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Abstract

This study simulates and predicts nitrogen (N) and phosphorus (P) losses in paddy fields under 
different irrigation modes and rice varieties in the rice-growing regions of southern China. A field 
experiment was conducted with two rice varieties (Xiushui and Yongyou) and four irrigation modes: 
conventional flooding (W0), shallow rain-catching irrigation (W1), improved shallow rain-catching 
irrigation (W2), and furrow-basin rainfall-adapted irrigation (W3). A model integrating water balance 
and nutrient concentration dynamics was developed to simulate drainage volume and N/P losses, with 
parameters calibrated and validated using field-measured data. Results showed that irrigation mode 
significantly influenced N and P losses. The W0 mode exhibited the highest losses, with total nitrogen 
(TN) and total phosphorus (TP) losses reaching 8.52 kg N·hm-2 and 0.72 kg P·hm-2, respectively. 
In contrast, the W3 mode reduced TN and TP losses by approximately 39% and 43%, respectively. 
The exponential decay-based concentration model demonstrated strong performance, with determination 
coefficients (R2) of 0.68 for TN and 0.62 for TP. Spatial analysis identified eastern Xucun Town and 
northern Huangwan Town as critical source areas for N and P losses. The total estimated TN and TP 
losses across the irrigation district were 21.43 tons and 3.69 tons, respectively, with loss coefficients 
ranging between 0.85%-3.32% for TN and 0.49%-1.37% for TP. The study concludes that optimized 
irrigation practices, particularly W3, effectively mitigate nutrient losses while maintaining crop water 
requirements. The proposed model offers a reliable tool for simulating and predicting non-point 
source pollution in paddy systems, supporting the development of targeted pollution control strategies 
in agricultural watersheds.
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Introduction

As a staple food for the global population, rice is 
vital to national economies and livelihoods. In China, 
ensuring high yields has historically depended on 
heavy fertilizer use and continuous flooding irrigation. 
However, this extensive “high-input, high-output” 
approach has created serious environmental issues, 
most notably agricultural non-point source pollution 
from nitrogen (N) and phosphorus (P) loss [1, 2]. 
Paddy fields act as unique “source-sink” interfaces. 
Under flooded conditions, N is lost via ammonia 
volatilization, nitrification-denitrification, runoff, and 
leaching, while P mainly enters water bodies through 
runoff and leaching [3, 4]. These lost nutrients are key 
drivers of eutrophication in rivers, lakes, and reservoirs, 
causing algal blooms, contaminating drinking water, 
and elevating nitrate levels in groundwater [5]. Thus, 
balancing high rice yield with environmental protection 
for sustainable agricultural development is a critical 
scientific challenge for China and the world.

Irrigation and drainage management is globally 
recognized as a key factor in regulating N and P losses 
from paddy fields. In recent decades, countries such as 
Japan and the United States have promoted water-saving 
irrigation techniques, including intermittent and moist 
irrigation. Compared to traditional continuous flooding, 
these methods significantly reduce ponding water depth 
and consequently lower the risk of N and P runoff losses. 
Moreover, they influence soil nitrogen transformation 
and leaching by altering soil wetting-drying cycles 
[6-8]. Research from the University of California has 
confirmed that intermittent irrigation effectively reduces 
nitrate leaching into groundwater. China has also made 
substantial progress in this area. Irrigation regimes 
such as “thin-shallow-wet-dry”, controlled irrigation, 
rainwater storage irrigation, and furrow irrigation have 
proven effective in conserving water and reducing N 
and P losses [9-11]. Studies indicate that compared to 
continuous flooding, water-saving irrigation practices 
like intermittent and rainwater-storage irrigation reduce 
drainage volumes and enhance evapotranspiration, 
thereby improving water use efficiency. Average total 
nitrogen (TN) and total phosphorus (TP) runoff losses 
under continuous flooding were 16.51% and 20.53% 
higher than under shallow-wet irrigation, and 81.07% 
and 72.90% higher than under controlled irrigation, 
respectively. Similarly, TN and TP leaching losses were 
greater under continuous flooding than under water-
saving alternatives. Intermittent irrigation reduced 
N and P losses by approximately 22.99% and 10.01%, 
respectively, compared to traditional irrigation, with 
a corresponding 1% reduction in nitrogen fertilizer 
loss. When combined with appropriate fertilization 
and topdressing methods, water-saving irrigation 
can enhance rice water productivity and nitrogen use 
efficiency while sustaining high yields [12-14].

Historically, traditional agricultural drainage systems 
were designed primarily to meet crop water and aeration 

requirements and, in arid and semi-arid regions, to 
maintain soil salinity balance. Environmental concerns 
and the utilization of rainwater were rarely considered. 
However, surface runoff and subsurface drainage 
(leaching) represent the primary pathways for N and P 
losses from paddy fields to water bodies. As a result, 
minimizing such losses while meeting drainage needs 
has become a critical research priority. This has spurred 
interest in controlled drainage strategies. Numerous 
studies have shown that well-managed controlled 
drainage can effectively mitigate agricultural non-point 
source pollution and, under certain conditions, reduce 
irrigation demand. For instance, combining controlled 
drainage with shallow irrigation and deep water storage 
has been found to better regulate field drainage, reduce 
N and P losses, and improve nutrient use efficiency [15]. 
Despite these advances, most existing research focuses 
on the environmental effects of individual irrigation or 
drainage regimes. Systematic comparisons of N and P 
loss fluxes, forms, and pathways under different modes 
(e.g., conventional flooding, intermittent irrigation, 
plastic film mulching with dry cultivation) remain 
insufficient.

Accurate prediction is essential for effective risk 
management. Internationally, mechanistic and semi-
mechanistic models ‒ such as DNDC, ORYZA, SWAT, 
and HYDRUS ‒ have been developed to simulate water 
cycles in agricultural ecosystems to some extent [16, 
17]. Although these models perform well at the macro-
watershed scale, challenges remain in accurately 
simulating specific combinations of crop varieties and 
management practices at the field scale. In this context, 
the present research holds significant theoretical value 
and practical relevance. By investigating the patterns of 
N and P loss through surface and subsurface pathways 
under the combined influence of different rice varieties 
and irrigation-drainage regimes, this study aims to 
provide technical pathways for precise prevention and 
control of non-point source pollution. Specifically, it 
seeks to clarify the characteristics of N and P loss under 
various “variety-irrigation” combinations, explore the 
migration pathways and pollution formation mechanisms 
at the irrigation district scale, and enable the prediction 
of N and P discharge loads. The findings are expected 
to play a vital role in optimizing water and nitrogen 
management in irrigation districts, improving water 
environment quality, and enhancing the capacity of 
farmland water infrastructure to adapt to climate change.

Materials and Methods

Experimental Site

The experiment was conducted from 2024 to 2025 
at the Pinghu Key Irrigation Experiment Station in 
Zhejiang Province (121°10’E, 30°43’N). The station is 
located in the Hangjiahu Plain region, representative 
of the fundamental water use and environmental 
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characteristics of the grain production area in northern 
Zhejiang. It covers an area of approximately 3.33 hectares, 
featuring flat terrain, comprehensive water conservancy 
infrastructure, and a relatively high groundwater table 
that generally remains at 0.2-0.5 m below the field 
surface during the rice growing season.

The soil texture is silty clay, formed from marine 
sedimentary parent material, with a bulk density of 1.3-
1.4 g/cm³. The entire experimental area utilizes pipeline 
irrigation with water meters for measurement, sourcing 
irrigation water from the nearby river network.

Experimental Design

This study selected two single-cropping rice 
varieties ‒ Xiushui (conventional, denoted as X) and 
Yongyou (hybrid, denoted as Y), combined with four 
irrigation management modes. These modes are:  
(1) Conventional Irrigation (W0): Based on local 
common practices. (2) Shallow Rain-Catching Irrigation 
(W1): Derived from recent regional applicability 
research on water-saving irrigation models conducted 
by the irrigation experiment station network.  
(3) Improved Shallow Rain-Catching Irrigation (W2):  
A modified approach based on experimental results from 
recent years, which refines the original shallow rain-
catching irrigation mode. (4) Furrow-Basin Rainfall-
Adapted Irrigation (W3): Adopted the rainfall-adapted 
irrigation technology proposed by the Provincial Water 
Resources Research Institute of Zhejiang. Specific water 
control criteria are detailed in Table 1. Consequently, 
a total of eight treatments were designed (2 varieties  
× 4 irrigation modes) with 3 replicates each, resulting 
in 24 experimental plots. Fertilization for all treatments 
followed the levels recommended by the Soil Testing 
and Formula Fertilization Project Team of the Zhejiang 
Academy of Agricultural Sciences. The average 
application rates were 225 kg/ha of pure nitrogen (N), 

100 kg/ha of P₂O₅, and 120 kg/ha of K₂O, applied in 
three fertilizations throughout the rice growth period.

Indicators and Measurements

i) Meteorological observation: Parameters (including 
daily mean temperature, daily maximum temperature, 
daily minimum temperature, air relative humidity, 
wind speed, wind direction, rainfall, sunshine duration, 
atmospheric pressure, and evaporation) were observed 
by an existing automatic weather station (ZQZ-CII).

ii) Rice water consumption: Water consumption 
was measured by the change in water level in the field 
surface according to the measuring needle when there 
was a water layer at 8:00 am every day; when there was 
no water layer, it was measured by soil water content 
change according to the soil moisture analyzer every  
3-5 days. Water leakage was measured by the leakage 
meter every day, and then the leakage amount was 
calculated according to the reading difference by the 
measuring needle before and after. The transpiration 
was the difference between water consumption and 
leakage.

iii) Irrigation and drainage water sampling: Water 
sample analysis: All samples were sent to a central 
laboratory for unified testing. The analyzed indicators 
included TN, TP, COD (Chemical oxygen demand), 
NO₃⁻-N (Nitrate nitrogen), and NH₄⁺-N (Ammonium 
nitrogen).

1) Irrigation water sample: If irrigation occurred 
during any growth stage, a representative sample was 
collected from the irrigation water source.

2) Drainage water sample: Samples were collected 
during every drainage event. Sample bottles were 
labeled with the plot number and growth stage. 

3) Seepage water sample: During each growth stage, 
soil seepage solution was collected once using the paddy 
field lysimeters. 

Table 1. Field water control criteria for different irrigation treatments (Year 2024-2025).

Mode Lower-
upper limit Re-greening

Tillering Jointing-
booting

Heading-
flowering Milkying Yellow 

ripeningEarly Late

W0
Lower limit 20 20 30 30 10 10 0

Upper limit 30(50) 50(70) 60(90) 60(100) 50(100) 50(60) 0(20)

W1
Lower limit 5 0.8 θS 0.7 θS 0.9 θS 0 0.8 θS 

Natural 
drainage

Upper limit 30(40) 20(50) 20(0) 30(60) 30(60) 20(30)

W2
Lower limit 5 0.8 θS 0.7 θS 0.9 θS 0 0.8 θS 

Upper limit 30(50) 20(80) 20(0) 30(140) 30(120) 20(80)

W3
Lower limit 0 0.8 θS 0.7 θS 0.8 θS 0.8 θS 0.8 θS

Upper limit 20(50) 0(100) 0(150) 0(200) 0(300) 0(150) Natural 
drainage(50)

Notes: (1) The first number in the upper limit is the storage depth of irrigation water in mm, and the second number in parentheses is 
the storage depth of rainfall in mm in the paddy field. The lower limit means the field needs irrigation when the soil moisture or water 
storage depth of the field reaches this level. (2) θS is the field water holding capacity in %.
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Modeling Nitrogen And Phosphorus Loss

The amount of non-point source nitrogen and 
phosphorus loss from farmland depends on the 
drainage volume and the concentrations of nitrogen and 
phosphorus in the drainage water. This study constructs 
models for paddy field drainage volume and for nitrogen 
and phosphorus concentrations in drainage water based 
on water balance and soil physicochemical adsorption 
theories to estimate the loss of nitrogen and phosphorus 
from farmland and their loss coefficients. The drainage 
volume is calculated using the water balance equation. 
The concentrations of nitrogen and phosphorus in 
farmland drainage are simulated by developing models 
that relate fertilizer application rates, the timing of 
drainage events, and the equilibrium concentrations of 
nitrogen and phosphorus in the soil.

Generally, runoff and leaching are the primary 
pathways for nutrient loss from farmland. In the plains 
of southern China, precipitation is the main driving 
force behind agricultural non-point source pollution, 
primarily entering water bodies through surface runoff 
and subsurface seepage. Therefore, the following model 
is constructed to calculate the regional loss of nitrogen 
and phosphorus from farmland:

	

 

 𝐿𝐿𝐿𝐿 = 0.001(�𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 × 𝑅𝑅𝑅𝑅 × 𝐶𝐶𝐶𝐶
𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖=1
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 𝐶𝐶𝐶𝐶 = 𝑎𝑎𝑎𝑎1𝐹𝐹𝐹𝐹 × 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(−𝑑𝑑𝑑𝑑1𝑡𝑡𝑡𝑡) + 𝑐𝑐𝑐𝑐1 (3) 

 

	 (1)

In the equation, L is the total nitrogen and 
phosphorus loss from regional farmland (kg); Ai is 
the irrigated area of cultivation type i (hm²); R is the 
drainage volume (m³·hm⁻²); C is the nitrogen and 
phosphorus concentration in the drainage water (mg·L⁻¹); 
0.001 is the dimensional conversion coefficient.

i) Calculation of drainage volume
Since paddy fields are mostly saturated with 

soil moisture, have high groundwater levels, and 
experience minimal changes in soil moisture, the water 
balance only considers field surface evaporation and 
crop transpiration (combined as evapotranspiration, 
ET), irrigation, and rainfall. The drainage volume is 
calculated using the following equation:
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	 (2)

In the equation, P is precipitation (mm); I is irrigation 
volume (mm); ET is evapotranspiration (mm).

ii) Simulation of nitrogen and phosphorus 
concentrations

The concentrations of nitrogen and phosphorus in 
drainage water are related to fertilizer application rates, 
the timing of drainage events, and the equilibrium 
concentrations in the soil. During the initial stage 
of fertilization, the concentrations of nitrogen and 
phosphorus in the soil are at their highest level. However, 
the soil adsorption of nitrogen and phosphorus is also 
the fastest at this stage, and the transformation processes 

of nitrogen and phosphorus occur most rapidly. As 
the soil adsorption capacity increases, the adsorption 
rate gradually declines, and both the transformation 
and adsorption processes of nitrogen and phosphorus 
slow down, eventually reaching an equilibrium state. 
The entire process can be simulated using a power 
exponential decay function:
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	 (3)

In the equation, C is the concentration of drainage 
(mg·L-1); F is fertilizer amount (kg·hm-2); a1 and d1 
are parameters; t is the number of days between the 
drainage event and irrigation (d); c1 is the equilibrium 
concentration (mg·L-1).

The parameters a1, c1, and d1 in the above model are 
influenced by management practices, soil properties, 
and land use. As a result, the model reflects the 
integrated effects of agricultural management (such as 
fertilization and irrigation), rainfall, soil conditions, and 
other factors. It is characterized by its limited number 
of parameters and clear physical mechanisms. After 
parameter calibration, the model can be applied to 
estimate nitrogen and phosphorus losses from farmland 
in irrigation districts.

Results

Pollutant Discharge from Field Plots

Pollutant Discharge in Surface Water

Surface water pollution from paddy fields is mainly 
caused by fertilizers and harmful materials in field 
drainage, with drainage falling into two categories: 
proactive drainage for water level management during 
rice growth, and passive drainage triggered by rainfall. 
Both pathways carry pollutants such as nitrogen (N) 
and phosphorus (P) into water bodies. Additionally,  
a portion of pollutants leaches through the paddy field, 
contributing to agricultural non-point source pollution.

During the entire rice growth period, drainage was 
implemented three times (once at the tillering stage 
and twice at the jointing-booting stage). The specific 
performance was as follows: W0 drained 105.9 mm, 
W1 drained 116.9 mm, while both W2 and W3 recorded  
0 mm of drainage. This clearly demonstrates that both 
W2 and W3 achieved zero drainage from the paddy 
fields. As can be seen from Fig. 1, N and P loads in 
the surface drainage were dominated by N, with P 
accounting for a relatively lower proportion. Within 
the nitrogen load, the NH₄⁺-N load was lower than the 
NO₃⁻-N load. The overall loads of TP, TN, NO₃⁻-N, 
NH₄⁺-N, and COD generally followed the trend: 
W0>W1>W2 ≈ W3. Compared to W0, the W1 mode 
reduced the loads of TP, TN, NO₃⁻-N, NH₄⁺-N, and COD 
by 3.7%, 45.9%, 34.0%, 36.1%, and 19.3%, respectively. 
Analysis incorporating drainage volume indicates that 
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the reduced N and P pollutant discharge via seepage in 
the W1, W2, and W3 modes was the decrease in seepage 
volume itself.

Total Pollutant Load from Field Plots

As shown in Fig. 1 and Fig. 2, under W0 and W1 
modes, the pollutant loads in surface water were 
substantially greater than those in seepage water. 
In contrast, under the W2 and W3 modes, pollutant 
discharge was primarily attributed to field seepage. 
The total pollutant load discharges for each treatment 
are presented in Table 2. The loads of TP, TN, 
NO₃⁻-N, NH₄⁺-N, and COD all exhibited the same 
trend: W0>W1>W2>W3. Specifically, compared to the 
W0 mode: W1 reduced the loads of TP, TN, NO₃⁻-N, 
NH₄⁺-N, and COD by 13.7%, 47.6%, 36.5%, 35.1%, 
and 21.4%, respectively. W2 resulted in reductions of 
96.0%, 95.9%, 96.1%, 96.8%, and 94.8%, respectively. 
W3 led to reductions of 90.6%, 96.4%, 96.8%, 97.0%, 
and 95.4%, respectively. The discharge loads of N  

the increase in pollutant discharge was primarily caused 
by the increased drainage.

Pollutant Discharge in Groundwater

The loads of TN, TP, COD, NO₃⁻-N, and NH₄⁺-N 
discharged via subsurface seepage are shown in Fig. 2. 
It can be seen that N was the dominant pollutant in the 
seepage water, with P accounting for a comparatively 
lower proportion. Within the nitrogen load, the NH₄⁺-N 
load was lower than that of NO₃⁻-N. The overall loads of 
TP, TN, NO₃⁻-N, NH₄⁺-N, and COD generally followed 
the order: W0>W1>W2>W3. Specifically, compared to 
the W0 mode: W1 reduced the loads of TP, TN, NO₃⁻-N, 
NH₄⁺-N, and COD by 71.9%, 58.1%, 53.5%, 18.0%, 
and 41.1%, respectively. W2 resulted in reductions of 
73.2%, 66.1%, 61.3%, 36.4%, and 41.7%, respectively. 
W3 led to reductions of 32.3%, 73.5%, 72.6%, 44.8%, 
and 55.9%, respectively. Given that the seepage volume 
under W0 was higher than that under water-saving 
irrigation modes (W1, W2, W3), the primary reason for 

Fig. 1. Pollutant discharge in surface water with different treatments.

Fig. 2. Pollutant discharge in groundwater with different treatments.



Menghua Xiao, et al.6

and P were strongly correlated with field drainage 
volume. Analysis of the contributions of drainage 
and seepage to the emission of various non-point 
source pollutants from the paddy field revealed that 
approximately 88.0%, 84.9%, 87.4%, 92.3%, and 
88.6% of the TP, TN, NO₃⁻-N, NH₄⁺-N, and COD 
loads, respectively, originated from surface drainage. 
Therefore, the majority of non-point source pollutant 
discharge from this field plot came from surface 
drainage, with minimal variation observed between 
different rice varieties.

Determination of Parameters for the Field-Scale 
Nitrogen and Phosphorus Loss Model

Parameter Acquisition of the Model

Rice has high water requirements during its early 
and middle growth stages, thus substantial irrigation 
throughout its entire growth cycle is necessary to 
support normal development. During the growth period, 
the total amount of irrigation and rainfall in the paddy 
field exceeds the crop water requirement, leading to 
drainage following irrigation events. The irrigation 
volumes, effective rainfall, and rice water consumption 
for each treatment are presented in Table 3.

Parameter Acquisition for Model  
Uncertainty Analysis

The Monte Carlo method was employed to analyze 
model uncertainty. As a common approach for model 
uncertainty analysis, Monte Carlo simulation translates 
parameter uncertainty into uncertainty in the model 

outputs. Based on statistical analysis of existing data, 
this study assumed that the drainage volume per 
irrigation event (R) follows a uniform distribution, while 
the nitrogen and phosphorus concentrations in drainage 
water (C) follow a standard normal distribution. Using 
Excel, 400 random numbers were generated for each 
parameter according to their respective distributions 
to serve as parameter samples. The uncertainty range 
of the calculated results from the crop nitrogen and 
phosphorus loss model was then analyzed, with the 
outcomes presented in Table 4.

Parameter Calibration and Validation

Based on the measured water quality data from 
drainage samples across all treatment groups, the key 
parameters (a1, d1, and c1) of the nitrogen and phosphorus 
concentration variation function in the model were 
calibrated. The results are presented in Fig. 3. Using 
drainage time as the independent variable, the model 
was fitted to the trends of TN and TP concentrations 
in the drainage water samples. A nonlinear exponential 
decay function was employed to represent the decreasing 
characteristic of nutrient concentrations.

For TN, the fitted parameters were a1 = 3.74, d1 = 0.22, 
and c1 = 0.45, with a coefficient of determination (R2) of 
0.68. This indicates that the model effectively explains 
the decreasing process of TN concentration over time 
during drainage. For TP, the parameters were a1 = 0.76, 
d1 = 0.22, and c1 = 0.05, with an R2 of 0.62, also 
demonstrating a good fit.

Furthermore, the linear correlation between the 
model-fitted values and measured values further verified 
the reliability of the model (TN: y = 0.823x + 0.207,  

Table 2. Total pollutant load in the whole growth period with different treatments (g/hm2).

Treatment TP TN NO3
--N NH4

+-N COD

W0X 1.469 32.029 21.625 8.066 579.875

W0Y 1.584 32.904 22.498 8.847 727.336

W1X 1.303 16.430 13.746 5.291 502.065

W1Y 1.331 17.586 14.351 5.678 524.798

W2X 0.062 1.491 1.002 0.275 37.373

W2Y 0.059 1.533 1.015 0.303 38.561

W3X 0.157 1.157 0.676 0.237 28.880

W3Y 0.130 1.208 0.750 0.265 31.184

W0 1.527 32.467 22.062 8.456 653.606

W1 1.317 17.009 14.048 5.484 513.431

W2 0.061 1.347 0.860 0.270 34.000

W3 0.143 1.183 0.713 0.251 30.032

X 0.748 12.777 9.262 3.467 287.048

Y 0.776 13.308 9.653 3.773 330.470
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R2 = 0.68; TP: y = 1.090x + 0.125, R2 = 0.62). The results 
show that the constructed exponential model achieves 
high accuracy in describing the dynamics of nitrogen 
and phosphorus concentrations in paddy field drainage 
within the irrigation district. It can serve as an effective 
tool for simulating nitrogen and phosphorus losses and 
estimating loads at the watershed scale.

Simulation of Drainage Volume and 
Nitrogen-Phosphorus Loss

Model Validation

Using the data obtained from the water quality 
monitoring point, the simulation results of drainage 
volume and nitrogen-phosphorus loss were validated. 
The model validation results are shown in Fig. 4. The 
simulated drainage volume was 320 m3·hm⁻2, while 
the measured value was 340 m3·hm⁻2, with an error of 
6%. The simulated TN loss was 1.40 kg N·hm⁻2, while 
the measured value was 1.55 kg N·hm⁻2, with an error 
of 10%. The simulated TP loss was 0.115 kg P·hm⁻2, 

while the measured value was 0.125 kg P·hm⁻2, with 
an error of 8%. The results indicate that the model can 
effectively simulate the processes of farmland drainage 
and nitrogen-phosphorus loss, demonstrating good 
applicability and reference value.

Loss Amount Simulation and Loss  
Coefficient Calculation

Based on the field water balance and nitrogen-
phosphorus concentration model, this study estimated 
the total nitrogen (TN) and total phosphorus (TP) loss 
amounts and their loss coefficients under different 
irrigation regimes during the rice growth period  
(Fig. 5). The results indicate that the nitrogen and 
phosphorus loss loads of each treatment group showed 
significant differences with adjustments in the irrigation 
schedule. 

In the W0 treatment group (conventional irrigation), 
the high irrigation frequency and prolonged standing 
water duration led to the most severe nutrient 
leaching. The estimated TN losses over the entire rice  

Table 3. Summary of water balance components during the rice growing stage (mm).

Table 4. Parameter ranges for Monte Carlo simulation.

Treatment Irrigation 
volume

Effective 
rainfall

Percolation Evapotranspiration Water Consumption

Total Daily 
average Total Daily 

average Total Daily 
average

W0X 353.3 190.4 51.6 0.44 491.4 4.20 543.0 4.64

W0Y 367.4 190.4 56.8 0.49 514.3 4.40 571.1 4.88

W1X 272.2 114.0 24.5 0.21 361.9 3.09 386.4 3.30

W1Y 297.8 118.9 28.9 0.25 383.0 3.27 411.9 3.52

W2X 147.6 322.3 29.3 0.25 441.0 3.77 470.3 4.02

W2Y 148.4 327.3 33.6 0.29 452.1 3.86 485.7 4.15

W3X 175.9 344.9 31.2 0.27 489.8 4.19 521.0 4.45

W3Y 149.7 364.8 27.8 0.24 490.0 4.19 517.8 4.43

Treatment

Drainage volume per irrigation 
event (m3·hm-2)

TN concentration
(mgN·L-1)

TP concentration
(mg·L-1)

Range Mean (Standard 
deviation) Range Mean (Standard 

deviation) Range Mean (Standard 
deviation)

W0X 680–990 885.7(±228.4) 0-5.21 4.18(±0.98) 0-0.46 0.35(±0.07)

W0Y 720–1006 912.6(±227.1) 0-4.92 4.03(±0.76) 0-0.43 0.34(±0.09)

W1X 660–940 735.2(±194.5) 0-4.62 3.96(±0.88) 0-0.38 0.31(±0.08)

W1Y 670–950 748.9(±206.0) 0-4.40 3.77(±0.97) 0-0.37 0.28(±0.07)

W2X 240–530 398.3(±27.7) 0-4.23 3.45(±0.72) 0-0.33 0.27(±0.08)

W2Y 250–575 423.1(±25.8) 0-4.02 3.29(±0.65) 0-0.35 0.24(±0.05)

W3X 230–320 287.5(±26.3) 0-3.86 2.98(±0.55) 0-0.31 0.24(±0.03)

W3Y 235–310 280.7(±21.9) 0-3.61 2.89(±0.66) 0-0.29 0.23(±0.03)
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Fig. 3. Calibration of parameters for the model.

Fig. 4. Validation of simulation results. 
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season were 8.22 kg N·hm⁻2 (W0X) and 8.52 kg N·hm⁻2 
(W0Y), while TP losses were 0.70 kg P·hm⁻2 and  
0.72 kg P·hm⁻2, respectively. The high irrigation 
volume and prolonged waterlogging exacerbated 
nutrient leaching, resulting in the highest nitrogen and 
phosphorus loss coefficients among all treatments.

In the W1 treatment group (thin-layer intermittent 
irrigation), nitrogen and phosphorus losses were 
effectively reduced by decreasing the water depth and 
shortening the irrigation duration. The TN losses were 
7.26 kg N·hm⁻2 (W1X) and 7.08 kg N·hm⁻2 (W1Y), 
while TP losses were 0.61 kg P·hm⁻2 and 0.58 kg P·hm⁻2, 
respectively. This reflects that controlling water layer 
thickness and irrigation timing can, to some extent, 
mitigate nutrient loss.

The W2 treatment group (improved rainwater-
harvesting thin-layer irrigation) further managed 
infiltration and runoff processes based on rainwater 
utilization, demonstrating better water and nutrient 
regulation. The TN losses were 6.30 kg N·hm⁻2 (W2X) 
and 6.00 kg N·hm⁻2 (W2Y), while TP losses decreased 
to 0.53 kg P·hm⁻2 and 0.49 kg P·hm⁻2, respectively. This 
indicates that the improved irrigation mode aligns more 
closely with the goal of coordinated water and nutrient 
management.

The W3 treatment group (furrow-ridge rainfall-
adaptive irrigation) performed the best, achieving 
minimal nutrient loss through on-demand water 
supply and decentralized drainage regulation.  
The TN losses decreased to 5.34 kg N·hm⁻2 (W3X) and 
5.04 kg N·hm⁻2 (W3Y), while TP losses were the lowest, 
at only 0.43 kg P·hm⁻2 and 0.41 kg P·hm⁻2, respectively. 
This demonstrates that this irrigation mode significantly 
enhances irrigation efficiency and reduces surface runoff 
and nutrient loss.

Overall, as the irrigation regime was optimized 
from W0 to W3, nitrogen and phosphorus losses 

showed a decreasing trend. Compared to conventional 
irrigation (W0), the TN and TP losses under the W3 
treatment were reduced by approximately 39% and 43%, 
respectively, indicating that refined irrigation regulation 
significantly contributes to mitigating agricultural non-
point source pollution and improving water and nutrient 
use efficiency. These results provide a scientific basis 
for efficient water use and ecological protection in rice 
irrigation areas.

Model Uncertainty Analysis

In this study, the field-scale nitrogen and 
phosphorus loss model integrates the water balance 
and concentration evolution processes. Although the 
overall fitting accuracy is high, the model results still 
exhibit certain uncertainties, primarily reflected in the 
following aspects:

i) Input data error:  The fundamental data relied 
upon by the model, such as rainfall, irrigation, and 
evapotranspiration, are sourced from monitoring 
equipment and manual records. Limitations in sensor 
accuracy, deployment spacing, and human operation 
may introduce systematic errors, thereby affecting the 
accuracy of drainage volume simulations.

ii)  Concentration model parameter sensitivity:  The 
temporal variation of nitrogen and phosphorus 
concentrations is fitted using a power-exponential 
function. Its key parameters (e.g., initial concentration 
coefficients a1, d1, c1) are obtained through regression 
fitting. While the overall correlation is good, there  
is a risk of local overfitting or low explanatory 
power under specific treatments, leading to reduced 
adaptability to extreme weather or abnormal fertilization 
scenarios.

iii)  Model structure simplification:  The current 
model assumes uniform water layer distribution in 

Fig. 5. Temporal variation of nitrogen and phosphorus losses in paddy fields during the rice growth period.
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paddy fields and stable runoff pathways. It does not 
fully account for heterogeneous factors present in 
actual irrigation districts, such as topographic relief, 
connectivity between fields, and differences in farmer 
irrigation and drainage behaviors. This may lead to 
underestimation or overestimation of nutrient output 
risks in local areas.

iv)  Impact of external environmental 
fluctuations:  Extreme climate events, such as sudden 
changes in rainfall intensity, prolonged drought, or 
high-temperature weather, can disrupt the established 
relationship between water quantity and quality. The 
current model lacks a dynamic response mechanism, 
limiting its predictive capability for abnormal years.

In summary, it is recommended that future research 
incorporates more observational data to conduct 
model parameter sensitivity analysis and uncertainty 

quantification. Methods such as Monte Carlo simulation 
and Bayesian calibration should be introduced to 
assess prediction intervals. Furthermore, progressively 
developing more refined coupled water-fertilizer models 
is advised to enhance the model’s adaptability across 
different regions and years.

Estimation of Spatial Distribution of 
Field Nitrogen and Phosphorus Loss

The spatial distribution of TN and TP loss from 
paddy fields in each administrative unit was simulated 
by integrating the paddy field area of each township, 
as shown in Table 5 and Fig. 6. The total TN loss from 
paddy fields across the entire irrigation district during 
the rice growing period was 21.43 tons, with specific 
contributions as follows: Xucun Town (8.09 tons), 

Town Paddy field area 
(hm2)

TN loss TP loss

Total amount (kg) Loss coefficients (%) Total amount (kg) Loss coefficients (%)

Dingqiao 353.3 1539.80 1.33 265.35 1.12

Huangwan 367.4 2840.99 1.01 489.59 0.97

Xucun 272.2 8096.52 0.85 1395.27 0.49

Yanguan 297.8 703.58 3.32 121.25 1.37

Chang’an 147.6 5631.47 0.89 970.47 0.66

Zhouwangmiao 148.4 2619.46 1.24 451.41 0.57

Table 5. Paddy field area and nitrogen-phosphorus loss coefficients of townships in the Shangtang River irrigation district.

Fig. 6. Nitrogen and phosphorus losses in paddy fields during the rice growth period.
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Dingqiao Town (1.54 tons), Huangwan Town (2.84 
tons), Chang’an Town (5.63 tons), Zhouwangmiao Town  
(2.62 tons), and Yanguan Town (0.70 tons). The total 
TP loss during the entire growing period across the 
irrigation district was 3.69 tons. The nitrogen and 
phosphorus loss coefficients ranged from 0.85% to 
3.32% and 0.49% to 1.37%, respectively.

Furthermore, the aforementioned nitrogen and 
phosphorus loss loads from farmland in the irrigation 
district were allocated to a 200 m × 200 m resolution 
raster image, resulting in a spatial pattern map of 
nitrogen and phosphorus loss intensity from farmland in 
the Yellow River Diversion Irrigation District. As shown 
in Fig. 7, the spatial patterns of TN and TP loss intensity 
in the farmland of the irrigation district are generally 
consistent. The eastern part of Xucun Town, the area 
connecting with Chang’an Town, and the northern part 
of Huangwan Town are identified as hotspot areas for 
nitrogen and phosphorus losses.

Discussion

Emission Reduction Mechanisms and Development 
Pathways of Water-Saving Irrigation Technologies

Promoting advanced water-saving irrigation models 
‒ such as rainwater-storage thin-layer moist irrigation 
and furrow-basin adaptive rainfall irrigation ‒ represents 
a key technological pathway for achieving green 
agricultural development in the rice-growing regions 

of southern China. A substantial body of research has 
confirmed that shifting from traditional continuous 
flooding to water-saving irrigation can generate 
significant emission reduction benefits in farmland. The 
underlying mechanisms are primarily reflected in the 
following three physical pathways. First, direct reduction 
of drainage volume. Water-saving irrigation methods 
(e.g., controlled irrigation, intermittent irrigation, thin-
layer exposure irrigation) reduce the probability and 
total volume of surface runoff by lowering the field 
water level or creating alternating wet-dry conditions. 
This directly cuts off the main pathway for the loss 
of dissolved nutrients ‒ such as ammonium nitrogen, 
nitrate nitrogen, and soluble phosphorus ‒ via water 
flow [18-20]. Second, reduction of seepage volume. 
Lower field water pressure reduces the driving force 
for downward water percolation, thereby decreasing the 
leaching loss of soluble nutrients like nitrate nitrogen 
into groundwater [21]. These first two mechanisms align 
with the findings of this study. Furthermore, water-
saving irrigation can alter the soil microenvironment, 
affecting nutrient transformation and fixation. The 
alternating wet-dry process strongly influences soil 
redox potential, thereby regulating nitrogen nitrification 
and denitrification processes. Although some studies 
suggest that moderate drying may promote gaseous 
nitrogen loss through denitrification, the general 
consensus is that it effectively reduces the liquid-phase 
export of nitrogen to water bodies. Simultaneously, wet-
dry cycles can also enhance soil adsorption and fixation 
of phosphorus, reducing its activity and migration risk 

Fig. 7. Spatial pattern of nitrogen and phosphorus loss intensity in farmland of irrigated areas (200 m).
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[22]. Nevertheless, the long-term environmental effects 
of water-saving irrigation warrant further investigation. 
For instance, could sustained reduction in seepage 
volume negatively impact regional groundwater 
recharge? In drought years, might rainwater-storage 
practices increase the risk of water stress for rice? 
Future research should evaluate the comprehensive 
ecological impacts of these irrigation models over longer 
time scales and across larger spatial extents.

Genetic Variation and Emission Reduction 
Potential of Different Rice Varieties

The variation in emission reduction potential among 
different rice varieties is primarily attributed to genetic 
differences in key physiological and morphological 
traits, including root architecture, nutrient uptake 
efficiency, metabolic processes, and water use efficiency. 
Studies have shown that rice varieties with well-
developed root systems and high nitrogen translocation 
efficiency can allocate more absorbed nitrogen to 
grains, exhibiting a high nitrogen harvest index, 
thereby reducing nitrogen surplus in the farmland 
system. Certain rice genotypes have been found to 
enhance nitrogen and phosphorus use efficiency, thereby 
contributing to the mitigation of agricultural non-
point source pollution [23, 24]. Regarding phosphorus 
utilization, significant genotypic variation also exists 
in phosphorus uptake efficiency. Some varieties can 
more efficiently utilize soil and fertilizer phosphorus by 
secreting organic acids to activate insoluble phosphorus 
in the soil or by forming more root hairs to increase 
the absorption surface area. This reduces the risk of 
phosphorus fixation in the soil and subsequent runoff 
loss [25, 26]. In the present experiment, the difference 
in pollutant discharge between the two rice varieties was 
not statistically significant, which may be attributable 
to the specific characteristics of the selected varieties 
or the relatively high fertilizer application level in the 
trial. Future research should expand the scope of variety 
screening and systematically investigate the intrinsic 
relationship between physiological traits ‒ such as root 
architecture and nutrient uptake kinetics ‒ and nitrogen 
and phosphorus loss dynamics. Such efforts will provide 
a theoretical foundation for breeding synergistic rice 
varieties that integrate water-saving, emission-reducing, 
and high-yielding traits. In parallel, subsequent studies 
should focus on optimizing integrated water and 
fertilizer management schemes, reducing uncertainties 
in model applications, and conducting multi-scale 
integrated research. The ultimate goal is to develop 
a systematic, comprehensive prevention and control 
technology system for paddy field non-point source 
pollution, encompassing everything from source 
reduction to process interception.

Conclusions

This study systematically assessed the characteristics 
of nitrogen and phosphorus losses under different 
irrigation patterns in the paddy fields of southern China 
through field experiments and modeling. A plot-scale 
predictive model was developed. Key findings are:

(1) Irrigation patterns significantly affect N and 
P loss pathways and fluxes. Water-saving irrigation, 
especially improved rainfall-storage shallow 
intermittent and furrow-rainfall-adapted irrigation, 
reduced surface runoff to nearly zero and cut total N and 
P loads by over 90% compared to traditional flooding. 
Optimizing irrigation for source drainage control is the  
most effective strategy to mitigate non-point source 
pollution. 

(2) Primary loss pathways vary by irrigation: 
surface drainage dominates under traditional flooding 
and shallow intermittent irrigation, while subsurface 
seepage prevails under improved rainfall-storage and 
rainfall-adapted irrigation. Differentiated measures 
balancing “runoff control” and “seepage reduction” are 
needed.

(3) The developed model, based on water balance and 
nutrient adsorption theory, reliably simulates drainage 
volume and N/P concentration dynamics, with errors 
within an acceptable range. It serves as a practical tool 
for estimating pollution loads and predicting risks at the 
irrigation district scale.

(4) Spatial analysis in the Shangtang River irrigation 
district identified hotspot areas, with total losses of 
21.43 t TN and 3.69 t TP during the rice season. High-
load zones were located in eastern Xucun Town and 
adjacent Chang’an Town, providing clear targets for 
precise zonal control of non-point source pollution.
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