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• Suspended solids and P runoff were
measured under four rice establishment
methods.
• Total suspended solids losses from direct seeding were signiﬁcant higher
than seedling transplanting.
• Direct seeding signiﬁcantly increased
total P, dissolved P, and particulate P
losses in runoff.
• Particulate P was the main form of P lost
in runoff from paddy ﬁeld.
• Total suspended solids had signiﬁcant
positive correlations with total P, dissolved P, and particulate P.
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a b s t r a c t
Estimating soil erosion and nutrient losses from surface runoff in paddy ﬁelds is essential for the assessment of
sustainable rice (Oryza sativa L.) production and water quality protection. Different rice establishment methods
have been used in the last three decades in Asia; however, it is still unclear how these methods inﬂuence sustainable agriculture and environmental protection in humid areas. The aim of this study was to evaluate the impacts
of rice establishment method on soil erosion and phosphorus (P) losses from surface runoff in Hydragric
Anthrosols under a subtropical monsoon climate. Total suspended solids (TSS), total P (TP), dissolved P (DP),
and particulate P (PP) runoff losses were measured under four rice establishment treatments in 2013 and
2014, including traditional manual transplanting (TT), mechanical transplanting (MT), dry direct seeding (DD),
and wet direct seeding (WD). The results showed that the seasonal TSS in the runoff varied from 59.9 to
829.8 kg ha−1 in the two years. Compared with TT, the DD signiﬁcantly increased the TSS by 481% in 2013 and
by 349% in 2014, while the WD signiﬁcantly increased TSS by 783% in 2013 and by 571% in 2014. In the 2013
and 2014 rice seasons, the ﬁeld-observed TP runoff losses were from 0.18 to 1.51 kg ha−1. Compared with TT,

2

W. Zhou et al. / Science of the Total Environment 695 (2019) 133845

Transplanting
Rice production

the DD signiﬁcantly increased the TP lost by 222% in 2013 and by 197% in 2014, whereas the WD signiﬁcantly increased the TP lost by 483% in 2013 and by 387% in 2014. However, the TSS and P losses from the MT and TT were
similar in both years. The PP runoff losses accounted for 58–77% of the seasonal TP lost. These ﬁndings demonstrate that the conversion of traditional manual transplanting to direct seeding increased soil erosion and P runoff
losses in subtropical China.
© 2019 Published by Elsevier B.V.

1. Introduction
Soil erosion by water is responsible for topsoil losses from farmland
and results in reduced crop production potential, threatening agricultural sustainability throughout the world (Montgomery, 2007;
Amundson et al., 2015). Additionally, the transport of suspended solids
or sediments along with nutrients (particularly phosphorus [P]) from
agricultural ﬁelds is one of the major contributors to surface water pollution (Sharpley and Tunney, 2000; Conley et al., 2009; Rickson, 2014).
Rice (Oryza sativa L.) is the world's third most important food crop. To
meet the food demand for the increasing population, global rice production should increase by 28% by 2050 (Alexandratos and Bruinsma,
2012). Thus, to advance our understanding of sustainable rice production and water quality protection, more information concerning agricultural management strategies on soil erosion and P losses from paddy
ﬁelds to surface waters is urgently needed.
Soil erosion is a complex process that mainly involves the detachment and transport of soil particles (Lal, 1998; Wei et al., 2009;
Ouyang et al., 2018). Numerous studies have documented that the
total suspended solids (TSS) concentrations in runoff water are low in
paddy ﬁelds (Wang et al., 2001; Lapong et al., 2012). For example,
Linquist et al. (2014) found that the mean TSS concentrations from California ﬁelds ranged from 28 to 35 mg L−1 during the rice season under
a Mediterranean climate. In contrast, much higher TSS concentrations
were recorded in surface runoff water from paddy ﬁelds in Pagsanjan,
Philippines (81–2936 mg L−1) under a wet tropical climate (Sanchez
et al., 2012) and in Louisiana, USA (200–7880 mg L−1) under a humid
subtropical climate (Feagley et al., 1992). The underlying mechanisms
associated with the TSS concentrations in runoff water are still unresolved. This is because many potential factors can affect the TSS concentrations in the runoff water such as rainfall characteristics, soil structure
and composition, surface cover, and agricultural management (Lal,
1998; Liu et al., 2017; Dai et al., 2018; Oshunsanya et al., 2018). For example, Feagley et al. (1992) reported that optimized agricultural practices such as no tillage signiﬁcantly reduced TSS losses from Louisiana
rice ﬁelds.
In general, P losses from paddy ﬁelds occur predominantly through
surface runoff because of the existence of a plow pan that prevents
downward water inﬁltration (Wang et al., 2001). Previous studies
show that P runoff losses are inﬂuenced by a range of climatic and soil
parameters and agricultural practices, including rainfall amount and intensity, soil texture, cover crops, rate and type of P fertilizer, timing and
method of P application, soil tillage and irrigation regimes (Sharpley,
1980; Daniel et al., 1998; Poudel et al., 2013; Linquist et al., 2014). Phosphorus in runoff exists in dissolved or particulate form (Daniel et al.,
1998). Therefore, effective strategies for controlling P runoff losses
would decrease runoff volumes and TSS losses through soil and water
conservation techniques and decrease the P concentration in runoff by
lowering the P content in topsoil (Zhang et al., 2004, 2007; Lundy
et al., 2012; Liang et al., 2013; Smith et al., 2017). However, the inﬂuence
of rice establishment method on P exports via runoff from paddy ﬁelds
remains unclear (Zhang et al., 2015).
In China and South Asia, alternative rice establishment methods,
such as mechanical transplanting (MT) and direct seeding, have been
progressively adopted in response to an acute labor shortage and an increase in labor costs during the past three decades (Kumar et al., 2019;
Liu et al., 2019). Among the different rice establishment methods, one of

the most considerable differences is the irrigation regime at the early
growth stage (Hang et al., 2014). For example, after puddling and seedling transplanting, the ﬁelds under traditional manual transplanting
(TT) and MT are typically ﬂooded until midseason aerations (Hang
et al., 2014). For wet direct seeding (WD) and dry direct seeding (DD),
the ﬁelds remain moist but unsaturated after sowing rice seeds to the
puddled and unpuddled soils. In addition, WD requires one temporary
drainage before sowing rice seeds (Tabbal et al., 2002).
Fertilizer P that has recently been applied to paddy soil has considerable potential to be lost via surface runoff (Daniel et al., 1998). In subtropical China, which has a typical monsoon climate, the rice season
coincides with the main rainy season of the year (Wang et al., 2018).
With the protection of ponding water, ﬂat paddy ﬁelds using TT usually
experience little soil erosion, and most P runoff losses occur when rainfall is relatively high during the early growth stage (Wang et al., 2001;
Cao and Zhang, 2004; Kim et al., 2006). In contrast, without the protection of ponding water within the ﬁrst two weeks after sowing, soil and
water are easily be transported from direct-seeded ﬁelds when heavy
rainfall occurs, thus leading to TSS and P runoff losses. Therefore, we hypothesized that replacing TT with direct seeding methods (DD and WD)
would increase TSS and P losses via runoff. To test this hypothesis, a ﬁeld
study was conducted under natural rainfall conditions to quantify TSS
and P losses in the TT, MT, DD, and WD from paddy ﬁelds in subtropical
China. In a previous paper, we reported that direct seeding resulted in
signiﬁcantly higher runoff volumes than those of seedling transplanting
methods (Zhang et al., 2018). The objectives of the present study were
(1) to examine the characteristics of TSS and TP, DP, and PP runoff losses
from rice production systems and (2) to evaluate crop establishment
methods in rice with the potential to alleviate TSS and P runoff losses
from paddy ﬁelds.
2. Materials and methods
2.1. Study site
The experiment site was at the Baima Experimental Station of Plant
Science (31°60′N, 119°18′E, 7 m) in Nanjing City, China (Fig. 1A). This
region has a typical subtropical monsoon climate with mean annual
precipitation of 1037 mm and an annual mean temperature 15.5 °C.
The slope across this region is gentle (b0.1°). Further details about the
daily precipitation during the rice seasons are given in Zhang et al.
(2018). The experimental soil was classiﬁed as Hydragric Anthrosols
(FAO, 2015) and had a silty clay loam texture with 312, 497 and
191 g kg−1 sand, silt and clay, respectively. In 0–20 cm topsoil, the
bulk density was 1.27 g cm−3, pH value was 6.3, organic carbon was
14.3 g kg−1, total N was 0.89 g kg−1, total P was 0.26 g kg−1, Olsen-P
was 12.1 mg kg−1, and NH4OAc-K was 90.3 mg kg−1.
2.2. Experimental design
This study was arranged as a randomized complete block design
with four replicates of each treatment. The four rice establishment treatments used were traditional manual transplanting (TT, as a control),
mechanical transplanting (MT), dry direct seeding (DD), and wet direct
seeding (WD). The plots were 7.5 m × 4 m in size, and there were cement borders between two adjacent plots (Fig. 1). Each plot had a cement runoff pool (4 m long × 1 m wide × 1 m deep) to collect the
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Fig. 1. Map of the study area location (A). Photographs showing overview of the experiment site (B), experiment plot at heading stage (C), and the runoff pool (D).

runoff and suspended solids. A polyvinyl chloride pipe was installed to
link the plot and the runoff pool. In the runoff pool, a 20-L bucket was
adopted to help collect the runoff.
2.3. Agricultural practices
The rice cultivar Nanjing 5055 was used in 2013 and 2014. All treatments received the same nitrogen (N, urea), P (calcium superphosphate) and potassium (potassium chloride) fertilizers at the rates of
270 kg N, 135 kg P2O5 and 135 K2O ha−1. For the TT, N was applied as
basal fertilizer (30%), tillering fertilizer (7 days after transplanting,
30%), and panicle fertilizer (40%). For the MT, N was applied as basal fertilizer (20%), tillering fertilizer (7 and 14 days after transplanting, both
20%), and panicle fertilizer (40%). For the DD and WD, N was applied
as basal fertilizer (20%), at 20% at 16 and 23 days after sowing as tillering
fertilizer, and at 40% as panicle fertilizer. Phosphorus fertilizer under all
treatments was applied as the basal fertilizer at one time, while potassium fertilizer was applied as basal fertilizer (50%) and panicle fertilizer
(50%). On 12 June in 2013 and 2014, the basal fertilizer was applied and
incorporated into the soil using a tractor (Dongfeng DF-15, Changzhou,
China) during the main ﬁeld preparation. The top-dressings were surface broadcast into the ponding water. When the plot ﬁeld was waterlogged, the height of the outlet gate for each plot was set at 0.10 m.
For the TT, seedlings were raised on the nursery land, with a sowing
date on 14 May, and then transplanted to the main ﬁeld on 14 June in
2013 and 2014. Spacing of the hills was 13.3 by 30.0 cm with two seedlings per hill. For the MT method, pre-germinated seeds were sown in
seedbeds on 28 May in both years. The seedlings were transplanted
on 14 June using a transplanter (Tongyang PF455S (walk behind),
Yancheng, China) with 11.7 cm × 30.0 cm hill spacing at a density of
2–3 seedlings hill−1. In 2013 and 2014, the crop was harvested by
hand on 25 October under the TT and on 26 October under the MT.
The TT and MT adopted the same irrigation regime and weed control
practices in the main ﬁeld in both years. On 13 June, the ﬁelds were
soaked and puddled for seedling transplantation. From 14 June to 24
July, the ﬁelds were submerged with water, approximately 3–5 cm in
depth, then drained dry several times to moisten the soil proﬁle from
25 July to 3 August and from 25 July to 2 August in 2013 and 2014, respectively, followed by intermittent irrigation until 10 days before
crop harvest. The recommended herbicides, i.e., butachlor (502.5 g a.i.
ha−1) and bensulfuron-methyl (22.5 g a.i. ha−1), were mixed and applied on 21 June in both the 2013 and 2014 rice seasons.
For the DD, before seed sowing, the plot was split into two 1.90-mwide strips that were separated by a furrow (0.20 m wide × 0.15 m
deep). On 13 June in both years, 60 kg ha−1 dry seeds were sown by

hand into the soil with 0.25-m-wide rows and then covered with
loose soil. Then, the ﬁelds were soaked without puddling and then
maintained in a moist condition until 29 June. In contrast, on 13 June,
the ﬁelds under the WD were ﬂooded and then puddled. The next
day, the ﬁelds were drained and 60 kg ha−1 pre-germinated seeds
(24-h soaking plus 12-h incubation) were separately weighed for each
row and then manually sown in 0.25-m-wide rows. From 15 June to
29 June, the ﬁelds were kept moist. From 30 June to harvest, direct
seeding methods (DD and WD) had the same irrigation regime. The
ﬁelds kept a 3- to 5-cm water layer, followed by an episode of midseason drainage, then ﬂooded with intermittent irrigation until
10 days before rice was harvested. The crop under the DD and WD
was harvested on 28 October in both years. For direct seeding,
pretilachlor (427.5 g a.i. ha−1) and bensulfuron-methyl (22.5 g a.i.
ha−1) were mixed as pre-emergence applications and performed on
15 June, while pyribenzoxim (37.5 g a.i. ha−1) was used on 28 June
2013 and 2014.
2.4. Sampling and analysis
All treatments experienced rainfall runoff events on 25 June, 6 July,
31 July, 29 August, and 8 October in 2013 and on 26 June, 2 July, 27
July and 31 August in 2014. The WD experienced an additional drainage
runoff event due to the artiﬁcial drainage before seed sowing on 14 June
in both years. Using volume-depth relationships, the depth of water in
the runoff pool was recorded to calculate runoff volumes for each rainfall event or artiﬁcial drainage. Subsequently, 1500 mL runoff sample
mixed with suspended solids was collected from each plot and then immediately taken to the laboratory for analysis. The TSS concentration
was measured with the heat drying and weighing method. Brieﬂy, an aliquot of 500 mL of the runoff sample was ﬁltered (1.2 μm) and dried at
105 °C for 48 h in an oven. The unﬁltered and ﬁltered (0.45 μm) runoff
samples were determined for the total P (TP) and dissolved P (DP) concentrations according to the standard analytical methods (Surface
Water Environmental Quality Standards of China (GB3838-2002)),
which were modiﬁed from Murphy and Riley (1962) and Eisenreich
et al. (1975). The particulate P (PP) concentration was determined by
subtracting DP from TP (Zhang et al., 2007).
2.5. Data analysis
To calculate the TSS and P exports via surface runoff from the paddy
ﬁeld, the data of runoff volumes that were previously reported in Zhang
et al. (2018) were here used as well. Total suspended solids were determined by multiplying the TSS concentration by the runoff volumes
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3.18 to 1141.6 mg L−1 for the WD (Fig. 2A and B). Surface runoff that occurred during the early growth stage had much higher TSS concentrations than at the middle or later growth stages. On 25 June 2013 and
26 June 2014, the TSS concentrations of the DD and WD were signiﬁcantly higher than those of the seedling transplanting methods (TT
and MT). The seasonal TSS in the runoff exported from the paddy ﬁeld
varied from 59.9 to 829.8 kg ha−1 in the two years (Fig. 3A). No significant difference in TSS was observed between the TT and MT. Compared
with TT, the DD signiﬁcantly increased the TSS by 481% in 2013 and by
349% in 2014, while the WD signiﬁcantly increased the TSS by 783% in
2013 and by 571% in 2014, illustrating that direct seeding remarkably
increased the TSS. Compared with DD, the WD signiﬁcantly increased
seasonal TSS losses by 49–52% in the two years.

(Linquist et al., 2014). Runoff P (TP, DP, and PP) concentrations were
used in conjunction with runoff volumes to determine corresponding
P losses at each sampling event.
The data were tested for normality and homogeneity by using the
Shapiro-Wilk test and Levene's test, respectively. Data normality and
heteroscedasticity were set at P N 0.05. In this study, within the same
year, all the variables (TSS, TP, DP, and PP losses) did not follow the
Gaussian distribution and homogeneity of variances even after logarithmic, reciprocal and square-root transformations. The non-parametric
Kruskal–Wallis ANOVA was applied to analyze differences among different rice establishment methods. If signiﬁcant differences were identiﬁed, non-parametric multiple comparisons were conducted to
identify differences at P b 0.05 within establishment methods. Spearman rank correlation was used to evaluate the relationship between
TSS and P losses. Differences were considered statistically signiﬁcant
at P b 0.05. Statistical analyses were performed with IBM SPSS Statistics
20.0 version (IBM Corp., NY, USA).

3.2. Total phosphorus
The TP concentrations in the runoff water ranged from 0.04 to
1.93 mg L−1 and decreased with the time of the runoff event in the
two years (Fig. 2C and D). The analysis of Spearman rank correlation
showed that the TP concentrations were signiﬁcantly correlated with
TSS concentrations in the surface runoff (Table 1). In the 2013 and
2014 rice seasons, the ﬁeld-observed TP lost via runoff varied from
0.18 to 0.33 kg ha−1, accounting for only 0.13–0.24% of the total P application rate under seedling transplanting methods (TT and MT), whereas
under direct seeding methods (DD and WD), TP losses via runoff varied

3. Results
3.1. Total suspended solids
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Fig. 2. Concentrations of total suspended solids (TSS, A and B), total phosphorus (TP, C and D), dissolved phosphorus (DP, E and F), and particulate phosphorus (PP, G and H) in the surface
runoff from paddy ﬁelds under traditional manual transplanting (TT), mechanical transplanting (MT), dry direct seeding (DD), and wet direct seeding (WD) in 2013 and 2014. Vertical bars
represent the standard deviation (n = 4).
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via runoff by 222% in 2013 and by 197% in 2014, whereas the WD significantly increased the TP lost in runoff by 483% in 2013 and by 387% in
2014. In addition, approximately 63–97% of the seasonal TP runoff
losses occurred within one month after rice planting in all treatments.
Direct seeding methods (DD and WD) signiﬁcantly increased TP runoff
losses by 286–827% within one month after rice planting compared
with that of the TT (Fig. 3B).
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0.11–1.01 kg ha−1 in both years, respectively, accounting for 23–42%
and 58–77% of the seasonal TP lost, respectively (Fig. 3C and D). Compared with TT, the direct seeding methods signiﬁcantly increased the
DP and PP losses by 0.06–0.39 kg ha−1 (86–471%) and by
0.34–0.81 kg ha−1 (309–405%), respectively. No signiﬁcant differences
in DP and PP losses were found between the TT and MT (Fig. 3C and D).
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optimize rice establishment practices for reducing soil erosion and P
runoff losses in subtropical China.

b
0.2

c

c

b

c

c

0.0

-1

PP (kg ha )

1.2

a

D

0.9

b

a
b

0.6
0.3

c

c

c

c

0.0

4.1. Inﬂuence of rice establishment method on soil erosion

2013

2014
Year

Fig. 3. Seasonal total suspended solids (TSS, A), total phosphorus (TP, B), dissolved
phosphorus (DP, C), and particulate phosphorus (PP, D) losses in the surface runoff from
rice ﬁelds under traditional manual transplanting (TT), mechanical transplanting (MT),
dry direct seeding (DD), and wet direct seeding (WD) in 2013 and 2014. Vertical bars
represent the standard deviation (n = 4). Different letters indicate signiﬁcant
differences (P b 0.05) among treatments.

from 0.58 to 1.51 kg ha−1, accounting for 0.43%–1.12% of the total P application rate (Fig. 3B).
No signiﬁcant differences in TP losses was observed between the TT
and MT. Compared with TT, the DD signiﬁcantly increased the TP losses

Table 1
Spearman rank correlation test between total suspended solids (TSS) concentrations and
total phosphorus (TP), dissolved P (DP) and particulate P (PP) concentrations in 2013 and
2014.
Parameters

TP
DP
PP

5

TSS
2013

2014

0.994⁎⁎
0.948⁎⁎
0.894⁎⁎

0.965⁎⁎
0.954⁎⁎
0.962⁎⁎

⁎⁎ Represents signiﬁcant correlation at P b 0.001.

In this study, the seasonal TSS losses under direct seeding methods
(DD and WD) varied from 431.2 to 829.8 kg ha−1 across the two
years. These values are lower than those under a humid subtropical climate (Feagley et al., 1992), but higher than those under a Mediterranean climate (Linquist et al., 2014), indicating that climatic conditions
may play important roles in causing TSS losses under direct seeding
rice (Table 2). In this study (Fig. 3A) and related previous studies
(Wang et al., 2001; Lapong et al., 2012), paddy ﬁelds under TT had
very little soil erosion. This was because the ﬁelds were almost under
ﬂooded conditions for TT, and ponding water protected the soil from
the direct impact of raindrops and decreased ﬂow velocity (Kim et al.,
2006; Chen et al., 2012). As expected, direct seeding methods signiﬁcantly increased seasonal TSS losses by 349–783% compared with that
in the TT across the two continuous rice seasons. One primary explanation was the higher TSS concentrations within the ﬁrst two weeks under
DD and WD (Fig. 2A and B) as well as the corresponding higher runoff
volumes that we reported in the previous paper (Zhang et al., 2018).
In subtropical China, there are high frequencies of very heavy rainfalls
due to the monsoons (Chen et al., 2012), which are reported to cause serious losses of soil in peanut ﬁelds (Dai et al., 2018). A similar phenomenon was detected in this study within the ﬁrst two weeks after sowing
under the DD and WD. During that time, the soil under the DD and WD
remained moist but was not unsaturated to facilitate herbicide application and seedling establishment. Without ponding water, the paddy
ﬁelds resemble bare upland conditions, and the topsoil in paddy ﬁelds
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Table 2
Comparison of total suspended solids (TSS) losses from rice ﬁeld under natural rainfall conditions in Nanjing, Jiangsu province, China, with those in previous studies in various locations.
Reference

Location

Climate

Soil texture

Linquist et al.
(2014)
Feagley et al.
(1992)
This study

Sacramento Valley, CA,
USA
Near Crowley, LA, USA

Mediterranean
Humid
subtropical
Subtropical
monsoon
Subtropical
monsoon
Subtropical
monsoon
Subtropical
monsoon
Tropical
monsoon
Tropical
monsoon

Lapong et al.
(2012)
This study
Chen et al.
(2012)
Mai et al. (2013)
Ali (2004)
a

Nanjing, Jiangsu province,
China
Ehime Prefecture, Japan
Nanjing, Jiangsu province,
China
Hsinchu county, Taiwan,
ROC
Red River Delta, Vietnam
Satkhira District,
Bangladesh

Rice
establishment
method

TSS/sediment/soil
losses
(kg ha−1)

Remarks

Complicateda Direct seeding

91–114

Irrigated rice ﬁeld,10 sites averaged

Silt loam

Direct seeding

1807–4860

Irrigation rice ﬁeld

Silty clay
loam
Not speciﬁed

Direct seeding

431.2–829.8

Irrigated rice ﬁeld

Transplanting

54

Irrigated rice ﬁeld

Silty clay
loam
Not speciﬁed

Transplanting

59.8–126.5

Irrigated rice ﬁeld

Transplanting

770

Not speciﬁed

Transplanting

163–1722

Irrigated terraced rice ﬁeld, steep slope
(approximately 25°)
Irrigated terraced rice ﬁeld, steep slope (b5°)

Silt loam

Transplanting

3200

Rain-fed rice ﬁeld, steep slope (b10°)

Including 10 rice ﬁelds which representing N75% of the soil area within the ﬁeld (Linquist et al., 2014).

becomes vulnerable to soil erosion caused by heavy rainfalls. Therefore,
we concluded that the adoption of direct seeding of rice would lead to
signiﬁcantly higher TSS losses and further land degradation in subtropical China. In addition, we found that the WD signiﬁcantly increased
seasonal TSS losses by 49–52% compared with that in the DD, which
might be mainly due to the puddling operation before seed sowing in
the WD. Puddling softened the soil and then formed a puddled zone
(muddy suspension) (Kirchhof et al., 2000), which was commonly affected by raindrops and had little resistance to water ﬂow, thereby increasing the risk of soil erosion. Hence, soil conservation practices,
such as no tillage and straw mulching, should be used to minimize soil
erosion in direct seeding methods, especially in the WD.
4.2. Inﬂuence of rice establishment method on phosphorus runoff losses
To our knowledge, no study has evaluated the inﬂuence of rice establishment method on P exports via surface runoff from paddy ﬁelds.
Total P lost via runoff in the two rice seasons varied from 0.18 to
1.51 kg ha−1. This value was within the range (0.16–2.98 kg ha−1) previously reported in this region (Zhang et al., 2003, 2004; Liang et al.,
2013). However, we observed that direct seeding methods (DD and
WD) signiﬁcantly increased TP lost via runoff by 197–483% in comparison with that in the TT across the two rice seasons. Consistent with
other studies (Zhang et al., 2003; Linquist et al., 2014), P fertilizer in
this study was applied as the basal fertilizer at one time during land
preparation. In all treatments, approximately 63–97% of the seasonal
TP runoff losses occurred within one month after rice planting. This result agrees well with those of previous studies (Wang et al., 2001; Cao
and Zhang, 2004), highlighting the importance of mitigating P losses
at the early growth stage. During this period, direct seeding methods
had higher TP concentrations (Fig. 2C and D) and correspondingly
higher runoff volumes (Zhang et al., 2018), producing signiﬁcantly
higher TP runoff losses of 286–827% than those of the TT, thereby increasing seasonal TP runoff losses. In addition, our results conﬁrmed a
previous ﬁnding (Zhang et al., 2015) that PP is the main form exported
from paddy ﬁelds via surface runoff. This study further demonstrated
that the concentrations of PP, DP, and TP were signiﬁcantly correlated
with TSS concentrations (Udeigwe et al., 2007; Dai et al., 2018). Therefore, agricultural management that can mitigate soil erosion should be a
priority to reduce P exported from paddy ﬁeld via surface runoff in subtropical China. Transplanted rice might be recommended to reduce TP
runoff losses in this region. However, as direct seeding of rice has been
very popular in recent years (Kumar et al., 2019; Liu et al., 2019), the

timing of P application should be changed (e.g., shifting basal fertilizer
to tillering fertilizer) to reduce P runoff losses, but more data from
ﬁeld experiments are still needed to establish the optimal timing.
5. Conclusions
The ﬁeld experiment evaluated the inﬂuence of four rice establishment methods on soil erosion and P losses through surface runoff
under natural rainfall conditions from a subtropical paddy ﬁeld. Direct
seeding methods (WD and DD) signiﬁcantly increased TSS and P (TP,
DP, and PP) losses. In both years, the TSS and P losses from the MT
and TT were similar. Particulate P was the main form exported from
paddy ﬁeld via surface runoff in all treatments. The concentrations of
TP, DP, and PP were signiﬁcantly correlated with TSS concentrations.
Our results stress that the current conversion of rice establishment
method from TT to direct seeding will increase soil erosion and P runoff
losses, further leading to land degradation and the eutrophication of
surface water. If these ﬁndings hold true over broad regions of the
world, in particular in humid tropical and subtropical Asia, caution is
needed in determining the optimized rice establishment methods. Sustainable and environmentally benign rice establishment methods will
beneﬁt human beings, but additional research is urgently needed to develop these methods.
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