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Abstract

Nitrogen (N) and phosphorus (P) runoff loads of paddy fields in situ under conventional water and fertilizer management
measures caused severe water pollution in the Taihu Lake basin. The “water balance method” was implemented to calculate
the surface runoff and the N and P runoff loads of the paddy field for 2 years. The total inflow difference in the paddy field
between the 2 years was 22.5% with more irrigation and less precipitation in 2013 than in 2014. The soil water depletion
of the paddy field was in the range of 47.0-83.3 mm, accounting for an average of 6.4% of the total inflow. The surface
runoff was mainly caused by precipitation and artificial drainage, but irrigation return flow should not be neglected in paddy
fields in situ. The rainfall runoff volume accounted for an average of 42.2% of the total precipitation. The artificial drain-
ages occurred mainly during the tillering stage of drying, during maturity stage of drying and when the water level was too
high in the paddy field. More than half of the irrigation cases would occur as irrigation return flow, which accounted for
an average of 11.8% of the irrigation. The variation in N and P concentrations in the surface runoff of the paddy field was
predominantly governed by the times of fertilization. Compared to the irrigation volume control, the runoff pollution loads
were predominantly governed by the fertilization rate. The mean reduction potential of N and P fertilization was 38.9 kg ha™!
and 7.5 kg ha™!, respectively. Reducing fertilizer rate is the effective way to improve the runoff pollution in paddy fields in
the Taihu Lake basin.
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Introduction

Rice (Oryza sativa L.) as the most important staple food
crop in Asia, especially in China, is relatively a heavy
water consumer as relatively large water volumes are kept
in fields (Ye et al. 2013). However, sustainable freshwater
for rice production is increasingly becoming scarce and
expensive due to the increasing water demand caused by
serious regional and seasonal water shortages, population
growth and competition from other sectors, such as rural
urbanization, tourism industry and ecosystem services (Cao
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and Yin 2015; Rijsberman 2006; Sun et al. 2012). In China,
the widely adopted water-saving irrigation technique is the
alternate wetting and drying (AWD) irrigation, which is also
referred to as the alternately submerged and non-submerged
irrigation (Belder et al. 2004; Yao et al. 2012). In AWD
irrigation, the irrigation water is applied to obtain flooded
conditions after a certain number of days have passed after
the disappearance of ponded water (Bouman et al. 2007a).
With the gradual process of point source pollution treat-
ment in China, the water pollution caused by non-point
source pollution (NSP), especially agricultural NSP, has
become a prominent key problem (Ongley et al. 2010;
Wang et al. 2013a). The severe blue-green algae bloom in
the Taihu Lake in 2007 attracted world concern (Guo 2007).
The Taihu Lake basin is one of the most densely populated
and intensively cropped areas in China, of which approxi-
mately 75% of the arable land is exploited for rice culti-
vation (Peng et al. 2015). Pollution, e.g. nitrogen (N) and
phosphorus (P), transferred from the flooded rice fields by
direct flow through runoff warrants more attention (Bouman
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et al. 2007b). High pollution of the surface field water can
be found in the Taihu Lake basin, where fertilizer rates are
high (Guo et al. 2004; Zhao et al. 2012a).

N and P are essential nutrients for crop growth, and the
application of N and P is a key factor in the maintenance of
high crop yields in intensive agricultural systems (Vitousek
et al. 2010; Wang et al. 2014). N is the nutrient that most
often limits crop production (Ladha et al. 2005). Paddy fields
under high N fertilization and improper water management
were potential sources for N pollution of the water in the
Taihu Lake basin (Zhao et al. 2012a). N and P nutrient loss
from arable lands where the nutrient level surpassed the crop
demands was one of the major reasons for the deterioration
of the water quality (Tian et al. 2007). The average utiliza-
tion rate of fertilizer is only 30-35% (Jia et al. 2013; Zhang
and Chen 2010). A high fertilizer input combined with a low
nutrient use efficiency ultimately resulted in environmental
problems such as serious agricultural NSP, soil degrada-
tion, eutrophication, groundwater pollution and emission of
ammonia and greenhouse gases (Guo et al. 2010; Liu et al.
2015; Reidsma et al. 2012; Vitousek et al. 2009).

The water balance and runoff pollution of paddy fields
could be analysed using runoff ponds (Chen et al. 2016;
Huang et al. 2013) and synchronous observation of the run-
off and pollution concentration (Choi et al. 2013), which
has been widely used in practice. However, when using a
runoff pond, a paddy field was required with a single outlet
to build the runoff pond. The paddy fields also required a
single and fixed outlet for synchronous observation of the
runoff and pollution concentration. The two methods were
mainly applied at experimental field sites (Zhou et al. 2016).
In actual paddy fields in situ, the water balance and run-
off pollution loads could be analysed by the “water balance
method” based on synchronous observation of the precipita-
tion and water depth (Huang et al. 2014; Zhou et al. 2016).
Therefore, the surface runoff and runoff pollution charac-
teristics of the paddy field in situ could be calculated and
obtained without changing the original runoff characteristics
and agricultural water management measures of the paddy
field in situ. There have been a lot of studies for NSP of
paddy fields. However, the runoff pollution of paddy fields
in situ in the Taihu Lake basin is mainly affected by runoff
characteristics or governed by excessive fertilization. What
are the main types of paddy field runoff and what are the
major influence factors? These all need to be further studied.

The objective of this study was to (i) calculate the surface
runoff of a paddy field and analyse the difference between
the water balance components for 2 years and (ii) calculate
N and P runoff loads of a paddy field and analyse the main
influence factors of runoff pollution. This study illustrated
the water use and runoff pollution of paddy fields under con-
ventional water and fertilizer management in the Taihu Lake
basin. The information could illustrate how conventional
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agricultural water management affects paddy field runoff
and reveal insights for reducing water pollution from paddy
fields in situ in the Taihu Lake basin.

Materials and methods
Experimental site

The field experiment was conducted for 2 years (2013-2014)
during the rice growing period at a paddy field in situ
(31.4736°N, 119.4502°E), which was in Liyang, Chang-
zhou, Jiangsu Province. The research area was located on the
south bank of the lower reaches of the Yangtze River, in the
western plain river network of the Taihu Lake basin and in
the centre of the Yangtze River delta. It belongs to the sub-
tropical humid monsoon climate. The annual mean tempera-
ture is 15.4 °C, the annual mean cumulative precipitation is
1071.5 mm, the annual mean sunshine duration is 2047.5 h,
and the annual mean frost-free period is 227.6 days.

The typical paddy field chosen for observation was
900 m? and produced rice in rotation with wheat. Direct
sowing and surface fertilizer application were applied in
practice because of the convenience and low economic costs.
The amount of fertilizer applied in the experimental paddy
field was carried out in full accordance with local agricul-
tural management measures. A compound fertilizer and urea
were applied in the paddy field. The total N, P,05 and K,O
application rates were 257.8, 46.7 and 53.3 kg ha™! in 2013
and 220.0, 58.3 and 66.7 kg ha™! in 2014, respectively. The
AWD irrigation mode was adopted as the water-saving tech-
nology. The monitoring times were from July 12 to October
20 in 2013 and from July 14 to October 20 in 2014. The
total monitoring period was 101 days in 2013 and 99 days in
2014, and the water balance of the paddy field was analysed.
The growing period division, water depth and hyetograph of
the paddy field are shown in Fig. 1. The monitoring period
included the tillering stage, jointing—booting stage and matu-
rity stage.

Thus, the results of this study were expected to be appro-
priately representative of the paddy fields under conven-
tional water and fertilizer management in the Taihu Lake
basin.

Data collection

The data used in this paper included precipitation and
water depth in the paddy field and fundamental meteoro-
logical data of Liyang. The precipitation and water depth
were collected during the rice growing period for 2 years
using a pluviograph and an automatic mareograph. The
observation frequency of the water depth was 30 min,
while that of the precipitation was 10 min. A pluviograph
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was installed on a fixed tripodal platform in the target plot,
and a rain barrel was kept vertically and 70 cm away from
the ground. An automatic mareograph was installed near
the ridge in the paddy plot, and the mareograph probe
was installed approximately 2 cm above the field bottom
to avoid blocking by mud. The probe installation height
remained unchanged during the growing period.

The fundamental meteorological data were obtained
from the Liyang Meteorological Station (31.26° N,
119.29° E), which was on a daily scale, and included the
cumulative precipitation (mm); average relative humid-
ity (%); mean wind speed (m s™"); sunshine duration (h);
maximum, minimum and mean air temperature (°C); and
daily net radiation (MJ m™?).

During the rice monitoring period, the water samples
were collected at a fixed point approximately one metre
from pluviograph twice a week. The water samples were
sent to the laboratory for analysis and determination of
the monitoring indexes of total N, NH,*~N (ammonia
nitrogen), NO; —N (nitrate nitrogen), total P and PO43_—P
(orthophosphate).

8-9 8-16 8-23 830 9-6 9-13 9-20 9-27 10-4 10-1110-18
Date (Month/Day)

Calculation and analysis
Water balance analysis

The variation in the water depth in the paddy field depends
mainly on precipitation, irrigation, evapotranspiration, infil-
tration and runoff. When there is always water in a paddy
field, the water variation could be calculated using the water
balance model (Khepar et al. 2000; Tsubo et al. 2005). Water
balance equation is shown as follows:

P+R,—ET—F—R,, =AH (1

where P is the daily precipitation (mm d~!), R, is the irri-
gation water inflow (mm d~!), ET is the evapotranspiration
(mm d™"), F is the infiltration loss (mm d™'), R, 1s the
surface water outflow (mm d~') and AH is the depth varia-
tion (mm d1).

Based on water balance Eq. (1), the irrigation and runoff
of the paddy field could be calculated by daily precipitation,
water depth difference between the first and second days, ET
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and F, as shown in Eq. (2) (Huang et al. 2014; Zhou et al.
2016):

AR, =P, —ET, - F, - (Hi+l _Hi)
AR; > 0,R,; = AR; (2
AR; < 0,Ry,; = —AR;
where P, is the precipitation (mm d=!) of day i, ET, is the
evapotranspiration (mm d7!) of day i, F; is the infiltration
(mm d~") of day i, H;is the water depth (mm) of day i, H;
is the water depth (mm) of day i+ 1, AR, is the difference
value (mm d~!) between the water inflow and outflow of
day i, Ry, ; is the paddy irrigation of water (mm d1) of day
i and R, ; is the paddy outflow of water (mm d=!) of day i.
2 Ry, is the total irrigation volume (mm) during the rice
growing period, and ) R, is the total surface runoff vol-
ume (mm).

(E+ F) estimation in a steadily declining water level period

The factors influencing the water depth included natural
factors and artificial factors. The natural factors mainly
included evapotranspiration and infiltration (E+ F) and
precipitation. The artificial factors mainly included irriga-
tion and artificial drainage. When there were no rainfall,
irrigation, and artificial drainage, the water depth variation
process line was only affected by (£ + F) processes (Huang
et al. 2014). Therefore, Eq. (1) can be simplified as follows:

—(E+F)=AH 3)

The (E+F) term can be estimated by determining the
steady decline in the water level that was selected to cali-
brate (E+ F) by determining the steady decrease rate based
on synchronous observation of the precipitation and water
depth.

Evapotranspiration calculation

The crop coefficient method with the recommended FAO-56
Penman—Monteith equation (Allen et al. 1998) was applied
to calculate the daily evapotranspiration of the paddy field
with synchronous meteorological data. In this paper, the
single crop coefficient method was applied. The rice evapo-
transpiration (ET,), which accounted for soil evaporation
and rice transpiration, was calculated as follows:

ET. = K. X ET, 4)

where ET, is the daily evapotranspiration (mm d~") of the
paddy field, ET,, is the reference crop evapotranspiration
(mm d™") and K, is the rice coefficient.

The values of K, at different rice growth stages were
taken from FAO irrigation and drainage paper (Allen et al.
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1998). Water was kept in the paddy field for most of the
time, so it was assumed that there was no water stress for
rice growth during the monitored growing period except in
the late maturity stage.

Infiltration estimation and (E + F) estimation within the rice
growing period

The infiltration of paddy fields included percolation and
seepage. The percolation through the plough sole of a paddy
field could be assumed to be like that of soil with a similar
texture. The percolation of the paddy field could be obtained
from related studies in the Taihu Lake basin. Then, in the
steadily declining water level period, the seepage of the
paddy field could be calculated as Eq. (5):

S=E+F)-ET,-C 5)

where S is the daily seepage (mm d™Y, (E+F) is the esti-
mated evapotranspiration and infiltration (mm d~") by deter-
mining the steady decrease rate of the water level and C
is the average percolation (mm d~!) of paddy fields in the
Taihu Lake basin.

With the average seepage of different growth stages of
the paddy field obtained, the average infiltration of different
growth stages was added by the average seepage and average
percolation values. After adding the average infiltration of
different growth stages and the daily ET,, the daily (E+F)
in the growing period was acquired. Therefore, the water
balance of the paddy field could be calculated using Eq. (2).

Irrigation identification based on the water depth

The paddy field would be irrigated many times during the
rice growing period to satisfy the rice water demand for
healthy growth. When artificial irrigation began, the water
level rose rapidly and there was an irrigation flexion in the
water depth variation process line. When the irrigation
ended, the paddy field achieved the maximum irrigation
water depth. Then, the water level would drop slowly. Fig-
ure 2 shows a typical water depth hydrograph with irrigation.
The difference in the water depth before and after irrigation
was the artificial irrigation volume for this time, as shown
in Eq. (6):

l;=H,-H, (6)

where H), is the maximum water depth (mm) at the end of
artificial irrigation, H, is the water depth (mm) at the begin-
ning of artificial irrigation and /; is the irrigation volume
(mm) for this time.

Y 1;1s the total irrigation volume during the rice growing
period.
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Fig.2 Water depth hydrograph with artificial irrigation

Runoff pollution calculation

It was difficult to determine the pollution concentration of
every runoff in the paddy field in situ, so the paddy field
water was collected and analysed regularly. The pollution
concentration variation process during the growing period
was obtained by the interpolation method. The runoff pol-
lution was calculated by multiplying the runoff volume
with the pollution concentration [Eq. (7)] as follows:

L; =Ry, X C; @)
where L, is the N or P runoff pollution (mg m™> d™"), Routi
is the runoff volume (mm d~') and C, is the N or P runoff
concentration (mg 171).

> L; is the total N or P runoff load (kg ha™") during the
whole rice monitoring period.

Statistical analysis

Statistical analysis was performed using SPSS version
20.0 (SPSS, Chicago, Illinois, USA). The difference
between the means was analysed using analysis of vari-
ance (ANOVA) with the least significant difference test at
the 0.05 probability level. Bivariate correlation with the
Pearson correlation coefficient was used to analyse the cor-
relation between the ET, and meteorological data.

Results and discussion
Water balance analysis of the paddy field

The variation in the water depth depended on the inflow of
water and the consumption of water in paddy fields. The

inflow of water included precipitation and irrigation, and the
consumption of water included evapotranspiration, infiltra-
tion and surface runoff. The rainfall runoff in paddy fields
was closely correlated with the rainfall and the lowest ridge
height (Zhao et al. 2009). The surface runoff during the rice
growing season of rice-wheat rotation was predominantly
due to variable natural precipitation and frequently occurring
irregular artificial draining (Zhao et al. 2012a). Heavy rain-
fall for consecutive days and extreme rainstorm events were
the main factors determining the occurrence and the amount
of surface runoff, while a high water level was another factor
contributing to the occurrence of surface runoff in paddy
fields (Ye et al. 2013). The water level would exceed the low-
est ridge height and flow out of the paddy field, if the paddy
field was irrigated with too much water. The portion of the
irrigation water flowing to drainage ditches or channels was
the irrigation return flow or excess irrigation water, which
was defined as the quick return flow in Kim’s study (Kim
et al. 2009). This would occur in actual paddy fields in situ
with extensive agricultural water management.

The surface runoff of the paddy field included rainfall
runoff, drainage runoff and irrigation return flow. The water
balance analysis of the paddy field with the AWD irriga-
tion method usually assumed that groundwater capillary rise
was usually negligible in the water balance of the paddy
field (Inthavong et al. 2011), because there was a continuous
downward flow of water (percolation) from the puddled layer
to below the plough sole that basically prevented the capil-
lary rise to the root zone (Bouman et al. 2007b).

Evapotranspiration of the paddy field
The values of ET, of the paddy field in 2013 and 2014 were

calculated with the Penman—Monteith equation. As shown
in Fig. 3, the average ET, of the paddy field decreased

a A 2013 b
A —0—2014 A
6 . 6 :
A
- ~ a
k-] o
£ 4 g 4
£ £
= =
m m
2 2

T T T T T T
July  August September October Tillering Jointing-booting Maturity

Month Growing period

Fig.3 The average ET, variation between 2013 and 2014 in the dif-
ferent months (a) and different growing periods (b)
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gradually from the tillering stage to the maturity stage and
from July to October in the growth months of both 2013
and 2014. The total ET, during the monitoring period of
the paddy field in 2013 was 443.5 mm, which was greater
than the total ET, of 273.7 mm in 2014. Using ANOVA, the
means of the ET, in 2013 and 2014 were significantly dif-
ferent at the 0.05 probability level.

The Pearson correlation between the ET,. and meteorologi-
cal data was analysed. As shown in Table 1, the values of ET,
were significantly negatively correlated with the cumulative
precipitation and average relative humidity and significantly
positively correlated with the mean air temperature and daily
net radiation at the 0.01 level in both 2013 and 2014. The
meteorological data comparison is shown in Fig. 4. Except
for October, the mean air temperature and average daily net
radiation in 2013 were higher than those in 2014, and cumu-
lative precipitation and average relative humidity in 2013
were less than those in 2014. This explains why the ET, in
2013 was greater than that in most of 2014. The variations of
cumulative precipitation, reflecting the weather conditions,
were consistent with the variations of other meteorological
factors. The cumulative precipitation is a significant meteoro-
logical factor influencing the ET, of the paddy field.

(E+F) of the paddy field

(1) (E+F) estimation during the steadily declining water
level period.

Calculated by determining the steady decrease rate of the
water level with the “in situ method based on synchro-
nous observation of the precipitation and water depth”, the
(E+F) during the steadily declining water level period was
acquired. There were 45 (E + F) determinations in total of
2013 and 30 (E+ F) determinations in total of 2014. With
ANOVA, there was no significant difference between the
ET, in 2013 and the ET, in 2014. The maximum, mini-
mum and mean values of the (E+ F) were 15.72, 5.36 and
10.86 mm d~' in 2013 and 12.89, 5.49 and 9.88 mm d~" in
2014, respectively.

(2) Infiltration estimation of the paddy field.

The magnitude and consistency of the infiltration rate of the
paddy field were affected by the physical and hydraulic soil
properties of the plough sole and the underlying subsoil,
such as the structure, texture and conductivity of different
layers, and by the hydrologic environment (Bouman et al.
1994; Lin et al. 2014). In the study, which was conducted
in Yixing, Taihu Lake basin, in a paddy field with the same
soil classification and texture, the average rate of the verti-
cal percolation was 2 mm d~! calculated from 15 replicate
measurements (Zhao et al. 2012a). The average percolation
rate of another experimental paddy field in the Taihu Lake
basin was 2.57 mm d~' (Wang et al. 2014). According to
the actual observed statistic data from Jiangsu province, the
vertical infiltration rate of a single crop rice region with clay
soil, loam soil and sandy loam soil was 1.2—4, 2.1-5.3 and
5.5-9.8 mmvd !, respectively (Wu 2015). Therefore, in this
study, we assumed the percolation rate to be 2.6 mm d™! (the
mean of 1.2—4 mm d™') based on the loamy clay soil texture
of the paddy field.

The average seepage rate of the paddy field was
3.6 mm d™' in 2013 and 4.1 mmvd~' in 2014 based on
Eq. (5). With ANOVA, there was no significant difference
between the seepage rate in 2013 and that in 2014. The study
carried out in Taiwan indicated that the vertical infiltration
and lateral seepage rates of a flat paddy field through the
bottom of the ridge were 4.0 and 3.3 mm d~!, respectively,
with the plough sole underneath (Huang et al. 2003).

(3) (E+F) estimation in the rice monitoring period.

With the assumed percolation and calculated seepage rate,
the daily infiltration rate was obtained. Then, the (E+ F)
of the paddy field during the water depth variation muta-
tion period could be acquired by adding the daily infiltra-
tion rate to the ET,.. When there was no ponded water in
the paddy field, only the ET, occurred through absorption
of water by the soil body. The total (E+ F) of the paddy
field was calculated as 875.6 mm in 2013 and 674.0 mm
in 2014.

Table 1 The Pearson

. . Cumulative Mean air Average rela- Daily net radiation

cor relatl‘on of th§ ETL; with the precipitation  temperature  tive humidity
cumulative precipitation, mean
air temperature, average relative 2013 ET,  Pearson correlation ~ —0.414* 0.824 —0.762° 0.959*
humidity and daily net radiation Sig. (two-tailed) 0.000 0.000 0.000 0.000

Number 101 101 101 101

2014 ET,  Pearson correlation ~ —0.270* 0.608* —0.400* 0.963*
Sig. (two-tailed) 0.007 0.000 0.000 0.000
Number 99 99 99 99

“The correlation is significant at 0.01 level
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Irrigation of the paddy field

Table 2 shows the total irrigation calculated by Eq. (2) and
the irrigation identification method of Eq. (6). The irriga-
tion times analysed by the two methods were the same in
the 2 years, with 10 irrigation times in 2013 and 7 irriga-
tion times in 2014. The irrigation volumes analysed by the
two methods had an absolute difference of 1.1-6.8%, which
illustrates the accuracy of the two methods for irrigation

Table 2 Irrigation times and volume (mm) analysed by the two meth-
ods of the paddy field

Year  Irrigation Irrigation volume (mm)
times
Water bal- Irrigation identi-  Difference (%)
ance method fication method
2013 10 879.9 823.7 6.8
2014 7 451.5 456.5 -1.1
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analysis and the feasibility of the “water balance method”
for water balance analysis in paddy fields. The “irrigation
identification method based on the water depth” can be used
for comparative analysis of the irrigation volume.

There was more irrigation in 2013 than in 2014 because
the total precipitation level during the monitoring period
in 2014 of 494.7 mm was much greater than that in 2013,
namely 279.0 mm. To ensure the healthy growth of rice with
enough water, the paddy field was irrigated with more water
when the precipitation was lacking.

Surface runoff of the paddy field

(1) Rainfall runoff.

Figure 5 shows the rainfall runoff and the precipitation caus-
ing runoff during the monitoring period in 2013 and 2014.
There were 6 rainfall runoff times with a total volume of
124.8 mm in 2013 and 5 rainfall runoff times with a total
volume of 201.8 mm in 2014. The rainfall runoff volume in
2013 accounted for 44.7% of the total precipitation during
the monitoring period and that in 2014 accounted for 40.8%
of the total precipitation. There were 14 precipitation events
during the monitoring period in 2013 and 20 precipitation
events in 2014. According to the statistics, 2 of the 3 heavy
rain events, 2 of the 4 moderate rain events and 3 of the 7
light rains in 2013, and all 4 of the rainstorms, 1 heavy rain
event, 2 of the 10 moderate rain events and 1 of the 5 light
rains in 2014 caused rainfall runoff. All of the rainstorms,

a ] —e— Precipitation
1207 /) Rainfall runoff
100 —
~ 80
o
g
£ 60+
k)
=} ]
=
> 404 /\
20
0 ' T T T

T T T T T T T !
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Fig. 5 Rainfall runoff of the paddy field in 2013 (a) and 2014 (b)

@ Springer

most of the heavy rains, some of the moderate and light
rains caused rainfall runoff. The greater precipitation vol-
ume caused by heavy precipitation in 2014 resulted in more
rainfall runoff than in 2013.

Moderate rain and light rain caused rainfall runoff when a
high water level was maintained in the paddy field or when
a low ridge height of the paddy field was maintained during
the maturity stage. Thus, the rainfall runoff was related to
the precipitation level, water depth and ridge height of the
paddy field.

(2) Drainage runoff.

Figure 6 shows the drainage runoff during the monitor-
ing period in 2013 and 2014. There were 4 drainage run-
off events with a total volume of 125.9 mm in 2013 and 3
drainage runoff events with a total volume of 76.6 mm in
2014. There were 2 drainage runoffs in 2013 and 1 drainage
runoff in 2014 during the tillering stage of drying, which
was practiced to promote moderate tillering, and the repro-
ductive health of the rice crop by impeding the excessive
tillering of rice (Tan et al. 2013). The last drainage event in
both 2013 and 2014 was during the maturity stage of drying.
There was one drainage event during jointing—booting stage
in both 2013 and 2014, due to the high water depth in the
paddy field caused by irrigation or continuous precipitation.
Then, artificial drainage mainly occurred during the tillering
stage of drying, during maturity stage of drying and when
the water level was too high in the paddy field, which were
routine agricultural water management measures.
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(3) Irrigation return flow.

Figure 7 shows the irrigation return flow during the monitor-
ing period in 2013 and 2014. There were 5 irrigation return
flows with a total volume of 79.6 mm in 2013 and 4 irriga-
tion return flows with a total volume of 77.1 mm in 2014.
The irrigation return flow in 2013 accounted for 9.0% of the
total irrigation during the monitoring period and that in 2014
accounted for 17.1% of the total irrigation. The irrigation
return flow accounted for an average of 11.8% of the irriga-
tion. More than half of the irrigation cases would occur as
irrigation return flow, which was related to the extensive
agricultural irrigation measures in the paddy field in situ.
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Fig.7 Irrigation return flow of the paddy field in 2013 (a) and 2014 (b)

(4) Surface runoff analysis.

The surface runoff in the paddy field was 330.3 mm in
2013 and 355.4 mm in 2014; the runoff values were similar
between the 2 years with a difference of 7.1%. Table 3 dif-
ferentiates the contribution of the different runoff sources to
the surface runoff in 2013 and 2014. The average data from
the 2 years show that 47.3% of the surface runoff was caused
by precipitation, 29.8% by drainage and 22.9% by irrigation.
The precipitation and artificial drainage led to most of the
surface runoff, as most research was implemented in site
paddy fields without irrigation return flow (Tan et al. 2015;
Zhao et al. 2012a). However, in actual paddy fields in situ
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Table 3 Contribution of the different runoff sources to the surface
runoff in 2013 and 2014 (%)

Year Rainfall runoff Drainage runoff Irrigation
return
flow

2013 37.8 38.1 24.1

2014 56.8 21.5 21.7

Average 47.3 29.8 22.9

Table 4 Proportion of the surface runoff in different growing periods
in 2013 and 2014 (%)

Year Tillering Jointing—booting ~ Maturity
2013 322 39.1 28.8
2014 34.1 49.7 16.3
Average 33.1 44.4 22.5

with extensive agricultural water management, the irrigation
return flow was a common phenomenon. As shown in this
study, the irrigation return flow should not be neglected in
paddy fields in situ.

Table 4 shows the proportion of the surface runoff in
different growing periods in 2013 and 2014. The greatest
surface runoff in the paddy field occurred during the joint-
ing—booting stage, with an average proportion of 44.4%, and
the least occurred during the maturity stage.

Water balance analysis

Table 5 shows the water balance analysis results of the paddy
field in 2013 and 2014. The total inflow consisting of pre-
cipitation and irrigation during the monitoring period was
1158.9 mm in 2013 and 946.2 mm in 2014, with a difference
of 22.5% and more 212.8 ml in 2013 than in 2014. There was
more irrigation due to less precipitation in 2013 than that in
2014 of the paddy field. The water management measures
of the paddy field were adjusted to the weather conditions,
and there was a tendency of excessive irrigation with less
precipitation to the paddy field. As analysed, the surface run-
off between the 2 years was similar, but the (E+ F) between
the 2 years was different mainly because of the significant
differences in the value of ET,.

As calculated, the soil water depletion of the paddy
field was 47.0 mm in 2013 and 83.3 mm in 2014, which
accounted for 4.1% of the total inflow in 2013 and 8.8%
in 2014 with an average ratio of 6.4%. Because the paddy
field was ponded and the paddy soil at the beginning of the
rice growing period was saturated and dried at the end, the
water depletion was regarded as the soil water consumption
for the rice growth (Tan et al. 2014). In the study, the soil
water depletion in the paddy field with AWD irrigation was
approximately 100200 mm (Tan et al. 2015).

Runoff pollution load of the paddy field
N and P runoff concentrations

Figure 8 shows the variation in the N and P concentrations
in the surface runoff of the paddy field in 2013 and 2014.
The variation was predominantly governed by the times of
fertilization. The N concentration was high within 1 week
after N fertilizer application, while the P concentration was
relatively high within 2 weeks after P fertilizer application.
Then, the N and P concentrations were low and stable in the
paddy field water over time. This was consistent with the
N concentration variation in paddy fields in related studies
(Tian et al. 2007; Zhao et al. 2012a). The variation differ-
ence between N and P was related to the different release
rates of N and P fertilizer. After fertilizer application, the
dissolved N and particulate P were the main forms in the
paddy field. The particulate P, which was the main form of
P loss in the runoff, was adsorbed on soil particles with a
low release rate (Chen et al. 2016). More than 90% of total
P in the runoff was lost through suspended particles (Wang
et al. 2013b).

The most N concentration in 2013 was higher than that
in 2014, which was mainly related to the more N fertilizer
applied to the paddy field in 2013. The most PO43_—P con-
centration in 2013 was lower than that in 2014, mainly
related to less P fertilizer applied to the paddy field in 2013.
The NH,"-N and NO; N concentrations were consistent
with the total N concentration, while the PO43_—P con-
centration was consistent with the total P concentration.
There were two P concentration declines after fertiliza-
tion application on July 10, 2013. This could be due to the
two irrigations on July 12 and July 19, which diluted the P
concentration.

Table 5 Water balance analysis

of the paddy field in 2013 and Year Precipitation Irrigation Total inflow Surface runoff (E+F) Water depletion
2014 (mm) 2013 279.0 879.9 1158.9 3303 875.6 —47.0
2014 4947 4515 946.2 355.4 674.0 -83.3
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Fig.8 Variation in the N and P concentrations in the surface runoff in the paddy field in 2013 (a, ¢) and 2014 (b, d). The arrow denotes the tim-

ing of fertilization

N and P runoff loads

According to previous studies, precipitation, irrigation, fer-
tilization and ridge height had a significant effect on the
runoff pollution loads of paddy fields (Chen et al. 2016;
Wang et al. 2013b; Zhao et al. 2012b). With the N and P
concentration and surface runoff volume, the N and P runoff
pollution of the paddy field could be calculated by Eq. (7).
Figure 9 shows the variation in the surface runoff and the N
and P runoff pollution of the paddy field in 2013 and 2014.
There were 12 surface runoff times in 2013 and 10 surface
runoff times in 2014. As shown in Fig. 9, the variations in
the N and P runoff pollution were relatively consistent with
the surface runoff volume.

As shown in Fig. 10, the runoff pollution loads of total N,
NH,"-N, NO;—N, total P and PO,> —P of the paddy field
were 12.18, 7.13, 4.15, 1.55 and 0.53 kg ha~! during the
monitoring period in 2013 and 8.59, 3.50, 4.17, 1.36 and

1.09 kg ha™! in 2014, respectively. The N runoff loads in
2013 were greater than those in 2014 with more N fertilizer
applied to the paddy field in 2013, even though the surface
runoff volume was less in 2013 than in 2014. This indicated
that N runoff losses were more dependent on N concentra-
tions in the runoff water than the runoft volume. This was
similar to a previous study (Jin et al. 2006; Tian et al. 2007),
in which no relationship between the total N load and runoff
volume was found after N fertilizer was applied at a high
rate. The total P runoff loads were near between the 2 years,
but the PO,>~—P runoff loads in 2013 were less than those in
2014 because of less P fertilizer application in 2013.

The ratio of NH,"-N to total N ranged from 40.7 to
58.5%, with an average of 49.6%. The ratio of NO; —N to
total N ranged from 34.0 to 48.5%, with an average of 41.3%.
Nitrate and ammonia were both the main forms of total N
runoff pollution in the surface runoff in the paddy field. The
ratio of PO,*> P to total P ranged from 34.2 to 79.7%, with

@ Springer



396 Paddy and Water Environment (2020) 18:385-398

a b 247 [ JSurface runoff ~---m--total N r 70
24 [ ]Surface runoff  ---®--total N _70 ] —0— NH;-N
. —O0—NH, N - 20 —£—NO, N o
P A = | -
2.0 1 NO;-N o0 J . —
M n - - 50 -
_ Lso g 16 n 3
s 1.6 o - L] e
;: . S ; T o= A u| Lo E
£ 1w | 1% e 2124 ' — g
2124 - &= - k 30 2
=1 A g 3 . ) =
g 2% o ' la . ] 8
- 15 ) .8 - S\ n <
g 081 | & % . M . Al P20 B
g \ 5 3] 1 o ¥ n
m \ / 2] r
; 1o
il . 0.4 R %\ﬁ L 10
E |1« el
0.0 T T T T T T T T T T T 0 0.0 T T T T T T T T T T 0
N5 722 727 731 82 8/7 8/25-299/1~4 97 10/7-8
VA0 2% e (V2 o2 420 0 (N g o0 o AY
Ao MR 1 o et 9o g Date
Date
c d 03- [ |Surface runoff - total P _70
03+ [ |Surface runoff  --&-total P _70 —h— PO43'—P
—#—PO,"-P
2 N _ 60
60 * M 1L
Y B 50 ~ nl 0~
< 0.2 4 . i - = ’ ’ o
v o T / 1 g
T * / g = r40 g
= ;| 40 g 0 \ . =2
& = = %] 5 =
: e it
= g 3 v x| P30 3
s =] =] \ / =
o s = — s
§ 011 - ¢ 20 &
o = =< =i
= s & % a
10
0.0 00 T T T T T T T T T T 0
SIS T T T T S N S BN SN 05722 727 31 82 8/7 8/25~299/1~4  9/7 10/7~8
e a2 St 85 o et oot Date
Date
Fig.9 Variation in the surface runoff and the N and P runoff loads of the paddy field in 2013 (a, ¢) and 2014 (b, d)
Fig. 10 Export loads of total N, —m—total N b 187 —e—total P
NH,*-N and NO; N of the a ] ’ 3
. % - -
paddy field in 2013 and 2014 124 n (ZNO,-N ] ([ Po,™p
(a) and e3xp0rt loads of total P | | — NH4+-N 15
and PO,°~—P (b) ’
10 4 i
_A 7 _lf'\ 1 .2 =
<
< .
g 8 fn .
o0 ]
< < 09+
=
- &
g © 3 ]
b= 1 b=
o Q -
g 4. 2. 06
= %
<3| = .
5 0.3 4
0 T T 0.0
2013 2014 2013 2014
Date Date

@ Springer



Paddy and Water Environment (2020) 18:385-398

397

an average of 56.9%. Phosphate was the main form of total
P runoff pollution in the surface runoff.

Suggestions on reducing runoff pollution

When there was less precipitation, there was a tendency of
excessive irrigation in paddy fields for extensive agricultural
water management. To avoid unnecessary runoff, in practice
of paddy field management, the irrigation water volume was
suggested to be controlled and the degree of fine manage-
ment should be improved. Compared to the irrigation vol-
ume control, the runoff pollution loads were predominantly
governed by the fertilization rate. Therefore, reasonably con-
trolling the fertilizer application rate was more important
for reducing surface runoff pollution of paddy fields in the
Taihu Lake basin.

The N and P fertilizer application rates were approxi-
mately 220-400 kg ha~! and 10-60 kg ha™!, respectively,
in farmers’ fertilizer practice in intensive rice cropping
systems in the Taihu Lake basin (Jiao et al. 2018; Peng
et al. 2015, 2011; Wang et al. 2014; Zhao et al. 2012b).
The rice N demand and recommended fertilizer N supply
were 100-150 kg ha=!' and 150-200 kg ha~', respectively,
for paddy fields in irrigation rice—wheat systems (Spiertz
2010). The recommended fertilizer N application rate
was 210 kg ha™! for paddy fields in the Taihu Lake basin
(Jiang et al. 2012). In the Taihu Lake basin, the threshold
and optimal N fertilizer supply rate were 180 kg ha~! and
200 kg ha™!, respectively (Jiao et al. 2018), which was in
accordance with the suggested fertilizer application rate in
most areas in China (Xu et al. 2017). The optimal P fertilizer
rate of paddy fields was 10—45 kg ha™! in the Taihu Lake
basin (Wang et al. 2014). As analysed, the recommended
fertilizer N application rate was approximately 200 kg ha™!
and the recommended fertilizer P application rate was less
than 45 kg ha™!. Both the fertilizer N and P rate of the paddy
field exceeded the optimal application rate during the study
period. Therefore, the mean reduction potential of N and P
fertilization was 38.9 kg ha=! and 7.5 kg ha™!, respectively.

Conclusions

In this paper, the “water balance method” was implemented
to analyse the water balance and the N and P runoff loads
of the paddy field for 2 years. The total inflow difference in
the paddy field between the 2 years was 22.5% with more
irrigation and less precipitation. There was a tendency of
excessive irrigation due to less precipitation in paddy fields
for extensive agricultural water management. Precipitation
and artificial drainage led to most of the surface runoff, but
the irrigation return flow should not be neglected in paddy
fields in situ. More than half of the irrigation cases would

occur as irrigation return flow, which accounted for an aver-
age of 11.8% of the irrigation. In practice of paddy field
management, the irrigation water volume is suggested to
be controlled and the degree of fine management should
be improved. The variation in N and P concentrations in
the surface runoff of the paddy field was predominantly
governed by the times of fertilization. Compared to the
irrigation volume control, the runoff pollution loads were
predominantly governed by the fertilization rate. The mean
reduction potential of N and P fertilization was 38.9 kg ha™!
and 7.5 kg ha™!, respectively. Reasonably controlling the
fertilizer application rate was more important for reducing
surface runoff pollution of paddy fields. For the problem of
excessive irrigation and excessive fertilization, how to ferti-
lizer and irrigate paddy fields scientifically and reasonably
needs to be further studied to improve the surface runoff
pollution of paddy fields in the Taihu Lake basin.
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