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recent years, alternative rice cultivation methods have been widely developed in Asia, and the environmental
consequences of these practices on nitrogen (N) runoﬀ losses from intensively cultivated rice ﬁelds deserve
attention. A two-year ﬁeld experiment (2013–2014) was conducted in a rice ﬁeld in southeastern China to
evaluate the N losses in runoﬀ resulting from four rice cultivation
methods: (1) conventional, manually transplanted seedling rice (CTSR); (2) mechanically transplanted
seedling rice (MTSR); (3) dry direct-seeded rice (DDSR); and (4) wet direct-seeded rice (WDSR). Runoﬀ volumes;
runoﬀ concentrations of NH4+-N, NO3−-N, and total N (TN); N uptake; and grain yield were measured. The
seasonal runoﬀ volumes varied from 775 to 2397 m3 ha−1 in 2013 and 2014. Compared with CTSR, WDSR and
DDSR signiﬁcantly increased the total runoﬀ volumes by 76% and 30%in 2013, and by 46% and 26% in 2014,
respectively. The seasonal TN losses in runoﬀ from the rice ﬁelds ranged from 1.99 to 10.18 kg N ha−1, accounting for 0.74–3.77% of the seasonal N input during the two years. In contrast with CTSR, WDSR increased
TN losses by 169% in 2013 and by 143% in 2014, while DDSR increased TN losses by 31% in 2013 and by 84%
in 2014. Direct-seeded rice signiﬁcantly increased runoﬀ N losses during the early growth period largely by
increasing runoﬀ volumes and/or the N concentrations in runoﬀ water. The main forms of N lost in runoﬀ were
NH4+-N for CTSR, MTSR and WDSR and NO3−-N for DDSR. The grain yield, N uptake at mid-tillering and
panicle initiation stages were similar in WDSR and DDSR and signiﬁcantly lower than those under CTSR and
MTSR. The results show that direct-seeded rice increased N runoﬀ losses from intensively cultivated rice ﬁelds in
southeastern China.

1. Introduction
Rice is a staple food crop worldwide, with an annual planting area
of 158 million hectares (Mha), concentrated in Asia (FAO, 2009). In
recent years, rice cultivation methods have changed greatly in China
and South Asia due to the shortage of rural labor combined with an
increase in labor costs (Farooq et al., 2011; Luo et al., 2016). For example, in China, rice was commonly grown by manually transplanting
nursery seedlings into puddled soil prior to 2000 (Zhang, 2007), but in
2015, the areas using mechanically transplanted seedling rice (MTSR)
and direct-seeded rice (both dry direct-seeded rice (DDSR) and wet
direct-seeded rice (WDSR)) accounted for approximately 40% and 30%
of the total 30.2-Mha rice-planting area, respectively (Luo et al., 2016).
Meanwhile, algal blooms occur frequently in some lakes in southeastern
China, and surface water eutrophication is becoming a serious environmental and social problem in both China and the rest of the world
⁎
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(Le et al., 2010). Nitrogen (N) runoﬀ losses from rice ﬁelds have been
identiﬁed as one of the main causes of the eutrophication of lakes in the
lower reaches of the Yangtze River in southeastern China (Le et al.,
2010; Liu and Qiu, 2007), which are dominated by rice production.
Rice ﬁelds are intensively fertilized to achieve high grain yields in this
region, where the application rates of N fertilizer have reached or exceeded 300 kg ha−1 (Lin et al., 2007; Peng et al., 2006; Zhu and Chen,
2002) and account for the largest proportion of the N load in the surrounding water systems (Linquist et al., 2014; Zhao et al., 2009).
During a single rice growing season, the total N (TN) runoﬀ from rice
ﬁelds ranged from 0.12 to 65 kg N ha−1, with an average of
12.7 kg N ha−1 (Chen et al., 2015; Guo et al., 2004; Liang et al., 2013;
Qiao et al., 2012; Tian et al., 2007; Xue et al., 2014; Zhao et al., 2012,
2015), depending on the year and amount of N fertilizer applied (Kim
et al., 2006; Linquist et al., 2014). As a result, some alternative agricultural practices have already been explored to reduce the N runoﬀ
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Fig. 1. Precipitation and runoﬀ volume associated with conventional manually transplanted seedling rice (CTSR) and mechanically transplanted seedling rice (MTSR) under F-D-II (F,
ﬂooding; D, drainage; II, intermittent irrigation), dry direct-seeded rice (DDSR) and wet direct-seeded rice (WDSR) under M-F-D-II (M, moist but not saturated; F, ﬂooding; D, drainage; II,
intermittent irrigation) water regimes during the experimental period in 2013 and 2014. The vertical bars represent the standard deviation for each mean value (n = 4). Arrows denote
fertilization.

practices can decrease the amount of N runoﬀ losses (Gao et al., 2002),
and Liang et al. (2013) reported that alternate wetting and drying irrigation reduced N runoﬀ losses by 20–30% by lowering ﬁeld water
levels, which increased the ﬁeld buﬀering capacity and decreased the
number and volume of runoﬀ events and the corresponding N losses.
Using controlled-release fertilizer (Wang et al., 2015; Zhao et al., 2015)
and adopting optimized N fertilization (Qiao et al., 2012; Xue et al.,
2014) can also signiﬁcantly decrease N runoﬀ losses, as these agricultural practices can lower the concentration of N in surface runoﬀ.
Furthermore, the combination of water-saving practices and optimized
N fertilization has been shown to reduce N runoﬀ losses by 40–50% by
decreasing both runoﬀ volumes and N concentrations (Liang et al.,
2013).
Each rice cultivation method requires a series of supporting agronomic techniques to maintain high yields, particularly the water regime

losses to the environment while maintaining high rice production
(Liang et al., 2013; Qiao et al., 2012; Wang et al., 2015; Xue et al.,
2014; Zhao et al., 2015), but there has been limited research evaluating
rice cultivation methods with the potential to mitigate N loss through
surface runoﬀ from rice ﬁelds (Farooq et al., 2011).
Rainfall and fertilizer application are the key factors that inﬂuence
N runoﬀ losses from rice ﬁelds (Guo et al., 2004; Yoshinaga et al., 2007;
Chen et al., 2017a). In general, surface runoﬀ occurs after heavy rainfall
events or during the artiﬁcial drainage of ﬁelds (Kleinman et al., 2006;
Zhao et al., 2012), and the N concentration in the surface water remains
very high for 7–10 days after fertilizer application (Davis et al., 2016;
Qiao et al., 2012; Zhao et al., 2012). Hence, previous studies related to
the mitigation of N runoﬀ losses from rice ﬁelds mainly focused on
decreasing runoﬀ volumes and/or the N concentration in runoﬀ water.
For example, replacing conventional ﬂooding with water-saving
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local high-yielding agronomic practices, the rice (Oryza sativa L.) cultivar Nanjing 5055 was used in the 2013 and 2014 rice seasons. Plots
were tilled using a walking tractor (DF-15, Changzhou Dongfeng
Agricultural Machinery Group Co. Ltd., Jiangsu, China) during land
preparation on 12 June in 2013 and 2014 before rice planting. Pests
and diseases were intensively controlled according to local highyielding practices. The height of the drainage outlet was maintained at
10 cm when the ﬁeld was waterlogged.
For the CTSR, rice seeds were sown in a nursery bed on 14 May and
then manually transplanted on 14 June at a hill spacing of
13.3 cm × 30 cm with 2 plants per hill; rice plants were harvested on
25 October in 2013 and 2014. In contrast, rice seeds of MTSR were
sown on 28 May to be raised in a nursery, after which the seedlings
were transplanted using a transplanter on 14 June at a hill spacing of
11.7 cm × 30 cm with 2–3 plants per hill; the rice was harvested on 26
October both in 2013 and 2014. The mechanical rice transplanter used
in this experiment was the Tongyang PF455S (walk behind), made by
Jiangsu Tongyang Machinery Co., Ltd., Jiangsu, China. Water management and weed control practices were similar for the CTSR and
MTSR treatments throughout the two rice growing seasons. The rice
ﬁelds were ﬂooded and puddled on 13 June. After planting, all the
CTSR and MTSR plots were managed using a typical ﬂooding-drainageintermittent irrigation (F-D-II) water regime throughout the entire rice
growing season (Table 1). The rice ﬁelds were submerged under water
at a depth of approximately 3–5 cm from 14 June to 24 July, drained
dry during midseason aerations from 25 July to 3 August in 2013 and 2
August in 2014, and then re-ﬂooded with intermittent irrigation
(ﬂooding the ﬁeld to a shallow depth (3–5 cm) and re-irrigating 2 d
after the water disappeared) from 4 August in 2013 and 3 August in
2014, which was 10 d before harvest. For CTSR and MTSR, the recommended combinations of herbicides (bensulfuron methyl (22.5 g
a.i. ha−1) and butachlor (502.5 g a.i. ha−1)) were combined with the
ﬁrst top-dressing on 21 June in 2013 and 2014.
For the DDSR treatment, before planting, each replicate plot divided
into two strips (each at 1.9 m in width) which were separated by a
furrow (at 20 cm in width and 15 cm in depth). Dry seeds (at a density
of 60 kg ha−1) were weighed separately for each row, then planted
manually in non-puddled dry soil at a depth of about 1 cm with a
spacing of 25 cm between rows and immediately covered with loose
soil on 13 June in 2013 and 2014; on the same day, the rice ﬁelds were
ﬂooded and then kept moist but not saturated (two light irrigations in
2013 and no irrigation in 2014) to avoid seed rot until 29 June. For the
WDSR method, the rice ﬁelds were ﬂooded and puddled on 13 June in
2013 and 2014. On 14 June, the ﬁelds were drained, and the pre-germinated seeds (at a density of 60 kg ha−1) were weighed separately and
manually sown in rows at a spacing of 25 cm. From 15 June to 29 June
in 2013 and in 2014, the rice ﬁelds were kept moist but not saturated
(one light irrigation in 2013 and no irrigation in 2014). The DDSR and
WDSR treatments followed the same water management from 30 June
to 28 October (rice harvesting) in both years (Table 1). The rice ﬁelds
were submerged with water to a depth of 3–5 cm from 30 June to 24
July, drained dry from 25 July to 3 August in 2013 and 2 August in
2014, and then re-ﬂooded with intermittent irrigation from 4 August in
2013 and 3 August in 2014, which was 10 d before harvest. For DDSR
and WDSR, the combination of herbicides (bensulfuron methyl (22.5 g
a.i. ha−1) and pretilachlor (427.5 g a.i. ha−1)) was applied pre-emergence on 15 June followed by pyribenzoxim application at 37.5 g
a.i. ha−1 at approximately the 3-leaf rice stage on 28 June in 2013 and
2014.
As shown in Table 1, the same N, P and K fertilizers were applied in
all treatments at the recommended rate of 270 kg N (urea), 135 kg P2O5
(calcium superphosphate) and 135 K2O (potassium chloride) ha−1.
Basal (30%), early-tillering topdressing (30%) and PI topdressing (40%)
applications of N fertilizer were performed in CTSR, while a basal application (20%), two early-tillering topdressings (both 20%) and a PI
topdressing (40%) occurred under MTSR, DDSR and WDSR. For all

and N management during the early period of rice growth (Li et al.,
2011). For example, conventional manually transplanted seedling rice
(CTSR) and MTSR use the same typical ﬂooding-drainage-intermittent
irrigation (F-D-II) water regime throughout the entire rice growing
season (Li et al., 2011; Yang et al., 2008). In contrast to transplanted
seedling rice (CTSR and MTSR), DDSR employs moist-ﬂooding-drainage-intermittent irrigation (M-F-D-II), and WDSR requires this same
water regime with the addition of one drainage before sowing (Kumar
and Ladha, 2011; Li et al., 2011; Tabbal et al., 2002). In terms of N
management, N fertilizer under CTSR is usually applied in three portions: a basal application of 30% before seedling transplantation, the
ﬁrst topdressing, 30%, at early-tillering, and the second topdressing,
40%, at panicle initiation (PI) (Li et al., 2011; Yang et al., 2008). To
better match the pattern of N uptake by the rice, N is applied in four
portions in MTSR, DDSR and WDSR: a basal 20%, 20% as both the ﬁrst
and second topdressing at early-tillering, and 40% as the third topdressing at PI (Li et al., 2011; Zhang, 2007).
Previous studies have concluded that most TN losses from surface
runoﬀ generally occur during the early period of rice growth under
conventional agricultural practices (Guo et al., 2004; Xue et al., 2014;
Zhao et al., 2012), so we hypothesized that converting CTSR to MTSR or
direct-seeded rice (DDSR and WDSR) would signiﬁcantly aﬀect N runoﬀ
loss. To test this hypothesis, we measured the N runoﬀ loss from intensively cultivated rice ﬁelds in southeastern China under CTSR,
MTSR, DDSR and WDSR during the rice growing season for two years.
The objectives of this study were to compare the eﬀects of diﬀerent rice
cultivation methods on the N losses in runoﬀ water, N uptake, and grain
yield.
2. Materials and methods
2.1. Experimental site
This experiment was conducted from 2013 to 2014 in a typical rice
(Oryza sativa L.)–wheat (Triticum aestivum L.) rotation system at the
experimental station of the Jiangsu Academy of Agricultural Sciences,
Nanjing, Jiangsu Province, China (31°60′N, 119°18′E). The soil of the
experimental ﬁelds was classiﬁed as hydromorphic and has a silty clay
loam texture (312 g kg−1 sand, 497 g kg−1 silt, and 191 g kg−1 clay).
Some selected topsoil properties measured at a depth of 0–20 cm were
1.27 g cm−3 bulk density, 14.3 g kg−1 organic carbon, 0.89 g kg−1 TN,
0.26 g kg−1 total P, 39.7 mg kg−1 available N, 12.1 mg kg−1 available
P, 90.3 mg kg−1 available K and 6.3 pH (H2O). The study area is
characterized by a subtropical monsoon climate with a mean annual
temperature of 15.5 °C. The mean annual precipitation is approximately
1037 mm, 50% of which falls between June and August. The daily
precipitation during the experimental period is shown in Fig. 1.
2.2. Design of the ﬁeld experiment
The experimental design consisted of a completely randomized
block with four replicates and a plot area of 30 m2 (7.5 × 4 m). There
were four rice cultivation treatments: CTSR (as a control), MTSR, DDSR
and WDSR. Sixteen runoﬀ plots, separated by concrete borders, were set
up with an in situ runoﬀ collection system. A concrete runoﬀ pool (4 m
in length, 1 m in width, and 1 m in depth) was built at the edge of each
plot to collect the runoﬀ water. A polyvinyl chloride pipe (25 cm in
diameter) was used to connect the runoﬀ pool and the plot. Under the
polyvinyl chloride pipe, a plastic bucket in the runoﬀ pool was also
used to collect the runoﬀ water when the runoﬀ volume was less than
20 L. The runoﬀ pools were covered with a steel sheet to prevent
rainwater, dust, insects and small animals from entering.
2.3. Crop management practices
Straw was removed from plots after grain harvest. According to
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Table 1
Main cultivation and management stages under diﬀerent rice cultivation methods during the two years of the experiment.
Rice cultivation methoda

Stage

Date

CTSR

Basal fertilization (81 kg N ha−1, 135 kg P2O5 ha−1 and 67.5 kg K2O ha−1)
Flooding and puddling
Manual transplantation and ﬂooding
First topdressing (81 kg N ha−1)
Midseason aeration
Re-ﬂooding with intermittent irrigation
Second topdressing (108 kg N ha−1 and 67.5 kg K2O ha−1)
No irrigation
Harvesting

12 June
13 June
14 June
21 June
25 July
4 August 2013/2 August 2014
5 August 2013/3 August 2014
15 October
25 October

MTSR

Basal fertilization (54 kg N ha−1, 135 kg P2O5 ha−1 and 67.5 kg K2O ha−1)
Flooding and puddling
Mechanical transplantation and ﬂooding
First topdressing (54 kg N ha−1)
Second topdressing (54 kg N ha−1)
Midseason aeration
Re-ﬂooding with intermittent irrigation
Third topdressing (108 kg N ha−1 and 67.5 kg K2O ha−1)
No irrigation
Harvesting

12 June
13 June
14 June
21 June
28 June
25 July
4 August 2013/2 August 2014
5 August 2013/3 August 2014
16 October
26 October

DDSR

Basal fertilization (54 kg N ha−1, 135 kg P2O5 ha−1 and 67.5 kg K2O ha−1)
Manual sowing, ﬂooding and moisture maintenance
Re-ﬂooding and ﬁrst topdressing (54 kg N ha−1)
Second topdressing (54 kg N ha−1)
Midseason aeration
Re-ﬂooding with intermittent irrigation
Third topdressing (108 kg N ha−1 and 67.5 kg K2O ha−1)
No irrigation
Harvesting

12 June
13 June
30 June
7 July
25 July
4 August 2013/2 August 2014
5 August 2013/3 August 2014
18 October
28 October

WDSR

Basal fertilization (54 kg N ha−1, 135 kg P2O5 ha−1 and 67.5 kg K2O ha−1)
Flooding and puddling
Drainage, manual sowing and moisture maintenance
Re-ﬂooding and ﬁrst topdressing (54 kg N ha−1)
Second topdressing (54 kg N ha−1)
Midseason aeration
Re-ﬂooding with intermittent irrigation
Third topdressing (108 kg N ha−1 and 67.5 kg K2O ha−1)
No irrigation
Harvesting

12 June
13 June
14 June
30 June
7 July
25 July
4 August 2013/2 August 2014
5 August 2013/3 August 2014
18 October
28 October

a
The rice cultivation methods are conventional manually transplanted seedling rice (CTSR), mechanically transplanted seedling rice (MTSR), dry direct-seeded rice (DDSR), and wet
direct-seeded rice (WDSR).

the aboveground biomass after achieving a constant weight (oven dried
at 105 °C for 30 min and then at 70 °C for 72 h). The sampling dates of
the aboveground plants were ﬁxed to coincide with the mid-tillering
(MT, 30 d after plot planting), PI (49 d after plot planting), heading
(50% of plant headed) and crop maturity (Yang et al., 2008) stages as
much as possible. The N concentrations of the aboveground plant were
determined using the Kjeldahl digestion method (Bremner and
Mulvaney, 1982). At harvest, 4-m2 areas in the middle of each plot were
harvested to determine rice grain yields. The yields were adjusted to
moisture contents of 14% fresh weight. The N balance was calculated
by subtracting N uptake by rice plant from N input as fertilizer.

treatments, P fertilizer was only basally applied while K fertilizer was
applied as a basal (50%) and PI topdressing (50%). The basal fertilizer
was manually broadcast on the soil surface and then tilled into the soil,
and the topdressings were homogeneously broadcast into the surface
water by hand.
2.4. Sampling and analysis
After each artiﬁcial drainage or rainfall event (consecutive rainfall
events on occasion were integrated into one event), the runoﬀ water in
the plastic bucket was used to calculate runoﬀ volumes; when the
runoﬀ volumes exceeded 20 L, the depth of water in the runoﬀ pool was
recorded to calculate runoﬀ volumes. Approximately 1.5 L of the mixed
runoﬀ was collected from each pool and stored in plastic sample bottles
that were then put into an ice box and transported to the laboratory to
be analyzed. Thereafter, the plastic buckets and/or runoﬀ pools were
cleaned and prepared for the next runoﬀ collection. The ﬁltered runoﬀ
was analyzed for NH4+-N and NO3−-N concentrations using a continuous ﬂow analyzer (Skalar San++, Netherlands). The concentrations
of TN in unﬁltered runoﬀ samples were analyzed with the same apparatus.

2.6. Statistical analysis
Nitrogen (TN, NH4+-N and NO3−-N) losses were calculated by
multiplying the surface runoﬀ volumes by the corresponding N concentrations in the runoﬀ water at each sampling event over the whole
growing season. All data analyses were conducted using the SPSS 13.0
statistical software package (SPSS Inc., 2004). The eﬀects of grain yield,
seasonal total runoﬀ volume, and total nitrogen (TN), NH4+-N and
NO3−-N runoﬀ losses from rice ﬁelds were evaluated using one-way
repeated measures analysis of variance (ANOVA). When a signiﬁcant
eﬀect was detected, least signiﬁcant diﬀerence (LSD) test was performed at the P < 0.05 level of probability to determine the diﬀerences
among the rice cultivation methods during the two-year ﬁeld

2.5. Other measurements
The rice plants were sampled from 0.5 m2 in each plot to determine
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(Fig. 2). The results imply that the timing of fertilization in conjunction
with precipitation and/or artiﬁcial drainage could be an important
factor for high TN concentrations in the runoﬀ from rice ﬁelds.
The NH4+-N and NO3−-N concentrations in runoﬀ water from the
diﬀerent treatments ﬂuctuated greatly from 0.14 to 6.80 mg N L−1 and
from 0.28 to 3.03 mg N L−1, respectively, in both years (Fig. 2). The
seasonal patterns of NH4+-N under the four rice cultivation methods
were similar to the TN concentration patterns in runoﬀ water, and the
highest peaks of NH4+-N concentrations during the two rice seasons,
i.e., 6.62 mg N L−1 in 2013 and 6.80 mg N L−1 in 2014, occurred in
WDSR due to the artiﬁcial drainage before sowing. As the ﬁelds were
kept moist during the ﬁrst two weeks after sowing in direct-seeded rice,
the NH4+-N concentrations under DDSR and WDSR on 25 June 2013
and 26 June 2014 were signiﬁcantly lower than those under CTSR and
MTSR (Figs. 1 and 2). However, higher NH4+-N concentrations in
runoﬀ water were observed under DDSR and WDSR on both 6 July
2013 and 2 July 2014, and NO3−-N concentrations were also signiﬁcantly higher under DDSR and WDSR than CTSR and MTSR before
the midseason aerations in the 2013 and 2014 rice seasons. During and
after the midseason aerations, the NO3−-N concentrations from the four
rice cultivation methods were similar in 2013, but in 2014, the NO3−-N
concentrations were signiﬁcantly higher under DDSR than CTSR, MTSR
and WDSR.

experiment (Chen et al., 2017b).
3. Results
3.1. Runoﬀ during the rice growing season
The seasonal precipitation varied widely during the two years of the
experiment, totaling 481 mm in 2013 and 755 mm in 2014 (Fig. 1), and
it appeared to be the main factor governing the variation in surface
runoﬀ. Rainfall caused 5 and 4 runoﬀ events in the 2013 and 2014 rice
seasons, respectively, with each resulting in runoﬀ volumes of
73–436 m3 ha−1 and 294–702 m3 ha−1. The WDSR treatment experienced a total of 6 runoﬀ events in 2013 and 5 runoﬀ events in 2014
because of the artiﬁcial drainage before sowing, and CTSR and MTSR
exhibited similar seasonal patterns in runoﬀ volumes during the rice
growing season, with peaks occurring on 31 July 2013 and 31 August
2014. In contrast, direct-seeded rice (DDSR and WDSR) changed the
runoﬀ volume patterns, with peaks occurring on 25 June 2013 and 26
June 2014, both within the ﬁrst two weeks after sowing. Compared to
seedling transplantation, direct-seeded rice signiﬁcantly increased the
runoﬀ volumes by 85–124% on 25 June 2013 and by 113–138% on 26
June 2014, but there were no signiﬁcant diﬀerences between the four
rice cultivation methods during and after the midseason aerations
mainly because their water management schedules were the same
(Fig. 1).
Signiﬁcant diﬀerence of seasonal total runoﬀ volumes was observed
among rice cultivation methods (Table 2). The seasonal runoﬀ volumes
ranged from 775 to 2397 m3 ha−1 in the two years. Relative to CTSR,
WDSR increased the total runoﬀ volume by 76% in 2013 and by 46% in
2014, while DDSR increased this volume by 30% in 2013 and by 26% in
2014. MTSR exhibited slightly higher total runoﬀ volumes than CTSR
(Table 3). The observed results indicated that the direct-seeded rice
cultivation methods signiﬁcantly increased the runoﬀ volumes from
rice ﬁelds.

3.3. Nitrogen runoﬀ losses
Nitrogen loss occurs via surface runoﬀ water. As shown in Table 3,
the observed seasonal TN runoﬀ losses from the rice ﬁeld varied from
1.99 to 5.35 kg N ha−1, accounting for 0.74–1.98% of the seasonal N
input in 2013, whereas in 2014, the TN runoﬀ losses ranged from 4.19
to 10.18 kg N ha−1, accounting for 1.55%–3.77% of the seasonal N
application rate. Rice cultivation methods had signiﬁcant eﬀects on
seasonal TN runoﬀ losses (Table 2). The TN runoﬀ losses were much
greater in the 2014 rice season than in the 2013 season, and the two
direct-seeded rice cultivation methods exhibited more TN losses than
the transplanted seedling rice cultivation methods. The seasonal TN
losses increased by 169% and 31% in 2013 and by 143% and 84% in
2014 under WDSR and DDSR compared with those of CTSR, respectively. In addition, MTSR increased the TN runoﬀ losses by 4% in 2013
and by 9% in 2014 compared with those of CTSR, although the differences were not statistically signiﬁcant (Table 3). Approximately
78–95% of the seasonal TN losses occurred during the growth period
from plot planting to PI, which showed that the main TN losses generally occurred during the early period of rice growth, as clearly shown
in Table 4. The N runoﬀ losses under WDSR were 203% and 182%
higher than those of CTSR during the early growth period in 2013 and
2014, respectively, and the corresponding N runoﬀ losses in DDSR increased by 35% and 105% compared with those of CTSR during the
same period in 2013 and 2014, which was mainly due to much higher N
runoﬀ losses under direct-seeded rice on 14 and 25 June in 2013 and 14
and 26 June and 2 July in 2014. However, no signiﬁcant eﬀects of rice
cultivation methods on runoﬀ N losses were found during the later rice
seasons (Table 4). The ﬁeld observations indicated that direct-seeded

3.2. Nitrogen concentration in runoﬀ
The TN concentrations in the runoﬀ from CTSR, MTSR, DDSR and
WDSR
were
1.07–4.95 mg N L−1,
1.12–4.35 mg N L−1,
−1
−1
1.25–8.57 mg N L
and 1.23–10.94 mg N L , respectively, during
the entire experimental period (Fig. 2). Runoﬀ that occurred within one
week after fertilizer application or during the early period of rice
growth had much higher TN concentrations than during the middle and
later growth periods (Fig. 1 and 2). For example, the TN concentration
in the ﬁrst runoﬀ event (2 d after basal fertilizer application) from
WDSR was 10.30 mg N L−1 in 2013 and 10.94 mg N L−1 in 2014. On 2
July 2014, 2 d after the ﬁrst top dressing application of direct-seeded
rice, the TN concentrations in the runoﬀ water were 8.57, 8.18, 4.32
and 2.85 mg N L−1 for DDSR, WDSR, MTSR and CTSR, respectively,
and the TN concentrations of DDSR and WDSR were 201% and 187%
higher than that of CTSR, respectively. However, on 31 July, 29 August
and 8 October in 2013 and on 27 July and 31 August in 2014, the
corresponding TN concentrations in the runoﬀ water were lower

Table 2
Results (F values) of one-way repeated measures ANOVA to detect the eﬀects of rice cultivation method on rice yield, seasonal total runoﬀ volume, and total nitrogen (TN), NH4+-N and
NO3−-N runoﬀ losses from rice ﬁelds.
Source of Variance

Between subjects
Rice cultivation method (R)
Within subjects
Year (Y)
Y×R
a

Total runoﬀ volumes
(m3 ha−1)

TN runoﬀ losses (kg N ha−1)

NH4+-N runoﬀ losses
(kg N ha−1)

NO3−-N runoﬀ losses
(kg N ha−1)

Yield (t ha−1)

157.48**a

95.90**

153.56**

195.68**

29.37**

822.75**
2.54

569.49**
24.63**

559.67**
14.42**

352.76**
21.46**

26.68**
0.99

** Indicates signiﬁcant diﬀerence at p < 0.001.
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Table 3
Seasonal total runoﬀ volumes, total nitrogen (TN), NH4+-N and NO3−-N runoﬀ losses from diﬀerent rice cultivation methods in 2013 and 2014.
Rice
season

Rice cultivation
methodsa

Total runoﬀ volumes
(m3 ha−1)

TN runoﬀ losses
(kg N ha−1)

TN apparent runoﬀ loss
rate (%)

NH4+-N runoﬀ losses
(kg N ha−1)

NO3−-N runoﬀ losses
(kg N ha−1)

2013

CTSR
MTSR
DDSR
WDSR

775 ± 26 fb
809 ± 37 f
1009 ± 45 e
1365 ± 77 d

1.99
2.07
2.60
5.35

0.74
0.77
0.96
1.98

±
±
±
±

0.02 f
0.03 f
0.04 e
0.25 c

0.83
0.76
0.50
2.65

±
±
±
±

0.04 d
0.02 d
0.06 e
0.34 bc

0.59
0.61
1.69
1.97

±
±
±
±

0.05
0.04
0.11
0.05

d
d
bc
b

2014

CTSR
MTSR
DDSR
WDSR

1640
1674
2070
2397

4.19 ± 0.23 d
4.57 ± 0.41 cd
7.71 ± 0.70 b
10.18 ± 1.05 a

1.55
1.69
2.85
3.77

±
±
±
±

0.08 d
0.15 cd
0.26 b
0.39 a

2.17
2.31
3.08
5.15

±
±
±
±

0.17
0.24
0.26
0.48

1.48
1.64
4.24
4.03

±
±
±
±

0.14
0.14
0.31
0.53

c
bc
a
a

±
±
±
±

66 c
82 c
114 b
146 a

±
±
±
±

0.05 f
0.09 f
0.11 e
0.70 c

c
c
b
a

a
The rice cultivation methods are: conventional manually transplanted seedling rice (CTSR, control treatment), mechanically transplanted seedling rice (MTSR), dry direct-seeded rice
(DDSR), and wet direct-seeded rice (WDSR).
b
The data are presented as the means ± SD (n = 4); diﬀerent letters within the same column indicate a signiﬁcant diﬀerence (P < 0.05) between treatments.

CTSR or MTSR (Fig. 3). Direct-seeded rice decreased N uptake by
42–55% at MT and by 4–10% at heading or maturity compared with
transplanted seedling rice, indicating that direct-seeded rice had a
lower N use eﬃciency. The N balance (N input as fertilizer – N uptake)
under WDSR and DDSR was signiﬁcantly higher than that under CTSR
or MTSR at MT and PI, meaning that direct-seeded rice had a higher
risk of N loss at early rice growth stages (Fig. 3). In addition, the ﬁeld
measurements showed that converting from CTSR to WDSR or DDSR
signiﬁcantly decreased grain yields by 9–15% across seasons (Table 5).
Although the N uptake and grain yields were lower for the MTSR
treatment than the CTSR treatment, this eﬀect was not statistically
signiﬁcant. Yield-based N runoﬀ losses occurred in the following order:
WDSR > DDSR > MTSR > CTSR (Table 5).

rice signiﬁcantly increased the seasonal TN runoﬀ losses mainly due to
the much higher runoﬀ N losses during the early growth period than
with transplanted seedling rice.
The seasonal NH4+-N and NO3−-N runoﬀ losses of the rice cultivation methods were 0.84–5.17 kg N ha−1 and 0.61–4.33 kg N ha−1 in
the two years, respectively (Table 3). Averaged over the two years,
NH4+-N was the main form of N lost in runoﬀ under CTSR, MTSR and
WDSR, which accounted for 47%, 44% and 50% of the TN lost, respectively, while the main form of N lost by runoﬀ under DDSR was
NO3−-N, which accounted for 65% and 55% of the TN lost in 2013 and
2014. Compared with CTSR, WDSR signiﬁcantly increased the seasonal
NH4+-N and NO3−-N losses in the runoﬀ by 137–232% from the rice
ﬁelds, whereas DDSR signiﬁcantly increased the seasonal NO3−-N
runoﬀ losses by 186% compared with those of CTSR in the 2013 and
2014 rice season, respectively.

4. Discussion
By analyzing the characteristics of N runoﬀ losses and grain yield
under four rice cultivation methods from rice ﬁelds in southeastern
China, we demonstrated that N runoﬀ losses associated to diﬀerent
water regime and N management patterns. Signiﬁcant diﬀerences were

3.4. Nitrogen uptake, grain yields and yield-based nitrogen runoﬀ losses
At MT and PI stages in the 2013 and 2014, the N uptake values from
WDSR and DDSR were similar and signiﬁcantly lower than those from

Fig. 2. Total nitrogen (TN), NH4+-N, and NO3−-N
concentrations in the runoﬀ from the diﬀerent
treatments (conventional manually transplanted
seedling rice (CTSR), mechanically transplanted
seedling rice (MTSR), dry direct-seeded rice (DDSR)
and wet direct-seeded rice (WDSR)) in 2013 and
2014. The vertical bars represent the standard deviation for each mean value (n = 4).
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Table 4
Total nitrogen (TN) runoﬀ losses from diﬀerent rice cultivation methods in each surface runoﬀ event in the 2013 and 2014 rice seasons (kg N ha−1).
Date of runoﬀ event (yyyy-mm-dd)

CTSRa

2013-06-14
2013-06-25
2013-07-06
2013-07-31
2013-08-29
2013-10-08

–
0.96
0.30
0.41
0.23
0.08

±
±
±
±
±

0.06
0.02
0.03
0.03
0.01

b (48.5%)b
c (15.2%)
ab (20.8%)
a (11.6%)
a (3.9%)

–
0.91
0.41
0.44
0.23
0.08

±
±
±
±
±

0.07
0.05
0.03
0.03
0.01

b (43.9%)
b (20.0%)
ab (21.0%)
a (11.0%)
a (4.1%)

–
1.32
0.47
0.48
0.23
0.10

±
±
±
±
±

0.09
0.06
0.04
0.02
0.01

a
a
a
a
a

(50.9%)
(17.9%)
(18.6%)
(8.8%)
(3.8%)

3.15
1.12
0.44
0.38
0.18
0.08

±
±
±
±
±
±

0.26
0.12
0.05
0.11
0.09
0.03

(58.8%)
a (21.0%)
ab (8.3%)
b (7.1%)
a (3.3%)
a (1.5%)

2014-06-14
2014-06-26
2014-07-02
2014-07-27
2014-08-31

–
1.40
1.11
0.76
0.91

±
±
±
±

0.10
0.09
0.04
0.10

c (33.4%)
c (26.6%)
b (18.2%)
a (21.8%)

–
1.12
1.76
0.75
0.94

±
±
±
±

0.11
0.17
0.09
0.09

d (24.5%)
b (38.5%)
b (16.4%)
a (20.6%)

–
1.99
3.82
0.92
0.98

±
±
±
±

0.20
0.43
0.13
0.06

b (25.8%)
a (49.5%)
a (12.0%)
a (12.7%)

2.97
2.80
3.63
0.83
0.94

±
±
±
±
±

0.54
0.15
0.36
0.06
0.10

(29.2%)
a (17.7%)
a (35.7%)
ab (8.1%)
a (9.3%)

MTSR

DDSR

WDSR

a
The rice cultivation methods are conventional manually transplanted seedling rice (CTSR, control treatment), mechanically transplanted seedling rice (MTSR), dry direct-seeded rice
(DDSR), and wet direct-seeded rice (WDSR).
b
The data are presented as the means ± SD (n = 4); diﬀerent letters within the same row indicate a signiﬁcant diﬀerence (P < 0.05) between treatments. The data in parentheses
are the percentages of the contribution to the seasonal TN runoﬀ losses.

Fig. 3. Seasonal nitrogen (N) uptake and N balance under conventional manually transplanted seedling rice (CTSR), mechanically
transplanted seedling rice (MTSR), dry direct-seeded rice (DDSR) and
wet direct-seeded rice (WDSR) in the 2013 and 2014 growing seasons.
The vertical bars represent the standard deviation of each mean value
(n = 4).

in this study will be useful for farmers to opt for an appropriate rice
cultivation method for achieving maximum grain yield with minimal
environmental costs.

Table 5
Grain yields and total nitrogen (TN) runoﬀ losses on a unit grain basis under diﬀerent rice
cultivation methods in the 2013 and 2014 rice growing seasons.
Rice
season

Rice cultivation
methoda

Grain yield (t ha−1)

b

TN runoﬀ losses on a unit
grain basis (kg N t−1)

2013

CTSR
MTSR
DDSR
WDSR

11.2 ± 0.40 a
11.0 ± 0.37 a
9.9 ± 0.35 cd
10.1 ± 0.38 c

0.18
0.19
0.26
0.53

±
±
±
±

0.01 f
0.01 f
0.02 e
0.03 c

2014

CTSR
MTSR
DDSR
WDSR

10.7 ± 0.38 ab
10.3 ± 0.32 bc
9.5 ± 0.29 de
9.2 ± 0.24 e

0.39
0.44
0.81
1.11

±
±
±
±

0.02 d
0.02 cd
0.04 b
0.06 a

4.1. Eﬀects of rice cultivation methods on runoﬀ volumes from rice ﬁelds
In this two-year ﬁeld study, the seasonal runoﬀ volumes from different rice cultivation methods ranged from 775 to 2397 m3 ha−1. This
is generally comparable to results from early studies conducted in this
area (Guo et al., 2004; Tian et al., 2007; Zhao et al., 2012). It is generally believed that a moist but unsaturated soil environment during the
ﬁrst two weeks in DDSR/WDSR rice, which facilitates seedling establishment and herbicide application, can eﬀectively save irrigation water
in rice production systems (Bhushan et al., 2007; Rao et al., 2007;
Tabbal et al., 2002; Yadav et al., 2011). However, we found that directseeded rice signiﬁcantly increased runoﬀ volumes by 26–76% compared with those under CTSR during the two study years. This might be
mainly due to the higher runoﬀ volumes during the ﬁrst two weeks in
WDSR and DDSR (Table 3, Fig. 1). This phenomenon might be primarily
caused by precipitation and/or artiﬁcial drainage. The volume of runoﬀ
water was closely correlated with precipitation and the height of the
drainage outlet in rice ﬁelds (Tian et al., 2007; Zhao et al., 2012). Because the water was not allowed to remain in the ﬁelds during the ﬁrst
two weeks in WDSR and DDSR in the present study, the height of the
ﬁeld drainage outlet remained 0 cm (equal to the rice soil level), so
surface runoﬀ could occur whenever the amount of rainfall exceeded
the soil storage capacity (Tabbal et al., 2002). Meanwhile, because the
CTSR ﬁelds were submerged under approximately 3–5 cm of water to
promote normal rice growth and had a 10-cm-high drainage outlet,

a
The rice cultivation methods are conventional manually transplanted seedling rice
(CTSR, control treatment), mechanically transplanted seedling rice (MTSR), dry directseeded rice (DDSR), and wet direct-seeded rice (WDSR).
b
The data are presented as the means ± SD (n = 4); diﬀerent letters within the same
column indicate a signiﬁcant diﬀerence (P < 0.05) between treatments.

found among rice cultivation methods in grain yield, seasonal total
runoﬀ volume, and total nitrogen (TN), NH4+-N and NO3−-N runoﬀ
losses from rice ﬁelds. To our knowledge, this is the ﬁrst study to investigate the eﬀects of rice cultivation methods on N runoﬀ losses from
rice ﬁelds. Our results could have important implications: First, it
provides the characteristics of N lost via runoﬀ from rice ﬁelds, which
may help determine when losses are greatest and how to minimize N
entering water bodies. Second, the values of N runoﬀ losses under
diﬀerent rice cultivation methods could contribute to better quantify N
losses from rice production systems in surface runoﬀ water. The results
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rainfall could be partly intercepted and stored in the ﬁelds before the
level of the ponding water layer exceeded the height of the drainage
outlet (Liang et al., 2013). Consequently, on 25 June 2013 and on 26
June 2014, it was not surprising that runoﬀ volumes were much higher
under WDSR and DDSR than CTSR (Fig. 1). Our ﬁndings therefore
support the conclusion that saturated soil culture had higher runoﬀ
volumes compared to continuously standing water treatment in rice
ﬁelds when rainfall was relatively high (Tabbal et al., 2002). In this
two-year experiment, WDSR led to the highest seasonal runoﬀ volumes,
mainly due to its artiﬁcial drainage before sowing (Table 3, Fig. 1).
However, it is common practice to drain the remaining water from the
ﬁeld before sowing to ensure a good crop stand in WDSR (Kumar and
Ladha, 2011; Li et al., 2011; Tabbal et al., 2002; Zhao et al., 2012).

MTSR and DDSR, and this was mainly caused by artiﬁcial drainage
before sowing under WDSR, which increased both runoﬀ volumes and
N concentrations. Therefore, our results highlight the importance of
mitigating N losses in surface runoﬀ during the early rice growing
period (Qiao et al., 2012; Yoshinaga et al., 2007; Zhao et al., 2012). For
direct-seeded rice, it is diﬃcult to change the water management to
decrease runoﬀ volumes during the early rice growth period, so the
only way to reduce TN runoﬀ loss is to lower the N concentration in the
runoﬀ water. For example, shifting N application to later in the season,
applying controlled-release fertilizer and the deep placement of urea
could eﬀectively minimize N runoﬀ losses (Wang et al., 2015; Xue et al.,
2014), but we still need to closely monitor the possible tradeoﬀs between decreased N runoﬀ losses and decreased yields.

4.2. Eﬀects of rice cultivation methods on N runoﬀ losses from rice ﬁelds

5. Conclusions

The seasonal TN runoﬀ losses in the two experimental years ranged
from 1.99 to 10.18 kg N ha−1, accounting for 0.74–3.77% of the seasonal N application rate. These values are within the range reported in
the same area from WDSR (Zhao et al., 2012) and transplanted seedling
rice cultivation (Chen et al., 2015; Guo et al., 2004; Liang et al., 2013;
Qiao et al., 2012; Tian et al., 2007; Xue et al., 2014; Zhao et al., 2015).
It has long been known that agricultural management practices have a
major inﬂuence on N losses in surface runoﬀ, including the rice cultivar, soil tillage, water regime, and N management, among other
practices (Chen et al., 2015; Linquist et al., 2014; Xue et al., 2014;
Yoshinaga et al., 2007). The results of the present study showed great
variation in the impacts of alternative rice cultivation methods on N
runoﬀ losses. WDSR and DDSR signiﬁcantly increased seasonal TN
losses by 31–169% in comparison with that of CTSR; MTSR slightly
increased seasonal TN losses compared with that of CTSR. Moreover,
our ﬁndings (Table 4) further demonstrated that the main TN runoﬀ
losses generally occurred during early rice growth even though the
agricultural management remained constant (Guo et al., 2004; Xue
et al., 2014; Zhao et al., 2012). This may be because a much higher
amount of N fertilizer was used during the early period of rice growth in
this area (Chen et al., 2015; Xue et al., 2014), accounting for 60% of the
seasonal N (i.e., 162 kg N ha−1) input in this study (Table 1) which is
greater than the N requirement during the early rice period (Fig. 3),
thus increasing the risk of N loss.
Compared with transplanted seedling rice, direct seeding of rice
signiﬁcantly increased runoﬀ N losses by 35–203% during the early
growth period, thus increasing seasonal TN runoﬀ. There may be two
reasons for the greater TN runoﬀ losses during the early growth period
of direct-seeded rice compared to the transplanted seedling rice in this
study. First, as discussed earlier, direct-seeded rice signiﬁcantly increased runoﬀ volumes during the early growth period compared with
transplanted seedling rice. On 25 June 2013 and 26 June 2014, directseeded rice signiﬁcantly increased the runoﬀ volumes by 85–124% and
by 113–138%, respectively, although the corresponding TN concentrations in the runoﬀ water were much lower than those with
transplanted seedling rice. As a result, the TN runoﬀ losses from directseeded rice were 17–78% higher than those from the transplanted
seedling rice. Second, direct-seeded rice increased the TN runoﬀ losses
during the early rice growth period by increasing the N concentration in
runoﬀ water, especially on 2 July 2014. Relative to CTSR, direct-seeded
rice increased TN concentrations by 187–201%, and the corresponding
TN runoﬀ losses increased by 227–244%. However, no signiﬁcant differences in runoﬀ volumes were found among diﬀerent rice cultivation
methods. The uptake of more N during the early rice growth stage is
regarded as a key factor in reducing N runoﬀ losses from rice ﬁelds
(Chen et al., 2015); therefore, in the present study, higher N runoﬀ
losses from direct-seeded rice were probably associated with its lower N
uptake during the early growth period, which may have caused higher
TN concentrations in the runoﬀ water. The TN runoﬀ losses under
WDSR in this study were signiﬁcantly greater than those under CTSR,

This two-year ﬁeld experiment investigated the impacts of rice
cultivation methods on N runoﬀ losses from intensively cultivated rice
ﬁelds in southeastern China. In both years, the seasonal total runoﬀ
volumes and TN runoﬀ losses were signiﬁcantly higher for WDSR and
DDSR than for CTSR. MTSR exhibited slightly higher seasonal total
runoﬀ volumes and TN runoﬀ losses than did CTSR. The main forms of
N lost in runoﬀ were NH4+-N under CTSR, MTSR and WDSR and NO3−N under DDSR. Our results showed that the TN losses primarily occurred during the early period of rice growth. Direct-seeded rice signiﬁcantly increased runoﬀ N losses during the early growth period by
increasing runoﬀ volumes and/or N concentrations compared to
transplanted seedling rice, thus increasing seasonal TN runoﬀ losses.
Considering N runoﬀ losses and grain yield, MTSR might potentially be
recommended to the regional farmers in southeastern China as an environmentally friendly alternative rice cultivation method.
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