid growth stage, increased leaf 
numbers and root development enhanced photosynthetic 
capacity, boosting NEP. Although heterotrophic 
respiration rose, it remained minor compared to 
photosynthate accumulation. In the reproductive 
growth stage, photosynthates were primarily allocated 

Fig. 5. Dynamic and cumulative changes in GPP and NEP.
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to grain formation. Heterotrophic respiration stayed 
steady but was still minor relative to photosynthate 
accumulation, keeping NEP high. At maturity, as grains 
matured and photosynthesis declined, NEP gradually 
decreased. Heterotrophic respiration remained constant 
but was relatively large compared to the declining 
photosynthates, causing a rapid NEP decrease. Over 
the entire growth period, NEP ranged from -3.56 to  
8.68 g C/m2/d, averaging 2.23 g C/m2/d, with a 
cumulative total of 294.36 g C/m2.

Dynamic Changes in CH4 Emission

Fig. 6 illustrates the dynamic and cumulative 
changes in CH4 flux during the rice-growing season. 
Initially, during the seedling recovery stage, CH4 
emissions were low due to immature root systems and 
poor soil aeration. As rice progressed to the tillering 
stage, root development and field flooding created an 
anaerobic environment that stimulated methanogen 
activity, resulting in a gradual increase in CH4 
emissions, which peaked in early tillering. During the 
heading stage, when rice growth and root activity were 
at their peak, CH4 emissions remained high. However, as 
rice matured, reduced root activity and field drainage-

induced reoxygenation suppressed CH4 emissions, 
leading to a gradual decline. Daily CH4 emissions 
ranged from 0.02 to 1.19 g/m2/d, averaging 0.20 g/m2/d, 
with cumulative emissions reaching 27.05 g/m2 over the 
growth period. A comparison of daytime and nighttime 
CH4 emissions revealed similar patterns. Daily daytime 
emissions averaged 0.12 g/m2/d, totaling 15.64 g/m2, 
while nighttime emissions averaged 0.09 g/m2/d, with  
a cumulative total of 11.41 g/m2.

Variation in N2O Emission

Fig. 7 depicts the variations in N2O concentration, 
emission flux, and cumulative emissions across the rice-
growing season. The average N2O concentration over 
the entire period was 0.5472 ppm, with peaks following 
each nitrogen (N) fertilizer application. Specifically, the 
average concentrations were 0.5409 ppm (regreening), 
0.5285 ppm (tillering), 0.6375 ppm (jointing-booting), 
0.5975 ppm (heading-flowering), and 0.4803 ppm (milky 
stage), indicating higher levels during the reproductive 
growth stages. 

The average N2O emission flux was 2.5281 µg·m-2·h-1, 
also peaking after N fertilization. Average fluxes were 
0.3111 µg·m-2·h-1 (regreening), 1.3412 µg·m-2·h-1 (tillering), 

Fig. 6. Dynamic changes in CH4 flux and comparison of daytime and nighttime CH4 emissions.
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7.8453 µg·m-2·h-1 (jointing-booting), 1.1129 µg·m-2·h-1 

(heading-flowering), and 0.2743 µg·m-2·h-1 (milky stage). 
Notably, N2O emission fluxes surged from tillering 
to jointing-booting, with cumulative emissions also 
peaking during the jointing-booting stage.

Effects of Environmental Factors  
on Greenhouse Gas Emissions

Fig. 8 illustrates how GPP and NEP in rice fields 
respond to environmental factors over the growth 
period. Both GPP and NEP exhibited linear positive 
relationships with air temperature (Ta), soil temperature 
(Ts), and canopy temperature (T_leaf), increasing 
rapidly as these temperatures rose. From June to August, 
as temperatures climbed and rice grew vigorously, 
GPP and NEP reached their peaks. Subsequently, 
as temperatures declined, GPP and NEP gradually 
decreased until harvest, showing a similar pattern to 
temperature variations. However, while solar radiation 
also showed a relatively strong correlation with GPP and 
NEP, temperature alone had limited explanatory power. 
For instance, in summer, even with high temperatures 
but low solar radiation, GPP and NEP remained low. 
Overall, Ta, Ts, and T_leaf accounted for 17.43-42.20% 
of GPP variation and 15.61–32.16% of NEP variation.

As depicted in Fig. 8(g-i), both GPP and 
NEP exhibited a linear positive relationship with 
Photosynthetically Active Radiation (PAR), with daily 
values rising sharply as PAR increased. This was 
attributed to enhanced photosynthesis in rice leaves 
and greater daily carbon fixation under higher light 
intensity. Similarly, net crop carbon fixation also rose 
with increasing PAR. For Vapor Pressure Deficit (VPD), 

GPP and NEP initially increased and then declined, 
following a quadratic function pattern. GPP peaked at 
a VPD of 12.635 hPa, while NEP reached its maximum 
at 12.986 hPa, before both decreased. The figure also 
indicates that wind speed had a negligible impact on 
GPP and NEP, with NEP showing virtually no variation 
with wind speed changes.

Fig. 9 shows daily CH4 emission responses to 
temperature and VPD across the growing season. CH4 
emissions rose linearly with temperature and VPD, 
increasing as air/soil temperature and VPD rose. 
However, temperature changes had minimal impact 
on CH4, accounting for 15.12-17.37% of its variation. 
Similarly, VPD changes had little effect (R2 = 0.1014), 
explaining 10.14% of CH4 variation. In short, CH4 
emissions were somewhat related to temperature and 
VPD at different reproductive stages, but the effects 
were insignificant.

Structural equation modeling (SEM) is a method for 
establishing, estimating, and testing causal relationship 
models (Selonen, 2021). To explore how environmental 
factors affect greenhouse gas emissions under water-
saving rice irrigation, SEM was used to analyze causal 
links among Ta, Ts, PAR, wind speed (v), GPP, NEP, 
CH4, and N2O emissions. Fig. 10 and Table 4 show 
the SEM and path analysis results, with all model-fit 
parameters meeting standards, indicating good model 
fit. The results indicated that VPD significantly reduced 
N2O emissions and cumulative amounts, while PAR 
significantly increased both. Ta positively affected VPD 
and Ts, while v negatively affected N2O but positively 
affected GPP. GPP positively influenced NEP, and N2O 
positively affected GPP but negatively affected CH4 
emissions. Ts positively affected CH4.

Fig. 7. Changes in N2O concentration, emission flux, and cumulative amount. 
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Fig. 8. Responses of GPP and NEP to environmental factors.

Fig. 9. Response of CH4 emissions to environmental factors.
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Discussion

Interactions between Environmental 
Factors and N2O Emissions

Under intermittent irrigation, environmental factors 
and greenhouse gas emissions interact in complex ways. 
Prior research has shown that CO2 emission fluxes are 
significantly positively correlated with air temperature, 
and N2O emission fluxes also display a marked positive 
linear correlation with air temperature [21]. A decline 
in vapor pressure deficit (VPD) boosts N2O emissions 
and accumulation, likely due to VPD’s impact on 
soil moisture and microbial activity. Soil moisture 
changes can modify microbial processes, making N2O 
emissions sensitive to climatic conditions. VPD, in 
particular, governs N₂O production by influencing soil 
moisture and temperature, thus affecting nitrification 
and denitrification. In low-VPD (moist) conditions, 
continuous water films in soil pores enhance the 
activity of ammonia-oxidizing bacteria, raising N2O 
flux. Increased radiation intensity also elevates N2O 
emissions and accumulation. This could be because 
higher radiation raises soil temperature, speeding up 
nitrification and denitrification. Alternatively, it might 

increase rice transpiration, causing localized rhizosphere 
soil drying that promotes aerobic nitrification (a key 
N2O source) while suppressing denitrification [22].

Prior research has revealed a notable positive 
correlation between N2O emission flux and accumulated 
temperature. Solar radiation contributes to N2O 
generation by photodecomposing soil-surface nitrate 
and dissolved organic nitrogen, yielding gases like 
NO and N2O. Moreover, it can impair nitrite reductase 
enzymes (NirK/NirS) in denitrifying bacteria, causing 
N2O to accumulate as an intermediate product during 
denitrification. Thus, solar radiation significantly 
impacts N2O emissions [23]. Air temperature exerts 
positive effects on both VPD and soil temperature, 
indicating that rising air temperatures may elevate 
both simultaneously. Conversely, wind speed has  
a negative effect on N2O emissions but a positive one 
on GPP, suggesting that moderate winds promote plant 
photosynthesis while inhibiting soil N2O emissions. 
Nevertheless, some studies have found that higher wind 
speeds disrupt the soil-surface laminar boundary layer, 
markedly accelerating N2O diffusion from soil pores into 
the atmosphere, with N2O flux potentially increasing by 
10-20% for every 1 m/s rise in wind speed [24].

Fig. 10. Path relationships between environmental factors and greenhouse gas emissions (*P<0.05, **P<0.01).

Indicator χ2 df p χ²/df GFI RMSEA TLI CFI AGFI NNFI PGFI

Standard values
- - >0.05 <3 >0.9 <0.10 >0.9 >0.9 >0.9 >0.9 >0.5

32.57 32 0.439 1.018 0.999 0.06 0.992 0.995 0.999 0.992 0.581

Table 4. Fit indices of the structural model.
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Interactions between Environmental 
Factors and CH4 And CO2 Emissions

Low VPD signals ample atmospheric moisture, 
slowing water evaporation from plant leaves and 
supporting normal plant physiology and photosynthesis. 
As VPD moderately rises (air dries without harming 
plants), plants may optimize water use by adjusting 
stomatal aperture, enhancing photosynthetic efficiency 
and boosting GPP to some degree. Within an optimal 
VPD range, increased solar radiation and temperature 
elevate plant photosynthetic activity, enabling more light 
energy to be converted into chemical energy and raising 
GPP. However, once VPD surpasses a certain threshold, 
leaf water evaporation accelerates sharply, causing 
water imbalance and heightened water stress in plants. 
This disrupts photosynthesis and normal physiological 
functions, reducing GPP. To mitigate this, plants may 
close stomata to curb water loss, but this also limits 
CO2 uptake, further hampering photosynthesis and GPP 
production.

In this study, GPP positively influenced NEP, 
suggesting that enhanced plant photosynthetic efficiency 
boosts NEP. This is consistent with prior research 
showing that a 1 g C/m2 rise in GPP typically increases 
NEP by 0.6-0.8 g C/m2, especially during the growing 
season [25]. Additionally, the positive impact of N2O 
on GPP and its negative effect on methane (CH4) 
highlight complex greenhouse gas interactions. Low-
to-moderate N2O emissions, often linked to increased 
ammonium nitrogen (NH4

+) and nitrate nitrogen (NO3
-

) availability, can enhance plant photosynthesis and 
GPP. However, excessive N2O emissions (e.g., post-
fertilization peaks) may signal nitrogen saturation, 
causing leaching and suppressing GPP. The production 
of both N2O and CH4 depends on anaerobic conditions, 
and intensified denitrification (raising N2O levels) may 
reduce CH4 emissions. In intermittently irrigated rice 
fields, increased wet-dry cycling lowered CO2 emissions 
during wet phases but raised total gas emissions 
compared to continuously moist controls [26]. The first 
wet-dry cycle triggered the highest cumulative soil CO2 
emissions, with soil moisture showing a strong positive 
correlation with CO2 emission rates [27].

Differences in Agricultural Greenhouse 
Gas Emissions between Coastal and 
Inland Areas of Northern Zhejiang

Agricultural greenhouse gas emissions differ 
markedly between the coastal and inland regions 
of northern Zhejiang, shaped by farming practices, 
management, and climate [28]. Coastal emissions 
mainly stem from rice fields, with CH4 contributing 
significantly, while inland areas see higher N2O 
emissions, largely from nitrogen fertilizer use in upland 
crops like vegetables and fruits. Coastal soils are saline-
alkali with high pH and unique organic carbon content, 
influencing microbial activity and carbon-nitrogen 

cycling. Lower average temperatures and higher wind 
speeds here may slow CH4 production but enhance gas 
diffusion. Inland regions, dominated by well-drained red 
and rice soils with frequent wet-dry cycles, experience 
more active nitrogen transformations due to higher 
temperatures and sunlight, boosting N2O emissions [29].

Given these differences, coastal mitigation strategies 
should prioritize optimizing water management, such 
as promoting water-saving irrigation practices and mid-
season drainage to shorten continuous flooding periods. 
Improving saline-alkali soils through the application 
of organic matter or soil amendments and by adjusting 
pH can also curb CH4 production. The intermittent 
irrigation used in this study effectively reduced CH4 
emissions [30]. Additionally, while this study found soil 
temperature positively influenced CH4 emissions in rice 
fields, suggesting higher temperatures may promote CH4 
release, other research indicates that when soil moisture 
is stable, diurnal temperature variations have no 
significant impact on CH4 flux [31], a finding supported 
by further studies [32].

This paper presents the results of only one year 
of experimental research. In the future, long-term 
continuous observations should be conducted to reveal 
the interannual variability patterns of greenhouse 
gas emissions and their responses to climate change. 
Concurrently, the approach should be validated and 
promoted at the regional scale, and carbon emission 
accounting methods should also be developed.

Conclusions

This study reveals the characteristics and interactions 
of greenhouse gas fluxes during rice growth. The main 
findings are as follows.

(1) GPP and NEP are significantly positively 
correlated and are mainly controlled by PAR (linear 
positive correlation) and VPD (quadratic correlation).

(2) The cumulative CH4 emission was 27.05 g/m2, 
peaking at the tillering stage under anaerobic conditions. 
CH4 flux was positively correlated with soil temperature.

(3) The average N2O flux was 2.5281 µg·m-2·h-1, 
peaking after nitrogen fertilization and during the 
jointing-booting stage. VPD had a significant negative 
effect on N2O flux and cumulative emissions, while 
radiation showed a significant positive effect.

(4) N2O significantly promotes GPP but inhibits CH4 
emissions, indicating trade-offs between carbon and 
nitrogen cycles.
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