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ABSTRACT

Reclaimed water irrigation has become an effective mean to alleviate the contradiction between water availability
and its consumption worldwide. In this study, three types of irrigation water sources (rural sewage’s primary trea-
ted water R1 and secondary treated water R2, and river water R3) meeting the requirements of water quality for
farmland irrigation were selected, and three types of irrigation water levels (low water level W1 of 0-80 mm, med-
ium water level W2 of 0-100 mm, and high water level W3 of 0-150 mm) were adopted to carry out research on
the influence mechanism$ of different irrigation water sources and water levels on water and nitrogen use and
crop growth in paddy field. The water quantity indicators (irrigation times and irrigation volume), soil ammo-
nium nitrogen (NH,*-N) and nitrate nitrogen (NO3 -N), rice yield indicators (thousand-grain weight, the num-
ber of grains per spike, and the number of effective spikes), and quality indicators (the amount of protein,
amylose, vitamin C, nitrate and nitrite content) of rice were measured. The results showed that, the average irri-
gation volume under W3 was 2.4 and 1.9 times of that under W1 and W2, respectively. Compared with R3, the
peak consumption of rice was lagged behind under R1 and R2, and the nitrogen form in 0-40 cm soil layers under
rural sewage irrigation was mainly NH,"-N. The changes of NO;™-N and NH,"-N in the 0-40 cm soil layer showed
the trend of declining and then increasing. The water level control only had a significant effect on the change of
NO; -N in the 60-80 cm soil layer. Both irrigation water use efficiency and crop water use efficiency were gradually
reduced with the increase of field water level control. The nitrogen utilization efficiency under rural sewage irrigation
was significantly higher than that under R3. Compared with the R3, rural sewage irrigation could significantly
increase the yield of rice, and as the field water level rose, the effect of yield promotion was more obvious. It
was noteworthy that the grain of rice under R1 monitored the low nitrate and nitrite content, but no nitrate and
nitrite was discovered under R2 and R3. Therefore, reasonable rural sewage irrigation (R2) and medium water level
(W2) were beneficial to improve nitrogen utilization efficiency, crop yield and crop quality promotion.
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1 Introduction

Irrigation and fertilization are the two most important measures to ensure stable and increasing
production of global food [1-3]. However, China is facing a severe contradiction between the supply and
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demand of water resources. Even in the abundant water areas in Southern China, the problem of water quality
and water shortage is still prominent. Due to the massive consumption of industrial and urban water, the
annual agricultural irrigation water shortage has reached 60 billion m>, and it is increasing year by year.
The annual discharge of rural sewage is as high as 8.395 billion tons, and the pollutant discharge is about
half of the national pollutant discharge [4]. For example, the annual discharge of rural sewage is
1.378 billion tons in Zhejiang Province of China, and the annual discharge of chemical oxygen demand
(COD) to the water environment is about 105,000 tons, and the NH,"-N is about 20,000 tons; therefore
the problem of agricultural non-point source pollution is outstanding [5,6]. Compared with conventional
clean water for irrigation, rural sewage has high nitrogen (N), phosphorus (P) and organic matter content,
and rural sewage irrigation can improve soil fertility and soil environment for microorganism activity [7—
9]. Compared with urban sewage, rural sewage generally does not contain toxic substances like heavy
metals, pathogenic microorganisms and disinfection by-products, therefore it can be used as a fertilizer
resource [10—12]. Simultaneously, most of the rural sewage discharge standards, such as “Discharge
Standard of Pollutants for Municipal Wastewater Treatment Plant” (GB18918-2002) [13], etc.,
implement the level B standard, which meets the water quality standards for agricultural irrigation water.
It was found that when nitrogen fertilizer was applied normally, domestic sewage irrigation significantly
promoted the growth of roots and plants of rice, and dry matter accumulation was also significantly
higher than that of clean water irrigation treatment [14].

At present, developed countries and Northern China have rich experience in urban sewage utilization.
Reclaimed water is mainly used for farmland irrigation, miscellaneous urban purpose, industry and
landscape, etc., and less in the resource utilization of rural sewage. For reclaimed water, the sources and
forms of nutrients are diverse, and the ion environment and the microbial environment are also quite
different from conventional clean water irrigation. After evaluating the nitrogen utilization efficiency
under reclaimed water irrigation without fertilization, it was found that effluent irrigation in October
resulted in 30% less dry matter than in September, and minimal yield benefit was obtained when the
effluent was applied at an effluent irrigation rate of higher than 10 ha-cm during the summer months [15].
By studying the variation law of nitrogen utilization efficiency with nitrogen application rate under the
condition of reclaimed water irrigation, it was found that using wastewater could increase the yield and
nutrients [16]. By studying the 11-year soil change under reclaimed water and groundwater irrigation, it
was found that the content of NH,'-N and NO; -N in the soil was increased under reclaimed water
irrigation [17]. By studying the effect of irrigation water quality on soil nitrogen distribution under drip
irrigation, it was found that the NH, -N concentration in the 0-40 cm soil layer was increased under
reclaimed water irrigation, but there was no accumulation of NH,"-N in the soil layer below 40 cm,
where the NOs; -N concentration showed a trend that it was increasing with soil depth [18]. Moreover, it
was found that soil quality was improved by increasing soil nutrient content and soil microbial activity
under reclaimed water irrigation, and as the reclaimed water irrigation time increased, the improvement
effect of soil quality was more obvious [19]. Most studies have shown that reclaimed water irrigation
could promote crop growth and increase yield, meanwhile it does not significantly affect crop quality
[20-22]. According to the study results of other researchers, reclaimed water irrigation could increase the
yield of fruits and vegetables, namely by 7%—61% on average, compared with clean water irrigation [23],
and could improve the dry matter quality and nutrient content of corn, so it could replace part of the
fertilizer [24]. It showed that reclaimed water irrigation can save 75% of fresh water, and reclaimed water
could bring in a large amount of nitrogen under flooded irrigation, with the replacement efficiency of
nitrogen fertilizer of 35.8% [25]. Therefore, rural sewage could be used for agricultural irrigation after
being safely treated, where the safely treated rural sewage is an effective way to solve the dilemma of
water’s ecological environment and alleviate the contradiction between water supply and demand in
Southern China.
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The interaction among the components of reclaimed water at different field water levels is complicated,
resulting in difference of nitrogen absorption and utilization. Most of the existing researches, from an
agronomic viewpoint and by comparing the growth conditions of crops irrigated by the water of different
qualities, have indirectly proven and verified the effectiveness of water and nitrogen utilization under
reclaimed water irrigation. Therefore, by taking the paddy rice as the research object and the irrigation
regulation technology as the research carrier, this study carries out innovative research on the water
demand and consumption law of rice under the regime of rural sewage irrigation with different water
levels, and the effect on the utilization efficiency of water and nitrogen, as well as crop growth quality.
The objective of this research is to provide key theories and technologies, such as rural sewage irrigation
and drainage regulation on the recycling efficiency of paddy fields, efficient and safe irrigation, and
drainage regulation technique for rice production.

2 Materials and Methods

2.1 Experimental Site

This work was carried out at Zhousan County (N28°48’, E120°10"), Jinhua City, Zhejiang Province of
China, covering the period from June to October, 2020 (Fig. 1). The region is located in the area with
subtropical monsoon climate, with an average annual precipitation of 1,787 mm, average annual
evaporation 930.2 mm, average annual sunshine 1,909 h, average annual temperature 17.7°C, maximum
and minimum air temperatures of 39.9°C and —14.5°C, respectively, and there are 245 frost-free days per
year, with the average wind speed of 2.8 m/s [26]. The soil type at the experimental site is sandy/sandy
clay (for its main properties, see Table 1). In this work, the local rice variety (Jiayou Zhongke 13-1) was
used as the test plant, since it was hybrid rice and was suitable for single-season indica-japonica planting
in Zhejiang Province.
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Figure 1: Experimental site location. In the uppermost, right panel is river, not rive
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Table 1: Chemical properties of topsoil

Indicator pH  EC TN TP Organic matter ~ Water soluble salt NH,-N  NO; -N
(mS/m) (%) (%)  (gkg) (g/kg) (mg/kg) (mg/kg)
Value 556 2.6 0.12 0.069 17.7 0.4 8.24 2.84

Notes: EC represents electrolytic conductivity. TN represents total nitrogen. TP represents total phosphorus.

Table 2: Water quality description and statistics of irrigation water sources (mg/L)

Water Indicator Maximum Minimum Standard deviation Mean value Kurtosis Skewness
sources value value

COD 84 15 26.794 29.5 5.855 2.410
R1 LAS 0.88 0.06 0.315 0.25 5.199 2.247
NH,N 11.9 8.25 1.645 9.647 -1.782 0916
NO; -N  0.061 0.016 0.019 0.034 —1.452  0.642
COD 59 10 16.783 241 0.719 1.291
LAS 0.16 0 0.058 0.048 —0.425  0.827
R NH,-N 119 3.52 2.837 7.712 -0.946 —-0.174
NO; -N  6.25 0.01 2.455 1.364 1.238 1.687
COD 56 7 15.712 23.45 0.710 1.251
R3 LAS 0.1 0 0.041 0.035 -1.875  0.418
NH,-N 149 0.116 0.394 0.711 0.143 0.393
NO; -N  2.56 0.624 0.578 1.048 4.680 2.078

2.2 Experiential Design

There were three irrigation water sources, i.e., primary reclaimed water (R1), secondary reclaimed water
(R2) and river clean water (R3). The reclaimed water was from domestic sewage treatment sources (for its
water quality during the experiment period, see Table 2). All the water quality indicators of irrigation water
could meet the “Standards for Irrigation Water Quality” (GB5084-2021) [27]. The main indicator for rural
sewage is COD. The concentration of NH,"-N in R1 and R2 is much higher than that of NO; -N, while
the concentration of NO; -N in R3 is slightly higher than that of NH,'-N. The concentration of anionic
surfactant (LAS) ranges from 0-0.88 mg/L, and it is higher in R1.

Three water level control regimes were also set with different water sources (W1, W2 and W3) (see
Table 3). Field water level condition was strictly controlled during each growth period, and water was
replenished when the level dropped to the required lower limit and was drained off when the level (by
rainstorm) exceeded the upper limit of rain storage. Each treatment was repeated three times (WR-1, WR-
2, WR-3), therefore a total of 27 experimental plots (20 m x 5 m) with automatic irrigation systems were
designed and set, and rice seedlings were transplanted on June. 26 and harvested on October 02, 2020,
with a rice density of 50 plants/m?. There were two times of fertilization for all treatments during the
growth period of paddy rice, i.e., the basal fertilizers of 200 kg/ha compound fertilizer (N:P:K = 18:8:15)
and 100 kg/ha urea on June 25, and the dressing fertilizer of 250 kg/ha compound fertilizer on July 12.
The experimental layout of paddy field is shown in Fig. 2.
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Table 3: Standard of water level control in paddy field (mm)

Water  Upper and lower Turning Early Later Jointing Heading Milk
control limit green tillering tillering  booting flowering ripening
Upper limit of 0 3-5 days 1-2 days 1-2 days 1-2 days 3-5 days
sewage exposing exposing exposing exposing exposing
field field field field field
Lower limit of 30 30 Exposing 40 40 30
Wi
sewage field
Upper limit of 50 70 80 80 60
sewage (rain)
storage
Upper limit of 0 10 10 10 10 10
sewage
Lower limit of 30 50 Exposing 50 50 50
w2 sewage field
Upper limit of 50 70 100 100 100
sewage (rain)
storage
Upper limit of 0 40 40 40 40 10
sewage
Lower limit of 30 60 Exposing 60 60 60
W3 sewage field
Upper limit of 50 100 150 150 100
sewage (rain)
storage

2.3 Indicators and Methods

By weighing the barrel evaporator with large tonnage and high-precision quality comparator, the water
consumption of rice during a period was obtained by the difference between two adjacent cultivation periods.
The bottom of barrel evaporator was equipped with a drainage device. The tap was regularly opened to drain
water. The water samples were collected at intervals of the 1st, 3rd, 6th, and 10th days after each fertilizer
application and one day before the next fertilization or harvest, and the amount of water leakage during the
two sampling periods was weighed. Samples were taken on the 1st day and 5th day after the application of
base fertilizer, tillering fertilizer, and jointing-booting fertilizer. The samples were sent to the laboratory for
elution and nitrogen concentration determinations. Plants with the required representativeness were sampled
once per growth period by using the five-point method [28], which could represent the average growth of rice
in the experimental plot. Soil samples were collected before soaking fields and after the off-test also by using
the five-point method. Nitrogen concentration in rice plant and field soil were determined by the Kjeldahl
method. The leakage amount was obtained by the difference in the depth of the water layer in two
consecutive days measured by the leakage meter, and then recorded by the point gauge. When there was
a water layer in the field, the point gauge was used to record the depth of the water layer before and after
irrigation, and the difference was deemed as the irrigation amount. When there was no water layer in the
field, the irrigation amount was recorded directly by a water meter. If the water layer in the plot exceeded
the upper limit of the treatment requirements after the rain, and the field drainage was carried out. The
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depth of the water layer before and after drainage was recorded by a vertical ruler, and their difference was
the drainage amount.

Groundwater level
observation well

R2

Sewage

gk
Pump station 2 treatment

station

R1

Note: W represents different water levels, and R represents different water sources.

Figure 2: Experimental layout of paddy field

Water quality indicators mainly included NH4"-N, NO; -N, COD and LAS. For field irrigation water
sampling, water samples were mainly taken on the field surface during irrigation, where leakage water was
sampled from soil solution samplers during fertilization and water level control, and samples of drainage
were taken at drainage outlets. In these drainage outlets, COD concentration was determined by the
dichromate method [29], NH,"-N concentration by Nessler’s reagent spectrophotometry [30], NO; -N
concentration by ion chromatography [31], and LAS concentration by methylene blue spectrophotometry [32].
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At the end of the growth period, five holes were chosen for yield measurement. The yield was calculated
by measuring the yield-related factors such as a thousand-grain weight, the number of grains per spike, and
the number of effective spikes. The quality indicators mainly included the amount of protein, amylose,
vitamin C, nitrate concentration, nitrite concentration, etc. They were tested and measured by the Centre
Testing International (Hangzhou) Co., Ltd. (China), a company recognized by CNAS and CMA.

2.4 Data Analysis

Data calculation and diagramming were completed by EXCEL 2010. Correlation analysis was carried
out by SPSS Statistics 19.0. The variance homogeneity of the ANOVA was tested before ANOVA analysis.

3 Results

3.1 Regular Change Pattern in Water Demand

The regular change pattern of water demand under different irrigation water sources and water levels is
shown in Table 4. For the same water level control, the irrigation time was shown as R1 < R2 <R3, which
was mainly related to the topographical conditions. For the same irrigation water source, under RI,
W3 irrigated 6 times and 5 times more than W1 and W2, respectively, and the irrigation volume for
W3 was 1.7 times that for W1 and W2. Under R2, W3 irrigated 12 times more than W1 and W2, and the
irrigation volume was 4.2 times and 3.4 times of that for W1 and W2, respectively. Under the condition
of R3, W3 irrigated 11 times and 8 times more than W1 and W2, respectively, and the irrigation volume
was 2.0 times and 1.4 times more than W1 and W2, respectively. It can be seen that under the same
water source condition, the irrigation volume and the irrigation frequency showed a trend of W3 > W2 >
W1, and the difference between the water level treatments under R2 was the largest.

Table 4: Irrigation volume and irrigation times under the different treatments

Treatment Indicator Regreen Tillering Jointing- Heading- Milky Whole growth
booting flowering stage

WIRI Irrigation volume 580 565 693 583 0 2421

(m*/ha)

Irrigation times 1 1 2 1 0 5
WIR2 Irrigation volume 305 318 638 335 0 1596

(m*/ha)

Irrigation times 1 1 3 1 0 6
WIR3 Irrigation volume 510 494 1566 456 0 3026

(m°/ha)

Irrigation times 1 1 3 1 0 6
W2RI1 Irrigation volume 450 319 1272 350 0 2391

(m*/ha)

Irrigation times 1 1 3 1 0 6
W2R2 Irrigation volume 435 433 836 292 0 1996

(m*/ha)

Irrigation times 1 1 3 1 0 6
W2R3 Irrigation volume 553 946 1860 542 607 4508

(m*/ha)

Irrigation times 1 2 4 1 1 9

(Continued)
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Table 4 (continued)

Treatment Indicator Regreen Tillering Jointing- Heading- Milky Whole growth
booting flowering stage
W3R1 Irrigation volume 688 574 2191 632 0 4085
(m*/ha)
Irrigation times 2 1 6 2 0 11
W3R2 Irrigation volume 911 1196 2287 791 1532 6716
(m*/ha)
Irrigation times 3 3 7 2 3 18
W3R3 Irrigation volume 1050 1278 2580 673 525 6106
(m*/ha)
Irrigation times 3 4 7 2 1 17

W1 had an average total of 6 irrigation times and an average irrigation volume of 2,348 m*/ha, while the
average irrigation times of W2 and W3 were 7 times and 15 times, respectively, with the average irrigation
volume for W2 and W3 0f 2,965 and 5,636 m>/ha, respectively. Therefore, the number of irrigation times and
the volume of irrigation under W3 were significantly higher than that under W1 and W2, whereas W2 was
slightly higher than that under W1. The average irrigation volume under W3 was 2.4 times and 1.9 times that
under W1 and W2, respectively, and the difference between them mainly happened at the jointing-booting
stage of rice due to vigorous growth of rice, where the higher the water consumption was, the higher the
irrigation frequency was. During this period, the irrigation frequency under W3 was 4 times more than
that under W1 and W2. At the tillering stage, the irrigation times under W3 were both 2 times more than
that under W1 and W2, and the irrigation time was 1 time at the heading-flowering stage and the milky
stage. Obviously, the irrigation times for W1 and W2 were closed.

3.2 Regular Change Pattern in Water Consumption

The water consumption change under different irrigation water sources and water level is shown in
Table 5. Under R1, water consumption, evapotranspiration and leakage showed the changing trend of W2
< W1 < W3, while water consumption under W1 and W2 were 24.3% and 30.2% lower than that under
W3, respectively. Under the water level control of W1, the average daily water consumption and daily
evapotranspiration of rice reached the maximum at the heading-flowering stage, followed by the jointing-
booting stage, and the smallest at the re-greening stage, while the total water consumption and total
evapotranspiration reached the maximum at the jointing-booting stage, followed by the tillering stage,
and the smallest at re-greening stage. Under the water level controls of W2 and W3, the average daily
water consumption and daily evapotranspiration of rice reached the maximum at the jointing-booting
stage, followed by the heading-flowering stage. There was little difference in the amount of leakage water
at every growth stage. However, due to more growth days at the jointing-booting stage than that at
heading-flowering stage, the total water consumption at the jointing-booting stage was greater. It can be
seen that as the control water level in the field rose, the peak of paddy rice water consumption occurred
earlier. Under R2, water consumption, evapotranspiration and leakage are showing the changing trend of
W1 < W2 < W3, and water consumption under W1 and W2 were 55.1% and 53.2% lower than that
under W3, respectively. The daily water consumption and the daily evapotranspiration of W1 reached the
maximum at the heading-flowering stage, while both of them reached the maximum at the jointing-
booting stage for W2 and W3, and there was not much difference at the heading-flowering and the
jointing-booting stages under W3. The total water consumption under W1 reached the maximum at the
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tillering stage, while it reached the maximum at the jointing-booting stage under W2 and W3. As for R3, the
water consumption was highest at the jointing-booting stage under the three water levels, followed by the
tillering stage, and the smallest at the re-greening stage. The growth stages with larger daily water
consumption were the jointing-booting stage, heading-flowering stage, and milky stage. The average daily
water consumption during the whole growth period is expressed as W1 < W2 < W3, with the average
daily evapotranspiration as W2 < W1 < W3, and the daily average leakage as W1 < W3 < W2,

Table 5: Water consumption of paddy rice under different irrigation sources and water level control (mm)

Treatment Water consumption Evapotranspiration Leakage
Total Average per day  Total Average per day  Total Average per day
WIRI 569.7* 5.8 497.3 5.1 72.4 0.7
W2RI1 525.0 53 462.0 4.7 63.0 0.6
W3R1 752.5% 7.7 665.9% 6.8 86.6 0.9
WIR2 468.3 4.7 405.3 4.1 63.0 0.6
W2R2 487.4 5.0 421.8 4.4 65.6 0.6
W3R2 1,041.9%*  10.6 839.9*% 8.5 201.1* 2.1
WIR3 695.7 7.1 578.5 5.9 117.2 1.2
W2R3 770.0%* 7.9 529.8 5.4 240.2* 2.5
W3R3 921.1%* 9.4 734.8 7.5 186.3* 1.9

Note: * shows the significance at o. = 0.05 level, ** shows the significance at a = 0.01 level.

3.3 Nitrogen Change in Paddy Field

The changes of NH4'-N and NO; -N concentrations in the 0-40 cm soil layer during the rice growth
period are shown in Fig. 3. It can be seen that the concentration of NO5; -N in the soil was much lower
than that of NH4'-N. The changes of NO; -N and NH, -N showed an overall trend of declining and
increasing. The concentration of NH,"-N in the soil fluctuated greatly during the growth period, and there
were two peaks in general, i.e., jointing-booting stage and heading-flowering stage under R1, jointing-
booting stage and heading-flowering stage in the 0-20 cm soil layer and jointing-booting stage and milky
stage in the 20—40 cm soil layer under R2, and jointing-booting stage and milky stage in the 0-20 cm
soil layer and heading-flowering period in the 20—40 cm soil layer under R3. In 0—20 cm soil layer, the
peak value of NH, -N under R1 was 33.6% and 8.3%, higher than that under R2 and R3, respectively,
while it was 22% and 3.3% lower than that under R2 and R3, respectively, in 2040 cm soil layer. It can
be seen that the primary reclaimed water irrigation had a significant increase in the NH,"-N concentration
on the surface soil. From the tillering stage to the jointing-booting stage, the change of NO; -N
concentration in the soil regulated by W2 under R1 was opposite to that by W1 and W3, and the
concentration of NO3 -N for W2 was increased by 1 time and decreased by 65% in the 0-20 cm and 20—
40 cm soil layers, respectively. Also,it decreased by 65% and increased by 3.8% for W1, and decreased
by 11.9% and increased by 21.4% for W3. Under R2, NO; -N concentration was not changed in the 0—
20 cm soil layer for W2, while it was decreased by 41.4% and increased by 12.5% for W1 and W3,
respectively. In the 20-40 cm soil layer, it was decreased by 18.8% for W2, while it was increased by
51.2% and 38% for W1 and W3, respectively. Under R3, NO; -N concentration for W2 was significantly
increased (2.4 times of that at the tillering stage) in the 0-20 cm soil layer, while the change trend of
W1 and W3 was opposite to that under R2. Also, the NO3 -N change under the control of all water
levels was opposite under R2 in the 20—40 cm soil layer. The trends were opposite to the change trend of
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this soil layer under R2. At the middle and late jointing-booting stages, the soil’s NO3 -N concentration in the
20—40 cm soil layer under R3 treatment reached the minimum on August 23 (heading-flowering period), but
decreased to the lowest on August 16 for all other treatments, while NH, -N concentration was of relatively
high value. At this time, rice grew vigorously, and the conversion of NO; -N to NH,"-N was accelerated in
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the soil. After the jointing-booting stage, the soil NO3 -N was always at a rather lower level.
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Figure 3: (Continued)
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(b) Changes of NO;-N

Figure 3: Changes of nitrogen concentration in paddy soils under different irrigation sources and water
levels during the whole growth period

The changes of NH, -N and NO; -N concentration in the 0—80 cm soil layer at the beginning and end of
the rice growth period are shown in Fig. 4. For the middle and low water levels (W1 and W2) under R1, the
NH,"-N concentration increased in the 40—60 cm soil layer while it decreased in the other soil layers. They
changed greatly in the 0—20 cm soil layer, namely decreased by 78.2% and 61.3%, respectively, while the
NH,"-N concentration increased slightly in every soil layer for W3. The NH,"-N concentration of each
soil layer decreased under R2, and changed mostly in the 0—20 cm soil layer for the W1 and W2 water
levels, while it decreased mostly in the 60—80 cm soil layer for W3, namely 96.8%. Under R3, the
concentration of NH4 -N decreased in the 0-60 c¢m soil layers while it decreased for W1 and increased
for W2 and W3 in the 60-80 cm soil layer. It can be seen that, compared with river water irrigation, the
soil’s NH4'-N concentration fluctuated greatly under the reclaimed water irrigation, and the pollutant
concentration in the high water level control of R1 was higher. Since it was clear that NH;'-N
concentration in R1 was highest according to Table 2, and higher water level also brought in more
nitrogen pollutants, which both led to the increase of NH4 -N concentration in the soil layer. Compared
with the change of NH, -N, the concentration of NO; -N in the soil was lower and the fluctuation was
smaller. The concentration of NO3 -N in the 0-20 cm soil layer under R1 gradually increased with the
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increase of water level, and decreased for W1 and increased obviously for W3, while there was not much
difference for W2. In the 2040 cm soil layer, the NO5; -N concentrations all rose, and it increased
gradually with the increase of the water level, which was consistent with that of the 0-20 cm soil layer.
The difference of increasing rate was not big in the 40-60 cm soil layer. The NO; -N concentration in
the 60-80 cm soil layer decreased, illustrating that the effect of R1 and water level control on the
increase of NO5 -N in the upper soil layer was greater. Under R2, the concentration of NO; -N in each
soil layer for W1 and W2 decreased, while it increased for W3, and it increased greatly in the 40—-60 cm
soil layer, namely from 0 to 1.34 mg/kg. Under R3, the NO; -N concentration at the 40—60 cm soil layer
changed mostly and all increased, with an average increase of 1.9 mg/kg. This is due to the leaching
effect that NO3 -N migrates downward with water, which is easier to lead to the accumulation in the
deep layers of soil. The results of variance test (Table 6) showed that different water levels and irrigation
water sources had no significant effects on the changes of NH, -N concentration in each soil layer, and
different water levels had significant effect on the changes of NO; -N in the 60—80 cm soil layer, while
water source conditions and water levels had no significant influence on the changes of NO; -N
concentrations at the other soil layers (0-20, 20—40, and 40—60 cm).

3.4 Effect on Water Use Efficiency

Effective rainfall refers to the rainfall kept in the field and absorbed and used by crops. It is the difference
between the total rainfall and the water drainage and leakage. The rainfall’s effective utilization rate (RUE) is
the ratio of the effective rainfall and the total rainfall. Irrigation water use efficiency (WUEI) refers to the
efficiency generated by the total irrigation water volume, which is the ratio of the actual rice yield and the
total irrigation water volume. Crop’s water use efficiency (WUE) refers to the efficiency generated by the
total irrigation volume and effective rainfall. The changes of water use efficiency under different
irrigation water sources and water levels are shown in Table 7. It can be seen that RUE for W1, W2, and
W3 were 58.0%, 37.2%, and 39.9% respectively. Therefore, the RUE under the low water storage level
in the paddy field was the largest. WUEi for W1, W2, and W3 were 6.01, 5.12, and 2.23 kg/m3,
respectively. It can be seen that as the field water level increased, the WUEIi gradually decreased. The
high water level is not conducive to the use of reclaimed water. WUEi under R1, R2, R3 conditions were
3.99, 4.92, and 2.37 kg/m® respectively. WUEi under R1 and R2 were 1.7 times and 2.1 times of that
under R3. Therefore, WUEi under R2 increased much more obvious. WUE for W1, W2, and W3 were
2.15, 2.04, and 1.27 kg/m>, respectively. It can be seen that as the field water storage level increased,
WUE gradually decreased, which was consistent with the changes of WUEi. WUE under R1, R2,
R3 were 1.99, 2.12, and 1.35 kg/m>, respectively, and they were 1.5 times and 1.6 times under the
primary and secondary reclaimed water irrigation treatments of that under the clean water treatment.

3.5 Effect on Nitrogen Utilization in Paddy Field

Nitrogen utilization in paddy field under different irrigation water sources and water levels is shown in
Table 8. It can be seen that the nitrogen utilization efficiency (NUE) under R1 and R2 was significantly
higher than that under R3. For W1, NUE under R1 and R2 was 1.6% and 16.5% higher than that under
R3, respectively. For W2, NUE under R1 and R2 was 35.5% and 28.2% higher than that under R3,
respectively. For W3, NUE under R1 and R2 was 22.3% and 21.9% higher than that under R3,
respectively. Therefore, NUE was higher under R2 with low water level control, while for medium and
high water levels (W2 and W3), it was higher under R1. For the same water source irrigation, NUE
increases as the water level rises under R1, while NUE of middle and lower water levels (W1 and W2)
was lower under R2 and R3. Since the irrigation water contains a certain amount of nitrogen, especially
for reclaimed water, it can replace fertilizers applied to the paddy field to a certain extent. By converting
the nitrogen concentration in the irrigation water to the amount of fertilizer per unit area, the R1, R2, and
R3 can reduce the fertilizer application amount by 37.8%, 41.1%, and 10.5%, respectively. Therefore, the
result of saving fertilizer to a certain extent can be achieved.
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Figure 4: Changes of nitrogen concentration in paddy soils under different irrigation sources and water
levels at the beginning and end of the growing period

3.6 Effect on Growth of Rice

The effects of different irrigation water sources and water levels on rice’s yield factors and quality are shown
in Table 9. It can be seen that the number of productive spikes increased as the water level rose under R1 and R2,
while it had little correlation with R3. Under the same water level control, the thousand-grain weight of rice under
all water source conditions is expressed as R1 < R2 < R3. Therefore, the thousand-grain weight of rice under the
reclaimed water irrigation was significantly reduced, and it decreases as the concentration of pollutants in the
water increased. Compared with R3, the thousand-grain weight under R1 and R2 was reduced by 9.2% and
11.1% for W1, by 5.9% and 3.8% for W2, and by 17.8% and 5.9% for W3, respectively.
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Table 6: Variance test on soil nitrogen between different water levels and irrigation water sources

Soil depth (cm) Factor NH,"-N NO; -N
R NS (0.16) NS (0.66)
0-20 W NS (0.55) NS (0.06)
R xW NS NS
R NS (0.72) NS (0.47)
20-40 W NS (0.39) NS (0.56)
R xW NS NS
R NS (0.24) NS (0.38)
40-60 W NS (0.42) NS (0.90)
R xW NS NS
R NS (0.06) NS (1.11)
60-80 W NS (0.14) %(0.03)
R xW NS NS

Notes: 1. R and W represent water sources and water levels, respectively. R X W shows the interaction between them. 2. P value is in parentheses, *
shows the significance at o = 0.05 level, ** shows the significance at o = 0.01 level, while NS shows no significance.

Table 7: Change of water use efficiency under different irrigation sources and water levels

Treatment Rainfall Effective RUE Irrigation Yield WUEIi WUE
(mm) rainfall (mm) (%) amount (mm) (kg/ha) (kg/m?) (kg/m?)
WIRI 3578 193.57 541 2421 10320 4.26* 2.03
WIR2 3578 225.07 629  159.6 12387 7.76%* 2.77*
WIR3 3578 204.30 571 302.6 10220 3.38 1.64
W2R1 3578 204.30 571 239.1 11260 4.71% 2.22
W2R2  357.8 163.87 458  199.6 11030 5.53% 2.57*
W2R3  357.8 31.60 8.8 450.8 9703 2.15 1.34
W3Rl 3578 210.10 589 4085 12227 2.99 1.73
W3R2 3578 100.03 280 6716 9893 1.47 1.02
W3R3  357.8 117.50 328 6106 9653 1.58 1.06

Note: * shows the significance at oo = 0.05 level, ** shows the significance at a = 0.01 level.

Table 8: Nitrogen utilization under different irrigation sources and water level control

Indicator Treatment WIR1 WIR2 WIR3 W2R1 W2R2 W2R3 W3Rl W3R2 W3R3
Nitrogen Brought in by 23.44 14.49 533 23.14 18.12 7.93 39.54 60.98 10.75
concentration irrigation
(kg/ha) Discharged 0.9  0.37 0.19 071 199 0.1 067 053 031
by drainage
Discharged 3.05 0.3 0.77 131 049 2.09 0.73 203 199
by leakage
Nitrogen utilization efficiency 832 954 819 912 863 673 965 958 78.6
of irrigation water (%)
Conversion ratio of fertilization 30.8 19.1 70.1 30.5 23.8 104 52 80.2 14.1

per unit area (%)
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Table 9: Change of rice yield and quality factors under different irrigation sources and water levels

Treatment Effective Thousand grain Actual Protein  Nitrite  Nitrate  Vitamin C Amylose
panicle  weights (g) yield (mg/kg) (mg/kg) (mgkg) (mgkg) (%)
number (kg/ha)

WIRI 40%* 24.05* 10320 6.13 1.10*  3.30% 0 9.95

W2R1 42 24.96 11260%* 6.79 0.00 0.00 0 9.48

W3RI1 45 23.04%* 12227* 7.08 0.00 0.00 0 9.61

WIR2 44 25.37 12387**  6.35 0.86*  2.60%* 0 9.90

W2R2 44 25.55 11030 5.27 0.00 0.00 0 9.67

W3R2 55 26.39 9893 6.84 0.00 0.00 0 9.96

WIR3 60 26.50 10220 6.94 0.00 0.00 0 9.52

W2R3 57 26.52 9703 7.51 0.00 0.00 0 9.74

W3R3 59 28.03 9653 6.74 0.00 0.00 0 10.1

Note: * shows the significance at a = 0.05 level, ** shows the significance at o = 0.01 level.

The average actual rice yield under R1 and R2 was 14.3% and 12.6% higher than that under
R3, respectively. For the same irrigation water source, the yield increased significantly as the water level
rose under the R1, while it was opposite to that under R2 and R3. For both of them, the highest yield
occurred under the low water level of W1. The average rice yield under R1 was 1.5% and 14.3% higher
than that under R2 and R3, respectively. The average rice yield under different water levels showed the
changing trend of W1 > W2 > W3. The yield of W1 was 2.9% and 3.6% higher than that of W2 and
W3 respectively. Therefore, the excessively high water level is not conducive to the increase of rice yield.
This may be due to the high water level that inhibits the permeability of soil and roots, thereby inhibiting
the yield of rice.

The average protein concentration under R1, R2, and R3 were 6.47, 6.52, and 6.89 mg/kg, respectively.
The protein concentrations under R1 and R2 were 6.1% and 5.4% lower than that under R3. The average
concentration of amylose under R1, R2 and R3 was 9.79%, 9.63%, and 9.89%, respectively. The amylose
concentrations under R1 and R2 were 1.0% and 2.6% lower than that under R3, so reclaimed water
irrigation might reduce the concentration of protein and amylose in rice. Under R1, as the water level
increased, the protein concentration increased and the amylose concentration decreased; however, it was
opposite to that under R3. The protein concentration under R2 was expressed as W3 < W2 < W1, and the
amylose concentration was expressed as W2 < W1 < W3. The concentration of nitrate and nitrite in rice
was highest under R1, but they both decreased with the increase of the field water level. This was mainly
due to the higher nitrogen utilization efficiency of reclaimed water under W2 (91.2%) and W3 (96.5%),
which were higher than that under W1 (83.2%). The concentration of nitrate and nitrite in rice in all
treatments complied with the limit requirements of contaminants in rice according to the national food
safety standard GB 2762-2017 (Nitrite and nitrate < 20 mg/kg). The rice under R2 and R3 did not
contain neither nitrate nor nitrite. Vitamin C was not detected in all treatments. Therefore, secondary
reclaimed water (R2) will not affect the safety of rice according to GB 2762-2017.

4 Discussion

In this study, nitrogen utilization efficiency could be promoted with reclaimed water irrigation, achieving
the effect of fertilizer saving, which was consistent with other researcher’s conclusions [6,8,33]. It was also
found that sewage irrigation was helpful to increase soil nutrients concentration and micro-organism activity,
such effect was more obvious with time growing [ 19]. With sewage irrigation, soil nitrogen was prone to loss
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due to strong nitrification and denitrification operations, resulting in groundwater pollution with NO;
migrating downward [34]. As the amount of fertilizer increased, the partial productivity of nitrogen
fertilizer decreased with sewage irrigation [35,36]. According to Gwenzi’s study, the total nitrogen and
available nitrogen in 0-30 cm soil layers were greatly improved with long-term treated sewage effluent
(P < 0.05) [37], which was different from the results of this study. This was mainly due to the short
research period of our study. There were other studies indicating that long-term sewage irrigation could
increase soil nitrogen concentration and nitrogen utilization efficiency [38].

According to other researches, sewage irrigation could improve crop growth and yield without affecting
crop quality [25]. With sewage irrigation, the total nitrogen and available nitrogen concentration at the root
soil layer were lower than the treatment with river water irrigation, and total nitrogen concentration in plant
was 48% [39].

In this study, an appropriate increase in the field storage depth will help to increase the thousand-grain
weight of paddy rice under each treatment, but the excessively high water level inhibited the thousand-grain
weight of paddy rice under R1 condition, and has no such inhibitory effect under R2 and R3. This may be due
to the high concentration of pollutants in R1, and the excessively high water level effects on root respiration
and soil permeability, while the pollutants in R2 were relatively low, so the inhibitory effect on the root
system was not obvious. It can be seen that the reclaimed water irrigation can significantly increase rice
yield, which is highly consistent with other researcher’s conclusions [23]. Also, as the field water level
rised, the yield promotion effect under R1 was more obvious. This may be due to the high concentration
of nutrient elements for R1 under high water level conditions; thus, soil nutrients were sufficient, which
was conducive to the formation of rice yield.

However, all the conclusions obtained above were on the basis of the sandy/sandy clay soil in our
experimental site. Whether the results are applicable to other soil conditions still needs to be studied. In
addition, all the results above were on the basis of one-year experimental data; the issues whether long-
term reclaimed water irrigation will harm plants, and soil and water environments still needs to be
studied. Jobs dealing with how to avoid the toxicity problems and how to conduct studies on soil
decontamination measurements will be meaningful.

5 Conclusions

This work studied the mechanism of different irrigation water sources (primary and secondary water
treatments for rural sewage, and clear river water) and different water level controls (low water level,
middle water level, and high water level) on the water and nitrogen utilization and growth of rice in
Southern China. With reclaimed water irrigation, the peak of rice water consumption was delayed.
Rainfall utilization was largest under the high water level control in the paddy field, while the water use
efficiency of irrigation and crop decreased gradually with the increase of the water storage level in the
paddy field. The nitrogen utilization efficiency under rural sewage irrigation was significantly higher than
that under river water irrigation. From the perspective of the amount of fertilizer per unit area, reclaimed
water irrigation can reduce the fertilizer application by 39.5% on average. Rice yield could significantly
increase under irrigation with reclaimed water, while such increase effect of yield was more obvious as
the field water level rose. The concentration of protein and amylose in paddy rice irrigated by rural
sewage was lower than that by river water irrigation. The concentration of nitrate and nitrite in paddy rice
under primary reclaimed water irrigation was the highest. The combination of secondary reclaimed water
irrigation with middle water level control was beneficial to improve nitrogen utilization efficiency, crop
yield and crop quality, at the same time satisfying the safety of rice.
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