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Abstract: A Beijing paddy field, along with in-situ experiments, was used to validate and refine the
in-situ observation (IO) method to describe nonpoint source pollution (NPS) in paddy fields. Based
on synchronous observed rainfall, water depth, and water quality data at two locations (1# (near inlet)
and 2# (near outlet)) with large elevation differences, the evapotranspiration and infiltration loss
(ET+F), runoff depth and NPS pollution load were calculated according to 10, and a common method
was used to calculate ET+F. Then, the results of the different methods and locations were compared
and analyzed. The results showed that 1# observation point was located at a lower position compared
with 2# observation point. According to 1# observation point, there were 5 days of dry field in the
drying period, which was consistent with the actual drying period, and there was a dry period of
9 days based on 2# observation point. The ET+F estimated by IO fit well with the calculated values. In
the experiment, 6 overflows and 1 drainage event were identified from the observed data at locations
1# and 2#. The relative deviation of the NPS pollution of total nitrogen (TN), total phosphorus
(TP), chemical oxygen demand (COD), nitrate-nitrogen (NO3 ~-N) and ammonia nitrogen (NH;*-N)
was between 0.6% and 2.0%. The water level gauge location had little influence on IO but mostly
affected the water depth observations during the field drying period. The mareographs should be
installed in low-lying paddy field areas to monitor water depth variation throughout the whole
rice-growing season.

Keywords: paddy field; rainfall; runoff; non-point source pollution; in-situ method

1. Introduction

China is the largest rice producer and consumer in the world [1,2]. To increase rice
yield, most rice planting areas in China use excessive chemical fertilizers and pesticides.
Chemical fertilizers and pesticides, except for a small portion absorbed by rice, are mostly
lost to the environment through gaseous loss, leaching, or surface runoff, causing pollution
to the environment [3,4]. Due to the large rice planting area, severe nitrogen and phos-
phorus losses cause nonpoint source (NPS) pollution [5,6]. Especially with fertilization
early or during the rainy season, nitrogen and phosphorus loss is the most significant [7,8].
Therefore, reducing runoff pollution has become a necessary measure to control nonpoint
source pollution [9,10]. Accurately verifying paddy fields’ nonpoint source pollution load
is significant for reducing chemical fertilizers and formulating a total pollution control
system [11,12].

Currently, there are three ways to observe NPS pollution in rice paddies: the runoff
storage pond method (RSP) [13,14], synchronous observation (SO) method [15], and in-situ
observation (I0) method [16,17]. The RSP method requires the construction of a runoff
pond with a specific volume at the outlet of a paddy field. The pond should have an
individual runoff outlet and an unchangeable ridge height, all of which has impacts on
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crop planting and harvesting, and the construction costs are relatively expensive. Thus,
this method is often used in experiment stations or experimental plots. The SO method
requires the observation of the water volume and water quality at the water inlet and outlet
simultaneously and deduction of the pollutant load from the water inlet through the water
balance relationship to obtain the pollution caused by the outflow of the rice field [18]. This
method also requires a separate water inlet and outlet.

The 10 method requires only the installation of a mareograph in the paddy field, and
combined with observed surface water quality data, NPS pollution in outflow from the
paddy field can be derived. The method is simple to operate and saves labor and material
resources. Although this method has been applied in research on NPS pollution of different
paddy fields [17,19], its accuracy and adaptability have not been effectively verified: (1)
This method only requires the installation of a mareograph at the outlet of the rice field,
and whether the difference in the elevation of the bottom of the paddy field affects the
calculation results has not been explored; (2) This method uses the steady decline stage of
water depth as the basis for the estimation of evapotranspiration and infiltration loss and
does not explore whether there is a significant difference between the estimation method
and common calculation methods. Thus, further research is needed.

In the present study, a paddy plot in Beijing was chosen for experiments to verify the
applicability of the IO method. Mareographs were installed at the water inlet (point 1#)
and outlet (point 2#) positions with large bottom elevation differences to explore whether
there are significant differences in evapotranspiration and infiltration loss (ET+F), runoff,
and pollutant export coefficients estimated by the IO method based on two sets of water
depth observation data at different locations in the same paddy field. Moreover, using the
meteorological data of the 2017 rice season, the evapotranspiration (ET) was calculated by
the crop coefficient method with the recommended FAO-56 Penman-Monteith equation [20],
and the infiltration (F) were calculated by a common method [21,22], then compared with
the (ET+F) estimated by IO to further validate and refine the IO method and provide a
more appropriate approach for field experiments on NPS pollution from paddy fields.

2. Methods and Data
2.1. Experimental Site

This study was conducted at the Haidian district rice planting base in 2017, with a
paddy field area of 625 m?. In this experiment, point 1#, which was located in the low-lying
area and near the water inlet, and point 2#, which was near the water outlet, were selected
as the test points (Figure 1). The paddy fields were transplanted in early June and fertilized
once at the end of June and July. The paddy field was irrigated many times throughout
the growing season, with the most significant irrigation times in July and August. The
paddy field was irrigated by intermittent groundwater irrigation, except on rainy days.
Sometimes the number of irrigations per day was two or more. High-frequency irrigation
was stopped after 25 August and switched to small-scale irrigation with a relatively low
flow and frequency.

The water and fertilizer management measures for the experimental fields were as
follows: seedlings were transplanted in early June, harvested in mid-October, the growth
period was approximately 150 days, and the observation period was from 14 June to 23
August, totaling 70 days. After 25 August, irrigation was stopped, and the paddy field
was dried out. On 25 May, base fertilizer was uniformly applied with compound fertilizer
applied at 375 kg/hm? and urea applied at 45 kg/hm? by the manual spreading method.
Topdressing fertilizer was applied 25 June and 10 July with urea at 12.5 kg/hm?.
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Figure 1. Schematic of experimental field setup.

2.2. Data Collection

To obtain continuously observed precipitation and water depth data, a pluviograph
was set up to record precipitation every 10 min, and a mareograph was set up to record
the surface water depth of paddy fields every 30 min. Moreover, different sampling points
were selected in the target paddy plot to measure the average water quality of surface
water at regular intervals. Moreover, water samples were collected twice a week for
water quality analysis in the laboratory. The NH4*-N (ammonium nitrogen), NO3 ™ -N
(nitrate-nitrogen), and TN (total nitrogen) concentrations were determined using Nessler’s
reagent colorimetric I method, the Ultraviolet spectrophotometry method, and the Alkaline
potassium persiflage digestion-UV spectrophotometric method, respectively. The TP
(total phosphorus) and COD (chemical oxygen demand) concentrations were determined
using the molybdenum-antimony anti-spectrophotometric method and UV absorption
spectroscopy, respectively.

The fundamental meteorological data, which are on a daily scale, were obtained
from the Haidian Meteorological Station. The data include cumulative precipitation (mm),
average relative humidity (%), mean wind speed (m s~!), sunshine duration (h), mean air
temperature (°C), maximum air temperature (°C), minimum air temperature (°C) and net
radiation (M] m~2 day~!). The mean wind speed was measured at 2 m above ground level.

2.3. Data Analysis Methods
2.3.1. Runoff Calculation from the Paddy Field

The variation in the water depth of paddy fields depends mainly on precipitation,
irrigation, evapotranspiration, infiltration and runoff [23]. When there is always water in a
paddy field, the water variation can be calculated using the water balance model [24]. The
water balance equation is as follows:

P+ Ry — (ET+F) — Royt = AH 1)

where P is the daily precipitation (mm), R;, is the irrigation water inflow depth (mm),
(ET+F) is the evapotranspiration and infiltration loss (mm), R, is the water outflow depth
(mm), and AH is the depth variation (mm).
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Based on water balance Equation (1), the irrigation and runoff of the paddy field
could be calculated by daily precipitation, the water depth difference between the first and
second days, and ET+F, as shown in Equation (2).

AR; = H;—Hj 1+ P — (ET; + F;)
{ Routi = AR; (AR; > 0) 2)
Rini = —AR; (AR; <0)
where P; is the precipitation (mm d~!) of day i, ET; is the evapotranspiration (mm d~!)
of day i, F; is the infiltration (mm d=1) of day 7, H; is the water depth (mm) of day i, H;.1
is the water depth (mm) of day i + 1, AR, is the difference (mm d~') between the water
inflow and outflow of day i, R;,; is the paddy irrigation of water (mm d~!) of day i and
Ryt i is the paddy outflow of water (mm d1!) of day i.

2.3.2. (ET+F) Estimation by the IO Method

The ET+F of paddy fields is estimated by using the IO method. Factors influencing
water depth include natural factors and artificial factors. Natural factors mainly include
ET+F and precipitation. Artificial factors mainly include irrigation and artificial drainage.
When there was no rainfall, irrigation, or artificial drainage, the steady decline in the
water depth variation process line was only affected by the (E+F) process. Therefore, the
Equation (1) can be simplified as follows:

— (ET+F) =AH ®)

The key procedure for estimating ET+F based on IO method of precipitation and water
depth is to detect steady decline processes of water depth, which were selected to calibrate
ET+F by determining the steady decreasing rate of the water depth. The rice growing
period includes four stages: returning green, tillering, jointing-booting and maturation.
ET+F analysis was applied to the observation of water retained in the paddy field.

2.3.3. ET Caculation by the Common Method

The crop coefficient method with the recommended FAO-56 Penman-Monteith equa-
tion [25] is applied to calculate the ET of paddy fields with synchronous meteorological
data. In this paper, the single crop coefficient method was applied. During the rice jointing-
booting stage, water remained in the paddy field, indicating that there was no water stress.
The ETc of the paddy field is calculated as follows:

ETC = KC X ETO (4)

where ETc is the daily ET (mm day~!) of the paddy field, ETj is the reference crop evapo-
transpiration (mm day_l), and K¢ is the rice coefficient.

1.  Reference crop evapotranspiration (ETy)

The FAO 56 Penman-Monteith (PM) method is one of the most extensively used
methods for ET) estimation in open field conditions [26,27]. The FAO 56 Penman-Monteith
method defines the reference crop as a hypothetical crop with an assumed height of 0.12 m,
with a surface resistance of 70 s m~! and an albedo of 0.23, closely resembling evaporation
from an extensive surface of green grass. The ET is defined and calculated using the
FAO-56 Penman-Monteith equation:

—_— 0.408A (R, — G)+7y 19555tz (s — €q)
0~ A+ (14 0.34uy)

©)

where ETj is the reference crop evapotranspiration (mm day '), R, is the net radiation at
the crop surface (M] m~2 day '), G is the soil heat flux density (M] m~2 day 1), T is the
mean daily air temperature at 2 m height (°C), u, is the wind speed at 2 m height (m s~1),
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es is the saturation vapor pressure (kPa), e, is the actual vapor pressure (kPa), (es — e;) is
the saturation vapor pressure deficit (kPa), 1 is the slope vapor pressure curve (kPa °C~1),
and 1 is the psychrometric constant (kPa °C~1).

2. The rice coefficient (K¢)

The crop coefficient incorporates crop characteristics and averaged effects of evapora-
tion from the field of the single crop coefficient method. The FAO-56 Penman-Monteith
equation gives the recommended values of the crop coefficient during different crop grow-
ing stages under standard conditions. For the rice coefficient (K¢), the recommended value
was adjusted to the nonstandard condition value using the following equation:

h
Kc = K¢ mig + [0.04(up — 2)] — 0.004(RH,,;,, — 45)(5)03 (6)
where K¢ ;s is the recommended value of the growing stage, RH,,;,, is the mean value
for daily minimum relative humidity (%) during the growing stage, and / is the mean
maximum plant height (m).

2.3.4. Infiltration (F) Calculation by the Common Method

Infiltration (F) in paddy fields is divided into horizontal leakage and vertical leakage,
which is an important part of rice water consumption. Due to the large differences in
topography, soil conditions and hydrological conditions, the amount of paddy field leakage
in various parts of our country varies greatly. According to the two conditions of the water
layer and the non-water layer in the field, the paddy field leakage was calculated according
to the linear model and the nonlinear model, respectively.

(1) When H; >0, it is assumed that there is a linear relationship between F and the depth
of the field water layer.
S;=aH;+b 7)

where S; is the infiltration in paddy fields (mm) of day i, 2 and b are fitting parameters,
witha =0.09 and b = 2.58.

(2)  When H; = 0. At the later stage of rice growth, there is often no water layer on the field
surface. At this time, since the soil moisture content in the paddy field is higher than
the water holding rate in the field, the soil water content in the root layer of rice still
decreases significantly, and the F value can be calculated according to Equation (8):

1000K;
Si= ——— 8)
1+ Kolxﬁ

where §; is the infiltration of the paddy field on day i, mm; and K| is the saturated
hydraulic conductivity (m/d), which is mainly related to the soil texture, which is
generally 0.1~1.0 m/d. « is an empirical constant, generally ranging from 50 to 250, t;
is the time when the saturated soil moisture content reaches level (d), and H is the
depth of the rice main root layer (m).

2.3.5. Accuracy Analysis

In this analysis the relationship between the calculated and estimated values were
determined by statistical measures including the coefficient of determination (R%), mean
bias error (MBE), root mean square error (RMSE), relative root mean square error (RRMSE)
and index of agreement (d) (Table 1).



Water 2021, 13, 3235

6 of 14

Table 1. Statistical measures calculated for ET estimation equations between the common method and IO method.

Statical
Measures

Symbol Meaning Corresponding Equation Value

Coefficient of
determination

R? indicates the dispersion of
dependent variables around
the regression line, high values 5
of R criterion indicates perfect R2 L1 (0i—0)(P—P) 0.70
consistency of the VL (0-0) /i, (P-P)
computational methods with
the actual conditions [28]

Mean bias error

The MBE measures the
average difference between MBE = W
two methods [29]

0.54 mm
day~!

Relative root
mean square error

RRMSE

The performance of
computational methods is
considered excellent when the
RRMSE is lower than 10%,
good if between 10 and 20%,
fair if between 20 and 30%, and
poor if values are greater than
30% It shows overestimation or
underestimation of each
method and computes the
errors in the same unit and
scale [30]

_ /XL (0;=P)* _ 100 23%
RRMSE = l(N ) Xﬁ 14.23%

Index of
agreement

The index of agreement as a
descriptive measure indicating
consistency between predicted

and observed values [31]

n 2
d — 1 _ i=1 (Oiipl) 091
T (O] +[Pi])?

Where N is the number of observations; P; and O; are the values estimated with the IO method and calculated with the common method,
respectivelX; O is the mean value estimated with the IO method; P is the mean value calculated with the common method; P; = P; — O and

0,=0; — .

2.3.6. Runoff Pollution Calculation

It was difficult to determine the pollutant concentration of all runoff in the paddy
field in-situ observation, so the paddy field water was collected and analyzed regularly.
The pollution concentration variation during the growing period was obtained by the
interpolation method. The runoff pollution was calculated by multiplying the runoff depth
by the pollutant concentration as follows:

n
L=Sx1072x ¥ (Rou, i X Cq) )
g=1

where L is the pollution load generated during the rice growth period (mg), C; is the
pollutant concentration corresponding to the outflow from the gth rainfall event (mg/L),
Rout is the outflow depth (mm), and S is the experimental field area (m?).

3. Results and Discussion
3.1. Analysis of Evapotranspiration and Infiltration Loss
3.1.1. Comparison of (ET+F) between Points 1# and 2#

The growing period division, water depth and hyetograph of points 1# and 2# in
the paddy field are shown in Figure 2. Due to the uneven bottom of the paddy field and
the relatively low position of point 1#, the water depth was slightly deeper than that of
point 2#. The water depth at point 2 during the drying period was 0, and the water depth
height difference in other periods fluctuated at approximately 10 mm, with an average
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of 10.78 mm. After 23 August, the rice entered the mature period, and no irrigation was

carried out. There was basically no water in the field, and no runoff occurred.
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Figure 2. Growing period division, water depth and hyetograph of points 1# and 2# in paddy fields.
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Figure 3 shows that the (ET+F) values derived from the water level data of 1# and
2# were roughly the same. The value of ET+F during the returning green period was the
lowest: the average value based on point 1# data was 14.5 mm; the average value based on
point 2# data was 14.2 mm; that at the tillering period was relatively high: the average value
based on point 1# was 21.4 mm; and the average value based on point 2# was 20.6 mm. The
value at the jointing-booting stage was the highest: the average value based on point 1#
was 22.3 mm, and the average value based on point 2# was 21.5 mm. Since the paddy field
in the study area was planted in the third year, it was dry land before, so the overall loss of
ET+F was relatively significant. The reason why ET+F based on point 1# was slightly larger
than that based on point 2# was investigated. The main reason is that the field surface of
the rice field is uneven, resulting in significant differences in water depth measurements
during the drying period. The water depth in period 1# was recorded as 0 for only 5 days,
which was basically in line with the actual drying period, but there were 9 days in point
2# recorded as 0. When there were no water depth data, linear interpolation was used to
estimate ET+F. As a part of the water balance, (ET+F) will directly affect runoff recognition.
Therefore, water depth data are the key to (ET+F) estimation and runoff recognition using
IO methods. In summary, it is recommended that mareographs be installed in relatively
low-lying paddy fields to ensure complete monitoring of water depth variation during the

whole rice-growing season.

6/14 6/24 7/4 7/14 7/24 8/3 8/13

Date (month/day)

Figure 3. Comparison of the ET+F between points 1# and 2# in paddy fields.
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The Mann-Whitney U test is the most widely used rank sum test for two independent
samples [32]. The nonparametric Mann-Whitney U test was performed on the ET+F values
derived from the data of point 1# and point 2#. The results showed that the average value
of ET+F at point 1# was 20.8 mm. The median was 18.8 mm. The average value of ET+F at
point 2# was 20.1 mm, and the median was 18.1 mm. In the result of the Mann-Whitney U
test, Z = —1.60, and p = 0.11. There was no significant difference in ET+F between points
1# and 2#. This means that although the installation location of the water level gauge was
different, and the measured value of the water depth would be different, this did not affect
the results of ET+F calculation in this study.

3.1.2. Comparison of ET+F between IO and Common Methods

A comparison of ET+F values obtained by common IO methods during the rice
observation period in 2017 is shown in Figure 4. Intuitively, the results of the two methods
fit well. In this analysis, the difference in ET+F values between the IO method and the
common method was determined by statistical measures, including the coefficient of
determination (R?), mean bias error (MBE), root mean square error (RMSE), relative root
mean square error (RRMSE) and index of agreement (d) [28,33] (Table 1). The validation
results showed a satisfactory correlation between the two methods calculated (ET+F), with
R?, MBE, RMSE, RRMES and d values of 0.70, 0.54 mm day_l, 14.23% and 0.91, respectively.

| MBE = 0.54mm-day"'
14.23%

common method

[O method(1#)

/.

40
R=0.70
230
E RRMSE
) _
d=091%
F20 | o
5
10 |-
0
6/14

6/26 7/8

7/20 8/1 8/13 8/23
Date (month/day)

Figure 4. Comparison of ET+F in paddy fields between the common method and IO method.

3.2. Outflow Calculation

There are two situations of outflow from paddy fields: artificial drainage during rice
field drying and surface water overflow caused by precipitation. As shown in Table 2,
the daily outflow from the target paddy plot during the whole growing period can be
calculated based on Equations (1) and (2). The results based on points 1# and 2# showed
that 7 events had outflows and generated nonpoint source pollution. In addition, 6 events
were caused by surface water overflow, and 1 event was caused by artificial irrigation. The
largest outflow of the two points occurred at 23 June 2017, and the values based on points
1# and 2# were both 113.6 mm. The total outflow depth calculated based on point 2# was
267 mm, which is 5.6 mm larger than the calculated outflow of 261.4 mm based on point
1#. Due to uncontrollable measurement deviation in the paddy field experiment, within a
specific error range, approximately the same magnitude of runoff recognition occurred for
the two points, and the calculated results were identical, indicating that the installation
location of the water level gauge has little influence on the calculation of the rice field
runoff depth.
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Table 2. Calculated results of outflow between data for points 1# and 2#.
H;,1—H;/mm (ET+F)/mm Ryyt/mm

Date P;/mm Remarks

1# 2# 1# 2# 1# 2#
23 June 2017 102 24 23.9 12.4 12.3 113.6 113.6 Overflow
7 July 2017 15.7 18.8 17.4 15.5 15.1 19 18 Overflow
15 July 2017 0 324 31.3 15.5 15.1 16.9 16.2 Drainage
21 July 2017 58.2 24 .4 21.8 18.8 18.1 63.8 61.9 Overflow
26 July 2017 14.8 14.3 19.8 18.8 18.1 10.3 16.5 Overflow
2-3 August 2017 27.9 0 0 18.8 18.1 6.9 7.1 Overflow
23 August 2017 18.1 49.7 51.8 18.8 18.1 30.9 33.7 Overflow

3.3. Comparison of Pollutant Loss Load

According to the regularly monitored water quality data, variations in different forms
of nitrogen and phosphorus and the COD of surface water at points 1# and 2# were
obtained. Then, these data were combined with runoff depth to estimate loads of nitrogen,
phosphorus and COD and the export coefficients.

The changes in the concentrations of COD, TP, TN, NH4"-N, and NO3 ™ -N in the
surface water of the experimental rice field are shown in Figure 5. After the rice seedlings
were transplanted, the pollutant concentration showed a sharp increase and decreased
under basal fertilizer application. The concentrations of TP, TN, NH;*-N, and NO; -
N pollutants decreased to stable values within 1 week after fertilization and reached a
peak within 1~3 days after fertilization. The main reason was that heavy rain fell during
this period, accelerated the loss of pollutants, and made the field water quality indexes
drop [34,35]. Therefore, the control of farmland runoff within 1 week after fertilization can
effectively reduce farmland runoff pollution. After urea topdressing, the concentrations
of TN, NH;*-N, and NO3;~-N showed a significant upward trend, and the concentration
of TP was always kept at a low level. After cessation of fertilization, the concentration
of each pollutant gradually decreased and stabilized over time. The variation in water
concentration at points 1# and 2# showed a similar trend.

According to the variation in basic water quality indicators and Equation (9), the
export coefficient of COD, TN, TP, NH4*-N, and NO3 ~-N at points 1# and 2# were 135.45,
0.97,0.3,4.37, and 1.25 kg/hm and 137.25, 1.01, 0.30, 4.47, and 1.28 kg/ hm?, respectively as
shown in Table 3. Except for the same export coefficient of NO3~-N, other indexes at point
1# and point 2# were slightly different, among which the export coefficient of NH4*-N had
the largest difference, with a relative deviation of 2.0%. The second greatest difference was
for TP and TN, with relative deviations of 1.1%. The relative deviation of COD was the
smallest, at 0.6%. The relative deviation range of the pollutant export coefficient obtained
based on water depth at the two observation points was 0.6-2.0%, which is acceptable.

Table 3. Loads of different forms of COD, TN, TP, NH,*-N, and NO; ~-N based on points 1# and 2# in the paddy field.

COD (mg) NH4*-N (mg) NO;3;~-N (mg) TN (mg) TP (mg)
Date Ryyut/mm
1# 2# 1# 2# 1# 2# 1# 2# 1# 2#

23 June 2017 113.60 50,765.00  50,765.00 238.36 238.36 150.11 150.11 1261.77 1261.77 415.86 415.86
7 July 2017 19.00 3104.46 2941.07 63.62 60.27 16.46 15.59 238.01 225.48 40.38 38.25
15 July 2017 16.90 2248.30 2155.18 11.77 11.28 3.62 3.47 76.35 73.19 22.48 21.55
21 July 2017 63.80 13,756.88  13,347.19 79.75 77.38 0.00 0.00 474.51 460.38 115.64 112.19
26 July 2017 10.30 1496.72 2397.66 35.41 56.72 0.00 0.00 91.09 145.92 15.45 24.75

2-3 August 2017 6.90 819.38 843.13 37.09 38.16 2.59 2.66 62.10 63.90 9.49 9.76
23 August 2017 30.90 9076.88 9899.38 113.94 124.27 7.73 8.43 415.22 452.84 131.33 143.23
Total 81,267.61  82,348.59 579.93 606.43 180.50 180.26 2619.05  2683.49 750.62 765.59

Export coefficient 135.45 137.25 0.97 1.01 0.30 0.30 4.37 4.47 1.25 1.28
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Figure 5. Changes in the basic water quality indicators in the surface runoff at points 1# and 2#; (a) describes the changes in
COD, TN, TP, NH4"-N, and NO3; ~-N at 1# point, and (b) describes the changes in COD, TN, TP, NH;*-N,and NO3; " -N at

2# point.

3.4. Analysis of the Factors Affecting the Concentration of Pollutants

In this experiment, the water quality at the different points had specific characteristics
and dynamics (Figure 6). The COD, TN, and TP concentrations at the two sampling points
had similar changing trends. After the seedlings were transferred, the COD concentration
gradually decreased until it tended to become stable. After topdressing in rice fields, the
concentrations of TN and TP increased significantly. The changing trends of NH;*-N
and NO3;™-N concentrations at points 1# and 2# showed apparent irregularities. Taking
NH,*-N as an example, the maximum concentration of NH4*-N at point 1#, which was 1.11
mg/L, appeared after the first top dressing and the maximum value of NH,;*-N at point 2#,
which was only 0.56 mg/L, appeared after basal fertilizer application, which was mainly
caused by uneven fertilization [36,37]. Since there was no runoff in the paddy field within
1 week after topdressing, it can be considered that uneven fertilization does not affect
the nitrogen load calculated by the IO method. The nonparametric test of the pollutant
concentration at each sampling point showed that only the NO3 ~-N concentration in the
two-point pollutant concentration change sequence significantly differed at the p = 0.05
level, indicating that different sampling locations in the test will have a specific impact
on the concentration of some pollutants. Therefore, it is recommended to sample near the
main radial outlet to ensure that the measured pollutant concentration is representative of
NPS pollution concentration in rice fields.
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Figure 6. Comparison of COD, TN, TP, NH4*-N, and NO3 ™ -N at two sampling points.

Wang [38] found that fertilization could increase the NH4"-N concentration, but the
effect on NO3;™-N concentration was limited; however, in this paper, fertilization could
increase the TN, NH;"-N, NO3~-N concentrations. The main reason for this difference
is the different fertilization methods. In this paper, the surface spreading method was
used to apply basal fertilizer and for topdressing, while Wang applied basal fertilizer
with holes and topdressing on the surface. This method is conducive to the adsorption of
nitrogen by soil particles, which makes the concentration of NO3;~-N in the field water
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lower, and the concentration of NH,"-N required for rice growth is high. In addition,
different fertilizers are also among the reasons for the above difference [39]. Reducing
agricultural nitrogen runoff pollution requires combining local environmental conditions
to minimize the application of nitrogen fertilizer.

4. Conclusions

(1) Using the in-situ observation (IO) methods in different locations with large elevation
differences to study NPS pollution in paddy fields, 1# observation point was located
at a lower position compared with 2# observation point. According to 1# observation
point, there were 5 days of dry field in the drying period, which was consistent with
the actual drying period, and there was a dry period of 9 days based on 2# observation
point. We found that water depth data are the key to applying IO methods for
evapotranspiration and infiltration loss estimation and runoff identification.

(2) It is recommended that mareographs be installed in relatively low-lying areas of
paddy fields to ensure that the water depth variation during the rice-growing season
can be fully monitored.

(3) The paddy field experienced 4 rainfall runoffs and 3 irrigation return flows based
on observations at points 1# and 2#. The highest farmland outflow occurred in late
June, reaching 261.4 mm and 267 mm based on observations at locations 1# and 2#,
respectively. The installation location of the water level gauge has little effect on the
use of the IO method. The IO method of installing water level meters in low-lying
areas allows for more accurate measurement of NPS pollution in paddy fields.

(4) The relative deviation of the NPS pollution of total nitrogen (TN), total phosphorus
(TP), chemical oxygen demand (COD), nitrate-nitrogen (NO3~-N) and ammonia
nitrogen (NH;*-N) was between 0.6% and 2.0%.

(5) Among NPS caused by the outflow of rice fields, the pollutant concentration distribu-
tion at points 1# and 2# was uneven, and it is recommended to sample near the main
radial outlet to ensure that the measured pollutant concentration is representative.
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