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Abstract
To clarify the synergistic effects of irrigation regime and straw crushing degree on nitrogen and
phosphorus loss and leaching in paddy fields and the DOC-mediated mechanism, based on a barrel
experiment in 2023–2024, five treatments were set: conventional flooding without straw (CK), frequent
and shallow irrigation + powdered/segmented straw (FSI + P/FSI + S), and controlled irrigation + 
powdered/segmented straw (CI + P/CI + S). Water dynamics and changes in nitrogen and phosphorus
and DOC in surface water and seepage water were monitored. The results showed that controlled
irrigation significantly reduced surface drainage, seepage, and TN and TP runoff loss and leaching flux
by reducing irrigation frequency and water input; powdered straw was more conducive than segmented
straw to enhancing nutrient retention and reducing mobile nitrogen and phosphorus concentrations, and
its synergistic emission reduction effect with controlled irrigation was more prominent. DOC was
extremely significantly positively correlated with NO3−-N and TP leaching fluxes, and was an important
carrier for the synergistic migration of carbon, nitrogen, and phosphorus. CI + P had the best
comprehensive emission reduction effect, and it achieved optimal emission reduction through the
synergistic pathway of water regulation–nutrient retention–DOC mediation, and can serve as a preferred
integrated strategy for water conservation, nutrient loss mitigation, and straw resource utilization in
paddy fields.

1. Introduction
In many rice-growing regions, paddy fields are a major contributor to non-point source pollution from
agriculture. Nitrogen (N) and phosphorus (P) in surface water lost through runoff, and N and P in
underground seepage water lost through leaching, are two key pathways leading to eutrophication of
surrounding water bodies (Jiang et al., 2025). Consequently, mitigating nitrogen and phosphorus losses
from rice paddies is critical for controlling non-point source pollution from agriculture and improving
water resource use efficiency.

Irrigation regime is a core agronomic measure for regulating water status in paddy fields. Although
traditional flooding irrigation ensures the water demand of rice, the deeper surface water layer increases
the risk of N and P runoff loss (Li et al., 2018; Tan et al., 2013b). In contrast, water-saving irrigation
modes represented by controlled irrigation (CI) break the long-term anaerobic state of soil through
periodic drying and rewatering, and can effectively reduce runoff and percolation and lower the risk of
nutrient loss. Tao (Tao et al., 2024) found that CI reduced percolation amount by 51.4% and runoff
volume by 14.1% compared with conventional flooding irrigation, thereby reducing the risk of N and P
leaching and runoff loss.

Returning straw to paddy fields represents a major exogenous carbon input and can raise soil organic
carbon (SOC) levels, promote soil aggregation, and strengthen the soil's capacity to retain water and
nutrients (Xia et al., 2018; Han et al., 2025). However, the effect of straw return on N and P loss has two
sides. On the one hand, straw return can increase soil carbon-to-nitrogen ratio, promote microbial
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immobilization of N, reduce soluble N concentration in surface water, and thus reduce the risk of nutrient
loss (Zhang et al., 2025). Zhang (Zhang et al., 2021) found that under the same nitrogen application rate,
double-season straw return reduced annual total N runoff loss by 23.5% compared with no straw return;
Park (Park et al., 2021) confirmed that straw mulching return reduced carbon, nitrogen and phosphorus
loss by 68%, 57% and 67%, respectively. However, when straw is returned without pretreatment, it can
adversely affect tillage and rice root development, and may also provide suitable habitat for pathogens
and insect eggs, leading to frequent occurrence of diseases and insect pests (Kerdraon et al., 2019;
Shan et al., 2021). Straw crushing degree, as a key regulatory parameter of straw return, directly affects
straw decomposition rate and nutrient release process (Yang et al., 2023; Iqbal et al., 2014), and may
further change its regulatory effect on N and P loss in paddy fields. After straw crushing, the surface
area increases, contact with microorganisms is more sufficient, and nutrients can be released faster
(Tejada et al., 2014), which has greater potential in ensuring crop nutrient demand and reducing nutrient
loss.

Among the constituent fractions of soil organic matter, dissolved organic carbon (DOC) is generally
regarded as the most reactive. It not only participates in the carbon cycle, but also acts as an important
carrier for N and P migration, affecting the dissolution, adsorption and leaching processes of N and P.
Straw decomposition can continuously release DOC, change soil physicochemical properties and
activate soil nutrients (Chen et al., 2023; Chen et al., 2024), while excessive DOC is easily accompanied
by water percolation to carry N and P combinations and undergo vertical migration (Liu et al., 2025).
However, under the combined regulation of irrigation regime and straw crushing degree, how DOC
mediates the N and P leaching process, and whether it amplifies or weakens the synergistic regulatory
effect of the two, is still unclear.

Irrigation regime and straw return have been extensively studied in relation to N and P loss in paddy
fields, but the following three key issues have not yet been fully resolved: First, the interaction effect
between irrigation regime and straw crushing degree is still unclear, and existing studies mostly focus on
a single factor; Second, research on the differential effect of straw crushing degree is insufficient, and
most studies use conventional segmented straw (2–10 cm), with less attention paid to the effect of
powdered straw (< 2 mm); Third, there is a lack of systematic research on the DOC-mediated synergistic
leaching mechanism of N and P, especially a lack of quantitative analysis of the relationship between
DOC and N and P leaching. This study therefore aims to comprehensively examine how irrigation regime
and straw crushing degree interact to influence water dynamics, the quality of surface water and
subsurface percolation water, and nitrogen and phosphorus losses in paddy fields, reveal the DOC-
mediated synergistic leaching mechanism of carbon, nitrogen and phosphorus, and screen the optimal
combination mode. We hypothesize that: (1) CI directly reduces N and P loss fluxes by reducing water
input; (2) powdered straw promotes soil nutrient retention more than segmented straw and reduces
mobile nutrient concentrations; (3) the synergistic combination of CI and powdered straw indirectly
reduces N and P leaching loss by inhibiting DOC leaching. These findings offer a scientific foundation
and practical guidance for conserving irrigation water, reducing nutrient losses, utilizing straw resources,
and mitigating non-point source pollution from agriculture in paddy fields.
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2. Materials and methods

2.1 Experimental site
The experiment was conducted at the Water-Saving Park of Hohai University, Jiangning District, Nanjing
City, Jiangsu Province (118°50′E, 31°57′N). The area lies within the middle and lower Yangtze River basin
and is characterized by a typical rice–wheat rotation system. Data from the meteorological station near
the park showed that from 2000 to 2022, the average annual temperature in this region was 14°C, and
annual precipitation averaged 1 094 mm, the bulk of which fell during the rice-growing season. The soil
texture is clay loam. The physicochemical properties of the soil surface layer (0–10 cm) measured 7
days before the start of the experiment were: SOC content 4.24 g·kg− 1; total nitrogen content 0.36 g·kg− 

1; available phosphorus content 9.6 mg·kg− 1; pH 7.2. Figure 1 presents the daily rainfall and mean air
temperature recorded over the rice-growing period.

2.2 Experimental design and management
In 2018, a barrel experiment was set up in the Water-Saving Park, and the test soil was taken from the
Water-Saving Park. The barrel used in the experiment was a plastic round barrel, the barrels were 80 cm
in inner diameter and 85 cm in height, giving a horizontal cross-sectional area of 0.503 m2. A cross-
shaped water storage pipe (inner diameter 72 mm) was set at the bottom of the barrel. The upper end of
the water storage pipe was vertically connected to a PVC drainage pipe with a height of 100 cm (outer
diameter 70 mm, wall thickness 2 mm). A row of water collection holes with an inner diameter of 2 mm
was set at the upper end of the water storage pipe, and the outside was tightly wrapped with a layer of
non-woven fabric to prevent soil particles from entering the water storage pipe. Before soil filling, a 10
cm gravel cushion layer was laid at the bottom of the barrel to cover the cross-shaped water storage
pipe. The air-dried and sieved soil was filled and compacted in 10 cm layers. The gravel cushion and soil
layers together reached a depth of 70 cm, leaving 15 cm of water storage depth for rice irrigation and
rainwater retention. The barrel experiment is shown in Fig. S1. Each experimental barrel was placed into
the field soil to a depth of 70 cm, with its soil surface kept flush with the surrounding ground. This design
could ensure that the crop canopy height in the barrel was consistent with that in the field, and the
canopy light intensity, wind speed, temperature and humidity, and soil thermal conditions were all close
to the real field environment, reducing the environmental deviation between the barrel experiment and
the field. From 2018 to 2022, a preliminary experiment on water-saving irrigation was carried out. From
2023 to 2024, the combined experiment of water-saving irrigation and straw return was carried out. This
study used a randomized block design. Two irrigation modes were set: frequent and shallow irrigation
(FSI) and controlled irrigation (CI); two straw crushing degrees: powdered straw return and segmented
straw. To evaluate the net effect of the combination modes compared with conventional management,
conventional flooding without straw was set as the control group. A total of 5 experimental treatments
were set, namely control (CK), frequent and shallow irrigation + powdered straw (FSI + P), frequent and
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shallow irrigation + segmented straw (FSI + S), controlled irrigation + powdered straw (CI + P), and
controlled irrigation + segmented straw (CI + S), with 3 replicates for each treatment.

The straw used in the experiment was wheat straw harvested from the previous season before rice
transplanting, collected from this park, and uniformly air-dried after collection. Powdered straw was
prepared by a grinder passing through a 2 mm sieve; segmented straw was cut into 2–5 cm lengths by a
cutter. The measured carbon and nitrogen contents of the straw were: total carbon 446.69 g·kg− 1, total
nitrogen 7.18 g·kg− 1, and C:N ratio 62:1. The straw return amount was set at 6 000 kg·hm− 2 according to
the local field recommended amount (Cong et al., 2020), and after conversion, the amount of straw
applied to each experimental barrel was 300 g. All straw was returned by no-till mulching, that is, one day
before rice transplanting each year, The prepared straw was applied uniformly to the soil surface at the
predetermined rate.

The rice variety used in the experiment was Nanjing 46. In 2023, seedlings were raised on May 15, rice
seedlings with three leaves and one heart were selected for transplanting on June 28, and harvest was
on October 23; in 2024, seedlings were raised on May 17, transplanting was on June 27, and harvest was
on October 30. Rice was planted at a field experimental planting density of 195 000 plants·hm− 2, each
barrel contained 12 hills, and each hill consisted of 3 plants. A day before rice transplanting, compound
fertilizer (15% N, 15% P, and 15% K) was applied as basal fertilizer and incorporated into the tillage layer
at 700 kg·hm− 2. Urea (46% N) was used for both tillering and panicle fertilization, and were broadcast on
the soil surface at a standard of 163 kg·hm− 2. During the two-year experiment, the water regulation
indicators, fertilizer application amount, fertilizer type and straw return amount were kept consistent.
Weeding and insect control in the paddy field followed the conventional practices of the local
experimental area. Water regulation is shown in Table S1, and the division of rice growth stages is shown
in Table S2.

2.3 Collection and monitoring of surface water and deep
percolation water
The collection of surface water aimed to capture the water quality status when surface runoff drainage
actually occurred, and to accurately estimate the nitrogen and phosphorus loss loads under different
combination modes. Due to the space limitation of the barrel experiment, the upper limit of rainwater
storage for each treatment in this study was uniformly set at 50 mm in actual operation, as the trigger
standard for artificial drainage. During the experiment, when the surface water layer in the experimental
barrel exceeded 50 mm due to rainfall, artificial drainage was carried out to reduce the water layer to the
upper irrigation limit of that treatment, and the drainage water quality indicators were measured. If there
was no rainfall or the surface water layer did not exceed 50 mm, no drainage was carried out, and no
surface water sample was collected. After the drainage of each experimental barrel was stirred evenly,
250 ml of water was taken, sampled three times, and the average value was taken.
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The collection of deep percolation water differed from that of surface water. The collection of deep
percolation water aimed to monitor the long-term intermittent effects of each treatment on soil profile
water quality, and to evaluate the potential for vertical migration of nutrients to deep soil. This study
adopted a regular fixed-frequency sampling strategy, taking water once every 5 days, to ensure that the
soil was under free infiltration and not affected by rainfall or surface drainage events. Using the PVC
drainage pipe and cross-shaped water storage pipe buried at a depth of 70 cm in the experimental barrel,
a micro water pump with a 2 m long suction pipe was used during sampling to extract all the percolation
water naturally accumulated in the water storage pipe since the last sampling was emptied through the
PVC pipe. The water was collected in a graduated cylinder, and after recording the total drainage volume,
a 250 ml subsample was taken and placed into a volumetric flask as one percolation water sample. After
sampling was completed, the water storage pipe was completely emptied to prepare for the next
accumulation of percolation water.

Drainage volume and percolation water volume recording: When surface water was drained, a graduated
cylinder was used to record the surface drainage volume of each experimental barrel, and it was
converted into drainage depth according to the bottom area of the experimental barrel. During
percolation water collection, the total volume of percolation water extracted from the cross-shaped
water storage pipe was recorded for subsequent calculation of leaching flux.

The collected water samples were brought back to the laboratory for measurement. TN was determined
by alkaline potassium persulfate digestion ultraviolet spectrophotometry (Bronk et al., 2000); NH4

+-N

was determined by Nessler's reagent spectrophotometry (Skok et al., 2023); NO3
−-N was determined by

hydrochloric acid acidified ultraviolet spectrophotometry (Huang et al., 2024); TP was determined by
ammonium molybdate spectrophotometry (Murphy and Riley, 1962); DOC was filtered through a 0.45 µm
microporous membrane and determined using a total organic carbon analyzer (TOC-L, Shimadzu,
Japan).

Calculation of nutrient loss load and leaching flux. The apparent loss load of nitrogen and phosphorus in
each drainage event was calculated according to Eq. (1):

Li=Ci×Vi×10− 2 (1)

Where: Li is the apparent loss load of nitrogen and phosphorus in the i-th drainage event, kg·hm− 2; Ci is

the nitrogen and phosphorus concentration in the i-th drainage event, mg·L− 1; Vi is the i-th drainage

volume, mm. The total loss load is the sum of the loads of each drainage event. The leaching flux of
deep percolation water was calculated by the same method, and the total leaching flux during the whole
growth period is the sum of the leaching fluxes in each period. Because the percolation water collected
each time was the natural accumulation amount within the interval period, the collected sample was a
mixed sample within this period, which can reflect the average status of nitrogen and phosphorus
concentrations in the percolation water during this period, rather than the instantaneous concentration.
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2.4 Statistical analysis
Data organization was performed using Microsoft Excel 2021, while OriginPro 2025 was employed for
visualizing water environment and soil nutrient indicators. Data normality (Shapiro-Wilk test) and
variance homogeneity were assessed at α = 0.05. One-way ANOVA was applied to compare treatment
differences, and when significant, Tukey’s HSD test was conducted for multiple comparisons.

3. Results

3.1 Water dynamics
From the total irrigation amount (Table S3), the total irrigation amount of different treatments in 2023
was in the order of CK > FSI > CI, and the corresponding total irrigation times were 12, 14 and 5,
respectively. In 2024, a similar trend was observed. The total irrigation amount was highest in CK at
745.50 mm, followed by frequent and shallow irrigation at 656.04 mm, and lowest in controlled irrigation
at 457.24 mm. The total irrigation times of CK and frequent and shallow irrigation were the same, both
22 times, and that of controlled irrigation was 10 times. Overall, the controlled irrigation mode reduced
the total irrigation amount by reducing irrigation times, and saved 47.92% and 38.67% of water
compared with CK in 2023 and 2024, respectively. For the frequent and shallow irrigation mode, the
irrigation times in 2023 were 2 more than CK, and the irrigation times in 2024 were equal to CK, but it
saved 12.50% and 12.00% of water compared with CK in 2023 and 2024, respectively, reflecting the
irrigation characteristic of frequent and shallow irrigation with small amounts and multiple times.

The water-saving effect of CI was mainly concentrated in the tillering stage. During this period, the
irrigation amount of CI decreased by 57.14–58.33% compared with CK, and the irrigation times
decreased from 6–13 times in CK to 2–4 times. The jointing-booting stage is a critical period for rice
water demand. CI maintained a relatively high irrigation amount during this period, reaching 228.62 mm
in 2024, accounting for 50% of the total irrigation amount. No irrigation was carried out during the
heading-flowering stage in CI, indicating that CI improved irrigation water use efficiency by compressing
water supply in non-critical periods. Between the two years, the irrigation amount of each treatment in
2024 was higher than that in 2023, but the irrigation amount of CI treatment was always lower than that
of CK and FSI, and the irrigation period was concentrated, showing good interannual stability.

CI treatment significantly reduced surface drainage volume (Table S4). In 2023, the total drainage
volume of CI treatment decreased by 48.42–54.37% compared with CK and by 38.97–51.74% compared
with FSI; in 2024, the total drainage volume of CI treatment decreased by 15.85–20.95% compared with
CK and by 19.77–24.74% compared with FSI. Drainage events were mainly concentrated after
fertilization and during heavy rainfall periods. The drainage volume of CI treatment in each drainage
event was significantly lower than that of CK and FSI. Powdered straw showed an additional emission
reduction effect under the CI mode. Compared with CI + S, the drainage volume of CI + P treatment
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decreased by 11.53% in 2023 and 6.06% in 2024, indicating a synergistic emission reduction effect
between CI and powdered straw.

Seepage water volume showed obvious seasonal variation, with July–August being the peak period of
seepage, and then gradually decreased (Fig. 2). The seepage volume of CI was lower than that of CK and
FSI in all periods. In the two years, CI seepage volume decreased by 24.29%–28.00% (2023) and
20.61%–23.00% (2024) compared with CK, and by 17.21%–21.00% (2023) and 9.36%–13.00% (2024)
compared with FSI. Under the CI mode, powdered straw further reduced seepage volume: CI + P
decreased seepage volume by 4.26% (2023) and 3.0% (2024) compared with CI + S, further confirming
the synergistic effect of CI and powdered straw in reducing seepage (Table 1).

Table 1
Water input and output parameters under different treatments in 2023–2024

Year Treatment Precipitation/mm Irrigation
amount/mm

Surface
runoff/mm

Seepage/mm

2023 CK 377.4 477.12 228.44 148.66

FSI + P 377.4 417.48 193.09 136.18

FSI + S 377.4 417.48 216.02 135.95

CI + P 377.4 248.5 104.25 107.75

CI + S 377.4 248.5 117.84 112.55

2024 CK 421.7 745.5 395.23 151.26

FSI + P 421.7 656.04 415.15 132.61

FSI + S 421.7 656.04 414.51 132.48

CI + P 421.7 457.24 312.42 116.01

CI + S 421.7 457.24 332.57 120.08

Note: CK: control; FSI + P: frequent and shallow irrigation + powdered straw; FSI + S: frequent and
shallow irrigation + segmented straw; CI + P: controlled irrigation + powdered straw; CI + S: controlled
irrigation + segmented straw.

3.2 Surface water quality and nitrogen and phosphorus
runoff loss
TN and TP concentrations in surface water showed peaks after fertilization and then decreased rapidly
(Fig. 3). In 2023, in the first drainage after basal fertilizer application, the TN concentration of CK was
highest at 4.62–4.90 mg·L− 1, and that of FSI + S was lowest at 0.87–0.96 mg·L− 1. July 22 was the first
drainage after tillering fertilizer application. The TN concentration of CK reached the highest peak during
the whole growth period, with a fluctuation range of 4.62–4.90 mg·L− 1. The TN concentration of CI + P
was the lowest, decreased by 64.10% compared with CK, by 38.48%–45.31% compared with FSI, and by
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7.25% compared with CI + S. On August 12 and after, the TN concentrations of all treatments decreased
to below 1.30 mg·L− 1. In 2024, June 30 was the first drainage 3 days after basal fertilizer application.
The TN concentration of CK treatment was highest at 9.01–9.78 mg·L− 1, and that of CI + S was lowest at

4.51–4.85 mg·L− 1, decreased by 50.02% compared with CK. On July 8, the TN concentrations of all
treatments decreased rapidly. Compared with the drainage on June 30, the largest decrease was in CI + 
P treatment, which decreased by 78.05%, followed by FSI + P treatment, with a decrease of 66.10%, and
the smallest decrease was in CK, which decreased by only 34.33%. After July 14, the TN concentrations
of all treatments decreased to below 1.0 mg·L− 1.

In 2023, CK had the highest TP concentration in the first drainage, which was 2.20–2.56 mg·L− 1. FSI + P
and FSI + S were slightly lower than CK, decreased by 18.55% and 28.76% compared with CK,
respectively, while CI + P and CI + S significantly reduced the initial TP concentration, decreased by 52.0%
and 47.87% compared with CK, respectively. July 22 was the first drainage after tillering fertilizer
application. The TP concentration of FSI was higher than that of CK. The TP concentrations of FSI + P
and FSI + S increased by 17.95% and 15.32% compared with CK, respectively, while the TP concentration
of CI was still lower than that of CK. The TP concentrations of CI + P and CI + S decreased by 38.98% and
19.35% compared with CK, respectively. In 2024, the overall peak TP concentration was lower than that
in 2023 (Fig. 3). On June 30, the TP concentration of CK was 1.02 mg·L− 1, and that of FSI + P was the
lowest, decreased by 65.17% compared with CK and by 64.36% compared with FSI + S. Under the
controlled irrigation mode, the TP concentrations of CI + P and CI + S treatments were both lower than
that of CK, decreased by 57.92% and 31.23% compared with CK, respectively. On July 8, the TP
concentration of CK increased to 1.16 mg·L− 1, while the combination modes all showed a decreasing
trend. The largest decrease was in FSI + P treatment, which decreased by 36.33%, and the smallest
decrease was in CI + S treatment, which decreased by 20.76%. On July 14 and after, the TP
concentrations of all treatments decreased to below 0.06 mg·L− 1. It was noteworthy that under the
controlled irrigation mode, the TP concentration of powdered straw treatment was lower than that of
segmented straw treatment in both years, indicating that powdered straw had a certain promoting effect
on reducing TP concentration in surface water.

NH4
+-N in surface water is the main form of nitrogen loss. In 2023, CK had the highest NH4

+-N

concentration in the first drainage (Fig. S2), with a variation range of 4.26–4.39 mg·L− 1, and it rose again
to 2.35 mg·L− 1 on July 22. CI + P and CI + S treatments decreased by 73.43% and 71.34% compared with
CK, respectively. In 2024, all treatments reached a peak on June 30. CK was the highest at 6.26–6.70
mg·L− 1, and CI + S was the lowest at 3.16–3.24 mg·L− 1, decreased by 50.38% compared with CK. On
July 8, all treatments decreased rapidly. On July 14 and after, the NH4

+-N concentrations of all

treatments were lower than 0.20 mg·L− 1. The variation of NO3
−-N concentration was generally lower than

that of NH4
+-N. In 2023, CK had the highest NO3

−-N concentration in the first drainage, reaching 3.37–

3.73 mg·L− 1. FSI decreased by 46.90%–64.62% compared with CK, and CI decreased by 51.38%–54.11%
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compared with CK. In 2024, the variation range of NO3
−-N concentration decreased significantly

compared with 2023, showing a stronger nitrogen control ability.

Based on the concentration and drainage volume of each drainage event, the total apparent loss loads of
nitrogen and phosphorus under different treatments were calculated (Table 2). The TN loss load of CI + P
treatment was 1.32 kg·hm− 2 in 2023, decreased by 75.87% compared with CK; it was 7.86 kg·hm− 2 in
2024, decreased by 40.09% compared with CK. The TP loss load was 0.49 kg·hm− 2 in 2023, decreased
by 73.51% compared with CK; it was 0.60 kg·hm− 2 in 2024, decreased by 64.07% compared with CK.

Table 2
Total apparent runoff losses of nitrogen and phosphorus in surface water under different treatments.
Year Treatment TN/(kg·hm− 2) TP/(kg·hm− 2)

2023 CK 5.47 ± 0.100a 1.85 ± 0.093a

FSI + P 3.04 ± 0.287b 1.36 ± 0.097b

FSI + S 2.61 ± 0.106c 1.39 ± 0.042b

CI + P 1.32 ± 0.059d 0.49 ± 0.027c

CI + S 1.50 ± 0.085d 0.60 ± 0.026c

2024 CK 13.12 ± 0.303b 1.67 ± 0.085a

FSI + P 13.92 ± 0.278a 0.65 ± 0.003c

FSI + S 10.38 ± 0.185c 1.62 ± 0.071a

CI + P 7.86 ± 0.154d 0.60 ± 0.075c

CI + S 6.52 ± 0.115e 0.95 ± 0.049b

Note: CK: control; FSI + P: frequent and shallow irrigation + powdered straw; FSI + S: frequent and
shallow irrigation + segmented straw; CI + P: controlled irrigation + powdered straw; CI + S: controlled
irrigation + segmented straw. Values are expressed as means ± standard deviation (n = 3). Within a
given year and column, means followed by different lowercase letters differ significantly among
treatments (P < 0.05).

3.3 Seepage water quality and nitrogen and phosphorus
leaching characteristics
TN concentration in seepage water was sensitive to fertilization, and obvious peaks appeared after three
fertilizations during the rice growth period (Fig. 4). In 2023, CK reached the highest peak of the whole
growth period after basal fertilizer, which was 4.75 mg·L− 1, and then decreased; after tillering fertilizer, a
second peak appeared at 3.87–3.92 mg·L− 1; after panicle fertilizer, a third peak appeared at 3.46–3.64
mg·L− 1. The order of peaks in each period was CK > FSI > CI, and CI + P treatment was the lowest in each
peak period. Compared with CK, TN concentration in CI treatment decreased by 10.55–15.37%, 10.98–
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13.61% and 8.37–13.57% in the three peak periods, respectively. In 2024, the TN concentration dynamics
were consistent with 2023, but the order of peaks changed. After basal fertilizer application in late June,
TN concentration in FSI treatment decreased by 40.61–48.70% compared with CK, and the effect was
better than that of CI, which was 9.13–13.51%; however, after tillering fertilizer application in late July, TN
concentration in FSI treatment was higher than that in CK, and only CI + S treatment decreased by
13.41% compared with CK; after panicle fertilizer application in early September, TN concentrations in
the combination modes were all lower than that in CK, and powdered straw treatment was better than
segmented straw treatment, among which TN concentrations in CI + P and FSI + P treatments decreased
by 1.82% and 14.27% compared with CI + S and FSI + S treatments, respectively. The concentration
changes of NH4

+-N and NO3
−-N in seepage water were consistent with the trend of TN (Fig.S3).

The change of TP concentration in seepage water was similar to that of nitrogen (Fig. 4). In 2023, TP
concentration reached the largest peak of the year after basal fertilizer, with CK being the highest, and
then decreased rapidly, decreasing to 0.081–0.121 mg·L− 1 in mid-July. After tillering fertilizer, TP
concentration rose again, and the order of peaks was CK > FSI+S > CI + S > FSI+P > CI + P. Under the same
irrigation mode, TP concentration in powdered straw treatment was lower than that in segmented straw
treatment. FSI + P and CI + P treatments decreased by 7.98% and 8.27% compared with FSI + S and CI + S
treatments, respectively; under the same straw crushing degree, TP concentration in controlled irrigation
mode was lower than that in frequent and shallow irrigation mode. CI + P and CI + S treatments
decreased by 7.03% and 6.74% compared with FSI + P and FSI + S treatments, respectively. After panicle
fertilizer, a small increase appeared, and only CI + P treatment had TP concentration lower than CK, with
a decrease of 10.61%. In 2024, the overall peak TP concentration was lower than that in 2023. In late
June, the peak of CK was the highest at 0.26 mg·L− 1. Frequent and shallow irrigation treatments
decreased by 39.16%–40.60% compared with CK, and controlled irrigation treatments decreased by
47.39%–50.00% compared with CK. After tillering fertilizer, the peaks of all treatments rose again. Under
frequent and shallow irrigation mode, TP concentration in segmented straw treatment decreased by
6.42% compared with powdered straw treatment, and under controlled irrigation mode, TP concentration
in powdered straw treatment decreased by 3.12% compared with segmented straw treatment. After
panicle fertilizer application, a third peak appeared in early September, which was lower than the
previous two peaks. The order of TP concentration was FSI + S > CI + S > CI + P > CK > FSI+P, among
which only FSI + P treatment had TP concentration decreased by 2% compared with CK.

Based on seepage water volume and concentration, the N and P leaching fluxes under different
treatments were calculated (Table 3). The TN leaching flux showed consistent variation patterns in 2023
and 2024, both CK > FSI > CI. In 2023, CK had the highest leaching flux at 2.65 kg·hm− 2. Frequent and
shallow irrigation treatments decreased by 13.28%–15.85% compared with CK, and controlled irrigation
treatments decreased by 30.94%–40.00% compared with CK. Under the same irrigation mode, there was
no significant difference between the two straw crushing degrees under FSI mode. Under CI mode, CI + P
significantly decreased by 13.11% compared with CI + S (P < 0.05); under the same straw crushing
degree, CI + P and CI + S significantly decreased by 28.70% and 20.09% compared with FSI + P and FSI + 
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S, respectively (P < 0.05). In 2024, TN leaching flux of FSI decreased by 25.93%–28.57% compared with
CK, and that of CI decreased by 31.22%–37.04% compared with CK. Under the same irrigation mode,
there was no significant difference between FSI + P and FSI + S, while CI + P significantly decreased by
8.46% compared with CI + S (P < 0.05); under the same straw crushing degree, CI + P and CI + S
significantly decreased by 15.00% and 3.70% compared with FSI + P and FSI + S, respectively (P < 0.05).
The leaching flux trends of NH4

+-N and NO3
−-N were consistent with TN, both showing CK > FSI > CI in

the two years. In 2023, NH4
+-N leaching flux of CI decreased by 32.24–48.32% compared with CK, and

NO3
−-N leaching flux decreased by 25.33–34.07% compared with CK; in 2024, they decreased by 31.81–

45.49% and 36.86–45.97%, respectively. NH4
+-N was the main form of nitrogen leaching, accounting for

35.30–47.75% of TN leaching flux in 2023 and 31.55–41.72% in 2024; NO3
−-N accounted for 37.55–

45.59% and 12.27–15.46% of TN leaching flux in 2023 and 2024, respectively.

Table 3
Changes in carbon, nitrogen, and phosphorus leaching fluxes under different treatments in 2023–2024.

(Unit: kg·hm− 2)
Year Treatment TN NH4

+-N NO3
−-N TP

2023 CK 2.65 ± 0.03a 1.17 ± 0.07a 1.03 ± 0.02a 0.25 ± 0.004a

FSI + P 2.23 ± 0.03b 0.90 ± 0.03c 0.88 ± 0.03b 0.22 ± 0.004c

FSI + S 2.29 ± 0.05b 1.04 ± 0.05b 0.95 ± 0.03a 0.24 ± 0.009b

CI + P 1.59 ± 0.03d 0.60 ± 0.04e 0.70 ± 0.01c 0.15 ± 0.008e

CI + S 1.83 ± 0.05c 0.79 ± 0.05d 0.80 ± 0.02b 0.19 ± 0.006d

2024 CK 1.89 ± 0.06a 0.70 ± 0.02a 0.27 ± 0.009a 0.13 ± 0.003a

FSI + P 1.40 ± 0.06b 0.56 ± 0.02b 0.21 ± 0.005b 0.10 ± 0.003b

FSI + S 1.35 ± 0.02bc 0.48 ± 0.03c 0.19 ± 0.006c 0.10 ± 0.003b

CI + P 1.19 ± 0.03e 0.38 ± 0.01d 0.15 ± 0.004e 0.07 ± 0.004d

CI + S 1.30 ± 0.04d 0.48 ± 0.01c 0.17 ± 0.013d 0.08 ± 0.005c

Note: CK: control; FSI + P: frequent and shallow irrigation + powdered straw; FSI + S: frequent and
shallow irrigation + segmented straw; CI + P: controlled irrigation + powdered straw; CI + S: controlled
irrigation + segmented straw. Values are expressed as means ± standard deviation (n = 3). Within a
given year and column, means followed by different lowercase letters differ significantly among
treatments (P < 0.05).

TP leaching flux showed large differences between the two years, and decreased in 2024 relative to
2023, with an overall decrease of 46.05% (Table 3). In 2023, FSI + P and FSI + S significantly decreased
by 13.42% and 6.06% compared with CK, respectively (P < 0.05); CI + P and CI + S significantly decreased
by 39.74% and 24.70% compared with CK, respectively (P < 0.05). In 2024, the average TP leaching flux
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of CK was 0.13 kg·hm− 2, that of FSI mode was 0.10 kg·hm− 2, significantly decreased by 25.66%
compared with CK (P < 0.05), and that of CI mode was 0.08 kg·hm− 2, significantly decreased by 40.53%
compared with CK (P < 0.05).

3.4 Correlation between DOC and nitrogen and phosphorus
leaching
Within soil organic matter, dissolved organic carbon (DOC) is the most reactive fraction. When leached, it
influences not only the carbon cycle but also the transport and transformation of N and P, functioning as
a microbial carbon substrate and a nutrient carrier. The dynamics of DOC concentration in seepage
water are shown in Fig. S4. To further reveal the role of DOC in N and P leaching, correlation analysis was
conducted between DOC leaching flux and NO3

−-N and TP leaching fluxes, and the results are shown in

Fig. 5. DOC and NO3
−-N were extremely significantly positively correlated in both years (P < 0.001), with

R² = 0.88 in 2023 and R² = 0.64 in 2024; DOC and TP leaching flux showed a similar pattern, with R² =
0.89 (P < 0.001) in 2023 and R² = 0.58 (P < 0.01) in 2024.

Two-way ANOVA was performed to examine how irrigation regime, straw crushing degree, and their
interaction influenced N and P leaching, thereby identifying the key controlling factors (Table 4). In 2023,
irrigation regime and straw crushing degree had extremely significant effects on all indicators (P < 
0.001); the interaction effect between irrigation regime and straw crushing degree was extremely
significant only for TN (P < 0.01), and significant for TP (P < 0.05). In 2024, irrigation regime had
extremely significant effects on all indicators (P < 0.001); straw crushing degree had no significant effect
on all indicators (P > 0.05); the interaction between irrigation regime and straw crushing degree had
extremely significant effects on DOC, NH4

+-N and NO3
−-N (P < 0.01), and a significant effect on TN (P < 

0.05).

Table 4
ANOVA results of carbon, nitrogen and phosphorus indicators.

Year Factors TN NH4
+-N NO3

−-N TP DOC

2023 Irrigation regime *** *** *** *** ***

Straw crushing degree *** *** *** *** ***

Irrigation regime × Straw crushing degree ** ns ns * ns

2024 Irrigation regime *** *** *** *** ***

Straw crushing degree ns ns ns ns ns

Irrigation regime × Straw crushing degree * *** ** ns ***

Note: Significance * P < 0.05; ** P < 0.01; *** P < 0.001; ns = not significant (P ≥ 0.05).
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4. Discussion

4.1 Regulation mechanism of irrigation regime and straw
crushing degree on water dynamics in paddy fields
Paddy field water dynamics is a core carrier for regulating pollutant migration and transformation, and its
changes play a decisive role in surface water runoff loss and underground seepage water leaching in
paddy fields. The interaction between irrigation regime and straw crushing degree achieves precise
regulation of paddy field water cycle by changing the processes of water input, output and
transformation in paddy fields (Li et al., 2025). The results of this study showed that the controlled
irrigation mode significantly reduced total irrigation amount, surface drainage volume and underground
seepage water volume by optimizing irrigation timing and reducing irrigation frequency. This is
consistent with the conclusion in current studies that the controlled irrigation mode reduces water
consumption in paddy fields by supplying water during critical periods of rice and controlling water
during non-critical periods (Amin et al., 2021). This study further found that the water-saving effect of CI
mode was stable in the two-year experiment. In 2024, due to uneven rainfall distribution, there was very
little rainfall during the tillering stage and jointing-booting stage of rice, resulting in significantly higher
irrigation amounts for all treatments than in 2023, but the water-saving amplitude of CI mode compared
with FSI mode and CK still maintained a relatively high level, indicating that this mode has strong
adaptability to climate change.

The regulation of straw crushing degree on paddy field water dynamics is mainly reflected in water
retention and seepage inhibition, and it can have significant interaction with different irrigation modes. In
this study, the surface drainage volume and seepage water volume of powdered straw showed a small
decrease relative to segmented straw, especially under CI mode, where this difference was more
significant. This may be related to the denser mulch layer of powdered straw and its stronger water-
holding capacity, which can form a more effective physical barrier and thus slow down soil water
infiltration (Zhang et al., 2020). Under the FSI mode, there was no significant difference in seepage water
volume between the two straw crushing degrees, possibly because the surface water layer was always
maintained in the FSI paddy field, and soil water infiltration mainly depended on soil saturated hydraulic
conductivity (Tan et al., 2013a), and the improvement of soil pore structure by straw crushing degree was
weakened. This interaction effect provides a precise basis for the optimization of straw return
technology under irrigation modes.

4.2 Synergistic regulation pattern and intrinsic mechanism of carbon, nitrogen and phosphorus migration
and loss in paddy fields

N is the main pollutant of non-point source pollution in paddy fields. Its migration pathways are mainly
surface water loss and underground seepage water leaching in paddy fields. The interaction between
irrigation regime and straw crushing degree can achieve effective control of nitrogen loss by regulating N
transformation, adsorption and migration processes (Han et al., 2025). The results of this study showed
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that both the apparent loss load of N in surface water and the N leaching flux in groundwater followed
the pattern of CK > FSI > CI, this finding agrees with earlier reports that N leaching is lower under water-
saving irrigation (Gbedourorou et al., 2025; Qi et al., 2023; Huang et al., 2024). This study further
quantified the emission reduction amplitude under the interaction of irrigation regime and straw crushing
degree, and found that the TN leaching flux and apparent loss load of CI + P were significantly reduced
compared with CK, and this emission reduction effect remained stable in the two-year experiment,
indicating that the combination of CI and powdered straw is reliable for controlling N loss in paddy fields.

The migration and loss characteristics of different nitrogen forms also showed significant differences.
NH4

+-N is the main form of surface water loss, while NO3
−-N is the main form of underground seepage

water leaching. This difference is related to the chemical characteristics of the two nitrogen forms.
NH4

+-N is easily adsorbed by soil colloids and has weak mobility (Li et al., 2023), and its loss is mainly

related to surface water runoff; NO3
−-N is not easily adsorbed by soil, has strong mobility, and is easily

lost with underground seepage water leaching (Wen et al., 2024). In this study, the inhibitory effect of CI
on NO3

−-N leaching was significantly higher than that on NH4
+-N, possibly because the CI reduced the

total amount of underground seepage water and reduced the carrier for NO3
−-N migration; in addition, by

regulating soil water status, the soil was in an alternating dry and wet state, which promoted the
denitrification of NO3

−-N and reduced its accumulation in the soil profile (Jin et al., 2020). The effect of
straw crushing degree on N loss was regulated by irrigation mode. Under FSI, there was no significant
difference in N loss between the two straw crushing degrees; under CI, the N loss of powdered straw
was significantly lower than that of segmented straw, which may be related to the faster decomposition
of powdered straw and more sufficient contact with soil, thereby enhancing soil nitrogen retention
capacity (Wang et al., 2025). In this study, the apparent loss load of TN in surface water in 2024 was
significantly higher than that in 2023, mainly because the first drainage time in 2024 was earlier, and
both drainage volume and TN concentration were higher. This phenomenon reveals that N loss in paddy
fields is not only related to water and fertilizer management, but also closely related to rainfall
distribution and drainage timing. In actual production, it is necessary to combine climate prediction to
optimize drainage timing and reduce N runoff loss.

P has poor mobility in soil, and its loss is mainly dominated by surface water runoff, while the leaching
flux in underground seepage water is relatively low (Zhang et al., 2024). The results of this study also
confirmed this pattern, as the apparent loss load in surface water was significantly higher than the
leaching flux in underground seepage water. Compared with N, the interaction between irrigation regime
and straw crushing degree had a more complex effect on P. In this study, the CI had a significant
inhibitory effect on P runoff loss in surface water, especially the CI + P, which significantly reduced the
apparent loss load of TP in surface water compared with CK, mainly because the CI could reduce
surface drainage volume. In addition, the humus formed by the decomposition of powdered straw could
combine with P in soil, increasing the retention capacity of soil for P, thereby reducing the dissolution
and runoff loss of P (Zhao et al., 2024). The TP leaching flux in underground seepage water showed
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significant interannual differences, and was significantly lower in 2024 than in 2023, mainly because the
total amount of underground seepage water decreased in 2024. In addition, due to uneven rainfall in
2024, the soil under the CI experienced certain drought stress. Drought stress can inhibit the P
mineralization process, aggravate microbial P limitation, and reduce the net generation of leachable P (Li
et al., 2024). This further enhanced the inhibitory effect of this treatment on TP leaching, making the
decrease of CI compared with CK more significant, indicating that the CI had a better control effect on P
leaching in dry years, which provides targeted strategies for P pollution control in paddy fields under
different climate conditions.

DOC is the most active component of soil organic matter. It not only participates in the carbon cycle in
soil, but also acts as a carrier for N and P migration, affecting the dissolution and adsorption processes
of N and P (Guo et al., 2023). In this study, DOC had a stable extremely significant positive correlation
with NO3

−-N and TP leaching fluxes, indicating that DOC played an important carrier role in the N and P

leaching process. This is consistent with the conclusions of existing studies that DOC can promote the
dissolution and migration of N and P (Wang et al., 2021; Fasching et al., 2024). However, the correlation
in this study had interannual differences. The correlation between DOC and nitrogen and phosphorus in
2024 was weaker than that in 2023, possibly because the leaching amount of DOC decreased in 2024,
leading to a weakened synergistic migration effect between DOC and N and P. Irrigation regime and
straw crushing degree synergistically regulated the DOC leaching process, indirectly affecting the
migration and loss of N and P. The CI reduced the DOC leaching flux by reducing the total amount of
underground seepage water. The DOC leaching flux of powdered straw was significantly lower than that
of segmented straw, which is related to the characteristic that powdered straw is more easily
decomposed and utilized by microorganisms. Therefore, the DOC leaching flux of CI + P was the lowest
in both years.

In summary, irrigation regime dominated the reduction of N and P leaching fluxes by optimizing water
management in paddy fields; straw crushing degree mainly regulated the release intensity of carbon, N
and P, affecting nutrient availability and migration potential; and DOC as a carrier for the synergistic
migration of carbon, N and P, established a close link among the three. The synergistic regulation of the
three is the intrinsic mechanism by which CI + P achieves the optimal emission reduction effect.

5. Conclusions
This two-year barrel experiment investigated the effects of irrigation regime (CI vs FSI), straw crushing
degree (P vs S), and their interaction on water dynamics, N and P runoff loss in surface water, N and P
leaching in seepage water, and DOC migration in paddy fields. The results showed that the CI
significantly reduced N and P leaching fluxes by reducing seepage volume and promoting denitrification.
Powdered straw was more conducive to reducing the migration and loss of N, P and DOC than
segmented straw, and this regulatory effect was significantly affected by climate conditions. DOC was
significantly positively correlated with NO3

−-N and TP leaching fluxes, and was a carrier for the
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synergistic migration of N and P, its leaching process was synergistically regulated by irrigation regime
and straw crushing degree. CI + P was the optimal combination for reducing N and P loss in paddy fields.
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Figure 1

Daily rainfall and mean air temperature over the rice-growing period.
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Figure 2

Variation patterns of seepage water volume under different treatments. The x-axis is divided into ten-day
periods (early, middle, late) within each month (June, July, August). Error bars denote the standard
deviation associated with each mean.
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Figure 3

Changes in surface water TN and TP content under different irrigation regimes and straw crushing
degrees in 2023 and 2024. Error bars denote the standard deviation associated with each mean.
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Figure 4

Changes in underground percolating leachate TN and TP content under different irrigation regimes and
straw crushing degrees in 2023 and 2024. Error bars denote the standard deviation associated with each
mean.
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Figure 5

Correlation analysis of DOC with NO3
--N and TP leaching fluxes. A: NO₃⁻-N in 2023; B: TP in 2023; C:

NO₃⁻-N in 2024; D: TP in 2024.
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