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Abstract

Nitrogen leaching as a direct pathway of N loss from agricultural land can negatively affect groundwater
and surface water quality. However, a simple and efficient method for nitrogen leaching loss estimation is still
inefficient. In this study, an exponential model was developed using the experimental data from a two-year field
experiment conducted in the Taihu Lake region of China to simulate the N leaching from the paddy soil. The
results showed the leached N was in the range of 5.66 to 8.45 kg N/ha during the whole rice season, which was
accounted for 1.7%-2.1% of the applied N. A good agreement between the measured and model predicted
results for N leaching loss was observed, suggesting the validity of the established model. The model was
further validated with the data of other studies in other regions. The results demonstrated this model is able to
simulate the N leaching loss accurately and can provide a beneficial tool for users to predict N leaching loss in
paddy soil.
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Introduction

Rice is the most important crop in China,
which makes up 43.7% of the national grain
production [1]. The Taihu Lake region (TLR) located in
the Yangtze River delta is one of the five major rice
production regions in China [2-4]. To achieve high grain
yields, farmers in TLR often apply large amount of
fertilizers, especially nitrogen (N) fertilizer [5]. It is
reported that the optimal level of fertilizer N was from
185 kg/ha to 270 kg/ha in TLR, however, the average N
fertilizer input was over 350 kg/ha in TLR [6-8].
Therefore, excess N in paddy soils will get lost to
surrounding water bodies, and result in eutrophication
and groundwater contamination in this region [9].

Leaching is one main pathway of N losses in
paddy soil, which normally accounts for 0.1%-4.9% of
the applied N [3,10,11]. The leached N can increase the
groundwater nitrate content significantly and deteriorate
the groundwater quality seriously [12-16]. Therefore,
the N leaching in paddy soil should be controlled
effectively. However, to control the N leaching, the
amount of leached N should be measured first. At the
present time, the amount of leached N is estimated with
the volume of leachate and the N concentration in
leachate at a certain interval (usually at 7 days or
10 days) during the whole rice growing
season [1,3,17]. Although this method was widely used,
it is tedious and time consuming with low efficiency.
Therefore, a more efficient method is necessary to
overcome those shortcoming.

Mathematical modeling has been proven to be a
powerful tool in predicting N losses [18-22]. At present,
most mathematical models concerned on N leaching
from agricultural lands are mainly focused on dryland,
such as the Nitrogen Leaching and Economic Analysis
Package (NLEAP) program [18,23,24],
HYDRUS-1D/2D/3D model [25,26] and LEACHA/N
model [27]. However, the soil physiochemical property
of dryland is substantially different from the flooded
paddy soils. First, the paddy soil is under
water-saturated state in most of the growing season
while dryland is under water deficient state in most of
the time, which affects the N-transformation processes
and movement in soil [20,28,29]. Second, the nitrogen
amount and forms in leachates are different between
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dry lands and paddy soil. Ammonium-N (NH4-N), NOs-N
and organic N are the main forms in the leachate of
paddy soil while NOs-N is the dominant form in dryland
leachate [1,3,17]. Third, there is a more distinct plow
pan in paddy soil, which changes the water downward
movement and distinguishes it from dryland [28].
Therefore, different model should be developed to
simulate the N leaching process in flooded paddy soil.

Rao et al. [30] has developed the NFLOOD
model to simulate the N leaching process in paddy soil.
Zhao et al. [31] used the modified DeNitrification
DeComposition (DNDC) model to simulate the N leaching
process in paddy soil. However, these models are
over-parameters. Too many parameters in these models
will increase the uncertainty of model results and
constrain  the application of these models.
Liang et al. [20] has developed a simple model for
paddy soil, however, this model has not taken
ammonium-N and organic N into consideration in
leachate, which will underestimate N leaching loss from
paddy soil, since ammonium-N and organic N are
important parts of N in leachate, which is accounted for
more than 40% of total N [1,3,17].

Therefore, the objective of this study was to
quantify N leaching losses in a paddy soil in TLR for 2
consecutive years. Then, a simple and efficient model as
a predictive tool for nitrogen leaching in the TLR was
developed and calibrated with additional data. Hopefully,
this study can provide an effective tool for N leaching
estimation in paddy soil.

Materials and Methods
Study Area and Rice Field Plot Experiment

The field experiment was conducted at the
Yixing city of Jiangsu province near the Taihu Lake (31°
16" N, 119°54° E) from 2013 [3]. The area is
characterized by a subtropical monsoon climate, with an
average temperature of 15.7°C and an annual rainfall of
1177 mm. The paddy soil is consisted by 8.3% sand,
81.5% silt, and 10.2% clay [3]. The pH of the soil was
5.6. The soil contained 15.4 g/kg organic C, 1.79 g/kg N,
and had a cation exchange capacity (CEC) of 11.8 cmol/
kg. A summer rice-winter wheat crop rotation has been
practiced for over 50 years at the site.

The experimental plots were arranged randomly
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with 3 N treatments and 3 replications with individual
plot 44 m? The 3 N treatments were as follows: NO
(control, 0 kg N/ha), N1 (220 kg N/ha) and N2 (270 kg
N/ha), in which N2 was the local treatment. Urea was
used as the source of N with 40% basal applied prior to
transplanting, 30% top dress at the tillering stage, and
the remaining 30% top dress at the ear differentiation
stage. Phosphorous (P) and potassium (K) fertilizers
were applied basally in the form of superphosphate at a
rate of 60 kg P,0s/ha and in the form of KCI at a rate of
45 kg K,0O/ha. All fertilizers were surface applied. Local
cultivation and field management practices were
adopted [3]. Floodwater was mostly maintained at a
depth of 3 to 5 cm above the ground surface in the field
except for the midseason aeration and final drainage
periods. The midseason aeration lasted for 7-10 days
during the mid-term of rice season when there was no
standing water on soil surface. After this, the field was
flooded again until the end of rice season when all
floodwater was discharged.

Sampling and Analysis

Percolation water was collected at 40 cm, 80
cm, and 120 cm soil depth in each N treatment with a
vacuum pump at 7-day to 10-day intervals during the
rice season as described in Zhao et al [3] study. After
sampling, percolation water sample was immediately
frozen without filtering at -20 °C in a freezer until
analysis. Concentrations of NH4-N, NOs-N and total N
(TN) in water samples were analyzed with a
continuous-flow N analyzer (Skalar, Netherlands).

The total volume of leached water during the
rice season is defined as the rate of surface water
vertical percolation (mm/day) x flooded periods (day) x
plot area. The average leaching rate of 2 mm/day
measured in previous study was adopted in this
study [3].

Exponential Model Development

To minimize the influence of root growth and
underground water on N leaching loss calculation, we
used the TN concentration of percolation water
extracted at 120 cm soil depth for N leaching loss
estimation.

First, the N leaching loss at each sampling time
was calculated by Equation (1):
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Ni= vertical leaching rate x sampling time interval xTN
concentrationx107?

Where Niis N leaching loss (kg N/ha), vertical
leaching rate was 2 mm/d, sampling time interval
(days), TN concentration (mg/L).

Then, the N leaching loss ratio of each sampling
relative to the cumulative loss was calculated by
Equation (2):

Pi = Ni/E5Ni..(2)

Where Piis the N leaching loss ratio of each
sampling (%), /is the sampling times (/=1, 2, 3... 15).

Then, the cumulative N leaching loss ratio up to the /"
sampling was calculated by Equation (3):

Cumulative N leaching loss ratio (%) = % Pi .....(3)
Where nis the total sampling times.

Finally, an exponential model was fitted to the N
leaching process (Equation 4).

Y=a - be"*

Where Y is the cumulative N leaching loss ratio, t is the
time after basal N fertilizer application (d), a, b and k
are constant.

Results

Characteristic Variations of N Leaching in Relation to
Fertilization and Soil Depth During Rice Season

With the increase of urea application, N
concentrations in leachates were increased significantly
(Fig. 1). The NH4-N concentration at 40 cm soil depth
was increased from 0.3 mg/L to 8.4 mg/L and 7.3 mg/L
respectively when 220 kg N/ha and 270 kg N/ha urea
were applied. Accordingly, the peaks of NH4-N
concentration at 80 cm and 120 cm soil depths were 2.6
mg/L, 4.2 mg/L and 2.0 mg/L, 4.9 mg/L respectively at
8 days after urea was applied. The NOs-N concentrations
at all three soil depths were increased gradually with
time, and peaked at 29 days after urea was applied. The
highest NO3-N concentration in samples collected at 40
cm, 80 cm and 120 cm soil depths were 7.8 mg/L, 10.2
mg/L, 4.8 mg/L with 220 kg N/ha input and 17.0 mg/L,
17.0 mg/L, 13.4 mg/L with 270 kg N/ha input,
respectively. The TN concentrations peaked at 7 days
and 29 days after urea application. The highest TN
concentrations in 40 cm, 80 cm and 120 cm soil depths
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Figure 1. Variation of N concentrations in percolation water over time from different soil depths from the paddy
soil in 2013 rice season (A, B, C without urea; D, E, F with 220 kg N/ha urea; G, H, I with 270 kg N/ha urea). The
arrow denotes the time of N fertilization.

were 18 mg/L, 11.2 mg/L, 6.2 mg/L respectively with
220 kg N/ha input and 18.9 mg/L, 19.6 mg/L, 10 mg/L
with 270 kg N/ha input. The organic N concentrations at
40 cm, 80 cm and 120 cm soil depths were also
increased first and then decreased, which accounted
for 25%, 17% and 10% of total N losses on
average [3,17]. This demonstrates that organic N is an
important component in total N, which should be taken
into consideration during N leaching modeling and
estimating.

The N concentrations were generally decreased
with the increase of soil depth. The average NH4-N
concentration was decreased by 0.6 mg/L when soil
depth was increased from 40 cm to 120 cm. At the same
time, the average NOs-N and TN concentrations were
decreased about 1.1 mg/L and 2.3 mg/L respectively as
the depth increased from 40 cm to 120 cm. The N
concentrations of the percolation water collected at 40
cm soil depth varied significantly, while they were stable
at 120 cm. The N concentrations in the percolation

water showed similar trend in 2013 and 2014 rice
season (2013 data not shown).

The estimation of N leached at 120 cm depth
were 5.66 to 8.45 kg N/ha during two rice
seasons (Table 1), which is consistent with other
studies [3,17]. The results showed N leaching from
paddy soil in TLR was not high, which might be
attributed to the low permeability of the puddled layer in
this region.

Model Calibration

We used the developed model to simulate the N
leaching loss from the paddy soil. The N leaching loss
data collected in 2013 field experiments was used for
model development.

As shown in Figure 2, the N leaching data
fits well with the exponential model
(Y=140.584 -137.325%e/(-t/97.18)) (R°=0.98). After
basal urea application, the N leaching loss rate
decreased with time [20]. The initial N leaching loss rate
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was about 3.3 times of that at the end of rice season.
Since the summer rice-winter wheat crop rotation had
been practiced for many decades in TLR, the leaching
rate was fast in the early rice season and slowed down
with time as the subsoil become saturated [20]. Two
main reasons were responsible for the phenomenon.
First, the puddled soil layer is saturated with water and
results in low permeability after the field is flooded.
Second, rice plants continuously utilize N and reduce N
concentration in water subjected to leaching [32,33].

Model Validation

We validated the model using the 2014 rice
season N leaching loss data. A good agreement between
the measured and model predicted results was observed
(Fig. 3), suggesting the validity of the established model.

After validation with our data, we further
validated the developed model with N leaching loss data
from other studies in nearby regions in Jiangsu Province
(Table 2). The results showed the difference between
the simulated and measured N leaching loss was less
than 20% (Fig. 4).

We also applied the developed model to
simulate the N leaching loss process in other regions
(Fig. 5). The simulated N leaching losses only differed
the measured data in Wang et al. [42] in the range of
3%-49%, with an average of 20.8% (Fig. 6A). Lack of
organic N leaching data and different soil property in
Wang et al. [42] might be the main reason for this
deviation. We found our model could simulate the N
leaching process well in Shanghai region as well [43].
The deviation of measured and simulated N leaching
data was in the range of 0.3%-13%, with an average of
6.5% (Fig. 6B). These successful model verifications
further demonstrate that the developed model is able to
accurately simulate the N loss process in paddy soil.

Discussion

Nitrogen leaching loss is one of the main
pathways for N loss in paddy soil [3, 10, 11, 14, 15].
The leached N can deteriorate the groundwater quality.
At the same time, it can also decrease the N fertilizer
utilization efficiency. Therefore, it is necessary to
monitor the N leaching process and determine the
amount of N leached so that better management
practices can be identified and promoted.
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Compared with other simple models, such as
models developed in Chowdary et al. [34] study and
Liang et al. [20] study, our model has the highest
accuracy of N leaching loss estimation. But, compared
with other professional model, such as De Nitrification
De Composition (DNDC) [31], the accuracy of N leaching
loss estimation by our model is a bit lower. However,
these models need many essential data, such as daily
meteorological data, soil properties and agricultural
management practices as input data before simulation.
Furthermore, some important parameters related with
leaching process should be first calibrated by
professional operator during simulation process. All
these will increase the use difficulty of these models.
Thus, the simple and efficient model developed in this
study are welcome by local government and farmers,
who don't need too professional knowledge and skill to
calculate the N leaching.

Furthermore, the findings of this study can help
address two questions regarding N leaching process.
Firstly, how is the N leaching rate changed during rice
growing season? We found that the N leaching rate was
high in the early stage of rice growth. Then, the N
leaching rate decreased with time. Thus, in order to
reduce the N leaching loss, less N should be applied
during the initial planting time. Secondly, how many
sampling times are necessary to accurately determine
the amount of leached N? High frequency of sampling
would increase the accuracy of results, but it consumes
too much time and labor. By using the developed model,
we found the N leaching loss can be calculated only
through 4 times sampling which could reduce the
expenses of data collection significantly. This can
increase the efficiency of leaching N research in TLR and
other regions with similar environmental conditions and
management practices.

Conclusions

In this study, an exponential model was
developed to simulate N leaching loss from the paddy
soil in the Taihu Lake region (TLR) of China by using the
N leaching data from a two-year field experiment. The
model was successfully validated with different data
from the same region and from nearby regions to
accurately simulate N leaching loss. This model is proven
to be simple and efficient to predict N loss from paddy
soil.
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Table 1. Accumulated leaching of N through percolation water

Year Treatment NH4-N NOs-N TN Loss Percentage
(kg N/ha) (kg N/ha) (kg N/ha) | (%)
NO 1.03+0.8 1.04+0.62 2.83+£1.81 | -
2013 N1 2.75+1.27 3.06+1.38 6.79+3.82 1.8
N2 4.41+2.44 3.34+2.07 8.45+3.78 | 2.1
NO 0.64+£0.23 1.22+0.71 2.03+1.02 | -
2014 N1 1.59+0.9 3.44+1.45 5.66+2.76 | 1.7
N2 2.88+1.72 3.59+2.21 7.04+2.81 1.9

Table 2. The N leaching data used for model validation in Jiangsu Province

N application rate i i
S E t Soil depth
ource (kg N/ha) xperiment year oil depth (cm)

N1 (200)
Zhu et al. [35] N2 (250) 1996 90
N3 (300)
N1 (180)
Tian et al. [17] N2 (255) 2002-2004 90
N3 (330)
N1 (225)
N2 (300)

Zhang et al. [37] N1 (360) 2006 100

Wang et al. [36] 2001-2003 90

Li et al. [38] N1 (220) 2008 100

N1 (210
Yu et al. [39] N2 2270; 2009-2010 100

Zhao et al. [40] N1 (300) 2007-2009 100

N1 (81)
N2 (135)
N3 (1
Zhao et al. [3] N£31 E 2?2 2011 100
N5 (243)

N6 (270)

N1 (200
Chen et al. [41] N2 §270; 2011 120

N1 (220
This study ND §270; 2013-2014 120
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