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Abstract: Ammonium nitrogen (NH4
+-N), which naturally arises from the decomposition of organic

substances through ammonification, has a tremendous influence on local water quality. Therefore,
it is vital for water quality protection to assess the amount, sources, and streamflow transport of
NH4

+-N. SPAtially Referenced Regressions on Watershed attributes (SPARROW), which is a hybrid
empirical and mechanistic modeling technique based on a regression approach, can be used to
conduct studies of different spatial scales on nutrient streamflow transport. In this paper, the load
and delivery of NH4

+-N in Poyang Lake Basin (PLB) and Haihe River Basin (HRB) were estimated
using SPARROW. In PLB, NH4

+-N load streamflow transport originating from point sources and
farmland accounted for 41.83% and 32.84%, respectively. In HRB, NH4

+-N load streamflow transport
originating from residential land and farmland accounted for 40.16% and 36.75%, respectively. Hence,
the following measures should be taken: In PLB, it is important to enhance the management of
the point sources, such as municipal and industrial wastewater. In HRB, feasible measures include
controlling the domestic pollution and reducing the usage of chemical fertilizers. In addition,
increasing the vegetation coverage of both basins may be beneficial to their nutrient management.
The SPARROW models built for PLB and HRB can serve as references for future uses for different
basins with various conditions, extending this model’s scope and adaptability.

Keywords: Poyang Lake Basin; Haihe River Basin; SPARROW; ammonium nitrogen; nutrient transport

1. Introduction

An excess of nutrients, which are generated from point and non-point sources and are
eventually transported to water bodies, has led to severe eutrophication throughout the
world in recent years [1]. Eutrophication of water bodies causes toxic algal blooms, oxygen
depletion, loss of biodiversity, and thereby, the degradation of water quality and aquatic
ecosystem services [2]. Ammonium nitrogen (NH4

+-N), which naturally arises from the
decomposition of organic substances through ammonification, is a critical nutrient pro-
duced by human activities such as fertilizing, livestock breeding, and municipal wastewater
treating. Synthetic nitrogen fertilizers are slightly absorbed by crops (about 10%), while
large quantities of synthetic nitrogen are exported to aquatic systems through surface runoff
and decomposed to NH4

+-N [3]. Domestic and industrial wastewater are also important
manners, by which NH4

+-N enters into aquatic systems. Excessive NH4
+-N leads to eu-

trophication, endangering aquatic species and polluting water sources [4]. Since NH4
+-N

has a tremendous influence on local water quality, it is vital for water quality protection to
assess the amount, sources, and transport of NH4

+-N [5].
Previous research has focused on the processes of NH4

+-N stream transport. For
instance, Jin et al. employed the Integrated Nitrogen Catchments (INCA-N) model to link
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upstream processes to downstream water quality of NH4
+-N in the Hampshire Avon catch-

ment [6]. Ervinia et al. applied the INCA-N model to identify the source and processes of
NH4

+-N in the Jiulong River Watershed (JRW) [7]. Zhang et al. employed QUAL2K model
to explore the transport of NH4

+-N in a creek watershed with sparse data in southeast of
China [8]. Xue et al. simulated the land surface hydrological runoff and routing processes
in the Xiaoqing River Basin and analysed the concentration of NH4

+-N temporally and
spatially, using the Soil and Water Assessment Tool (SWAT) model and HEC-RAS model [9].
Dai et al. assessed the sources and transport of ammonium nitrogen in a karst basin using
the SPAtially Referenced Regressions on Watershed attributes (SPARROW) model [5].

Complex models, such as Agricultural Non-point Source (AGNPS), Hydrological
Simulation Program FORTRAN (HSPF), INCA-N, and SWAT, which have been developed
to evaluate water quality and sources of nutrients [10], have hefty data requirements [11]
and are time-consuming processes [12]. Hybrid empirical and mechanistic models based
on regression, such as the SPARROW model, can be used to conduct studies at different
spatial scales on nutrient transport with smaller input datasets, such as data on nutrient
load, nutrient sources, and landscape properties. Since it was first established by the
U.S. Geological Survey (USGS) [13], SPARROW has been extensively applied in North
America [14–24], Asia [25–30], New Zealand [31,32], Spain [33,34], and Brazil [35] with
satisfactory performance. SPARROW has been employed in studies on regions of various
sizes, from 153 km2 [36] to 3.2 million km2 [37]. Furthermore, the model performs well
in both estimating the influences of human activities on the environment [38,39], and
analyzing scenarios of climate change [40,41] or land use change [42,43].

Poyang Lake Basin (PLB) consists of five main river watersheds. Its water exchanges
with Yangtze River after the streamflow of the five main rivers are injected into Poyang
Lake, the largest freshwater lake in China [44]. PLB is a typical southern water basin in
China, since it has a massive quantity of water and better water quality than northern water
basins in China. Haihe River Basin (HRB), which contains seven major river watersheds,
has a high population density and numerous large cities. Therefore, it plays an important
role in the politics and economy of China [45]. The water quantity and quality of HRB
is seriously affected by human activities, such as irrigation, fertilization, point sources,
etc. The main purposes of this paper were to (1) establish SPARROW models in PLB
and HRB and figure out the NH4

+-N load and streamflow transport in these two basins;
(2) compare NH4

+-N load and streamflow transport between PLB and HRB and identify
the distinctions between the two basins; (3) offer assistance in future control measures for
better management in PLB and HRB.

2. Materials and Methods
2.1. Study Area

PLB is located in southern China, between 113◦ E–118◦ E and 24◦ N–30◦ N, as shown
in Figure 1a. The drainage area of PLB is 162,271 km2, of which 156,743 km2 is located in
Jiangxi Province (the total land area of Jiangxi Province is 166,946 km2), accounting for
97% of the drainage area of PLB and 94% of the total land area of Jiangxi Province [46].
PLB belongs to a subtropical warm and humid monsoon climate zone. The average annual
temperature is about 16.3–19.5 ◦C, generally increasing from north to south. The vegetation
type is subtropical, evergreen, broad-leaved forest. PLB is composed of five main tributary
rivers, namely, Ganjiang River, Fuhe River, Xinjiang River, Raohe River, and Xiushui River,
as well as several smaller rivers. These rivers finally flow into Poyang Lake, and the outflow
of Poyang Lake inject into Yangtze River through the Hukou station. The span of PLB
covers a length of 620 km from north to south and a width of 490 km from east to west. The
basin is surrounded by mountains in the east, west, and south; has hills and valley plains
crisscrossing the central part; and there is the Poyang Lake plain in the north. The terrain
of PLB is high in the south and low in the north, which is conducive to water convergence.



Water 2022, 14, 209 3 of 18

Water 2022, 14, x FOR PEER REVIEW 3 of 19 
 

 

and valley plains crisscrossing the central part; and there is the Poyang Lake plain in the 
north. The terrain of PLB is high in the south and low in the north, which is conducive to 
water convergence. 

 
Figure 1. Location and Digital Elevation Model (DEM) of (a) PLB and (b) HRB. 

The annual average total amount of water resources in PLB was 163.06 billion m3, 
while the annual average total amount of water uses is 17.67 billion m3 and the annual 
average quantity of wastewater is 4.39 billion m3. The total water resources of Ganjiang 
River, Fuhe River, Xinjiang River, Raohe River, and Xiushui River are 89.13, 20.19, 21.11, 
15.77, and 16.86 billion m3, respectively. The average annual runoff in PLB into Poyang 
Lake is 142.73 billion m3. The annual average runoff totals of Ganjiang River, Fuhe River, 
Xinjiang River, Raohe River, and Xiushui River into Poyang Lake are 81.26, 16.20, 18.53, 
14.04, and12.70 billion m3, respectively. 

HRB is located in northern China, between 112° E–120° E and 35° N–43° N, as shown 
in Figure 1b. The scope of HRB covers eight provinces (or cities). The total area of Beijing 
and Tianjin, 91% of the area of Hebei province, 38% of the area of Shanxi Province, 20% of 
the area of Shandong Province, 9.2% of the area of Henan province, 13,600 km2 of Inner 
Mongolia Autonomous Region, and 1700 km2 of Liaoning Province belong to Haihe River 
Basin—318,200 km2 in total. The climate of HRB is semi-humid and semi-arid. It is located 
in the temperate East Asian monsoon climate area. The annual average temperature is 
1.5–14.0 °C [47]. The vegetation types in HRB are various due to the monsoon climate. 
HRB is constituted by seven major river watersheds, Luan River, Beisanhe River, Yong-
ding River, Daqing River, Ziya River, Zhangweinan Canal, and Tuhai-Majia River. These 
rivers mostly flow from west to east, and finally discharge into Bohai Bay. HRB is bor-
dered by the Shanxi Plateau and Yellow River Basin in the west, the Mongolia Plateau and 
the inland river basin in the north, the Yellow River in the south, and the Bohai Sea in the 

Figure 1. Location and Digital Elevation Model (DEM) of (a) PLB and (b) HRB.

The annual average total amount of water resources in PLB was 163.06 billion m3,
while the annual average total amount of water uses is 17.67 billion m3 and the annual
average quantity of wastewater is 4.39 billion m3. The total water resources of Ganjiang
River, Fuhe River, Xinjiang River, Raohe River, and Xiushui River are 89.13, 20.19, 21.11,
15.77, and 16.86 billion m3, respectively. The average annual runoff in PLB into Poyang
Lake is 142.73 billion m3. The annual average runoff totals of Ganjiang River, Fuhe River,
Xinjiang River, Raohe River, and Xiushui River into Poyang Lake are 81.26, 16.20, 18.53,
14.04, and 12.70 billion m3, respectively.

HRB is located in northern China, between 112◦ E–120◦ E and 35◦ N–43◦ N, as shown
in Figure 1b. The scope of HRB covers eight provinces (or cities). The total area of Beijing
and Tianjin, 91% of the area of Hebei province, 38% of the area of Shanxi Province, 20% of
the area of Shandong Province, 9.2% of the area of Henan province, 13,600 km2 of Inner
Mongolia Autonomous Region, and 1700 km2 of Liaoning Province belong to Haihe River
Basin—318,200 km2 in total. The climate of HRB is semi-humid and semi-arid. It is located
in the temperate East Asian monsoon climate area. The annual average temperature is
1.5–14.0 ◦C [47]. The vegetation types in HRB are various due to the monsoon climate.
HRB is constituted by seven major river watersheds, Luan River, Beisanhe River, Yongding
River, Daqing River, Ziya River, Zhangweinan Canal, and Tuhai-Majia River. These rivers
mostly flow from west to east, and finally discharge into Bohai Bay. HRB is bordered
by the Shanxi Plateau and Yellow River Basin in the west, the Mongolia Plateau and the
inland river basin in the north, the Yellow River in the south, and the Bohai Sea in the
east. The total terrain of HRB is high in the northwest and low in the southeast, which
is composed of three landforms: plateau, mountain, and plain. Plateaus and mountains
are located in the north and west of HRB, covering an area of 189,400 km2, accounting for
60% of the basin area. The east and southeast of HRB are covered by a plain, which covers
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128,400 km2, accounting for 40% of the basin’s area. The annual average total amount of
water resources in HRB was 30.30 billion m3, while the annual average total amount of
water uses is 37.00 billion m3 and the annual average quantity of wastewater is 5.98 billion
m3. HRB belongs to an area with an extreme water shortage. The total amount of inter
basin water transfer in HRB was 3.51 billion m3 (including the amount of water diverted
from Yangtze River and Yellow River). The total water resources of Luanhe River, Beisanhe
River, Yongding River, Daqing River, Ziya River, Zhangweinan Canal, and Tuhai-Majia
River are 4.67, 4.38, 2.49, 4.65, 6.36, 4.41, and 3.32 billion m3, respectively. The average
annual runoff in HRB into Bohai Bay was 3.51 billion m3. The annual average runoff totals
of Luanhe River, Beisanhe River, Daqing River, Ziya River, and Tuhai-Majia River into
Bohai Bay are 0.92, 1.05, 0.64, 0.34, and 0.54 billion m3, respectively. It is obvious that PLB
has far more water resources than HRB, especially the amounts of water delivered to the
outlets. Such difference might be explained by the lesser amounts of precipitation, the
larger area of plain terrain, and the larger demand for water supply in HRB, leading to
the lesser NH4

+-N loads delivered to the outlets compared to PLB. The summary of water
resources of the main rivers in PLB and HRB is in Tables S1 and S2.

2.1.1. Nutrient Sources

Point source data in 2017 of NH4
+-N in PLB and HRB were provided by Chinese

Research Academy of Environmental Sciences and Ecological Environment Monitoring
and Scientific Research Center of Haihe River Basin and Beihai Sea Area, respectively. The
load from point sources involved municipal and industrial wastewater treatment plants.
The median annual load in PLB from point sources was 125,744 kg/year of NH4

+-N, with a
range of 4479–1,568,808 kg/year. The median annual load in HRB from point sources was
42,084 kg/year of NH4

+-N, with a range of 0–2,952,298 kg/year.
Farmland, woodland, grassland, and residential land were considered as non-point

sources of nutrients [48]. Land use data in 2015 were acquired from the Data Center
for Resources and Environmental Sciences of Chinese Academy of Sciences (https://
www.resdc.cn/data.aspx?DATAID=184, accessed on 22 December 2020) and used to label
farmland, woodland, grassland, water body, residential land, and barren land. In PLB,
there were 24.60% farmland, 67.15% woodland, 4.20% grassland, 1.98% water body, 2.04%
residential land, and 0.01% barren land, as shown in Figure 2a. In HRB, there were 49.03%
farmland, 19.16% woodland, 18.45% grassland, 2.44% water body, 9.74% residential land,
and 1.18% barren land, as shown in Figure 2b. It is clear that the areas of woodland and
grassland in PLB were almost equal to those in HRB; and that the areas of farmland and
residential land in PLB were far smaller than those in HRB.

2.1.2. River Network and Nutrient Load Estimates

The river network was obtained from the Digital Elevation Model (DEM) data (90 m× 90 m)
of PLB and HRB by using ArcHydro tools; 85 and 310 stream reaches were delineated,
respectively. The DEM data were downloaded from the Geospatial Data Cloud site, Com-
puter Network Information Center, Chinese Academy of Sciences (http://www.gscloud.
cn/sources/accessdata/306?pid=302, accessed on 28 December 2020).

Streamflow data in 2017 were available from only Qiujing, Meigang, Wanjiabu,
Hushan, Waizhou, Dufengkeng, and Lijiadu stations in PLB, which were provided by
the Jiangxi Academy of Environmental Sciences. Streamflow at ungauged watersheds
in PLB was estimated by using a GWLF model [49]. The version of the GWLF model
used in this study was ReNuMa version 2.2.2 [50]. Streamflow data were available from
203 stations in HRB, which were provided by Ecological Environment Monitoring and Sci-
entific Research Center of Haihe River Basin and Beihai Sea Area. Streamflow at ungauged
watersheds in HRB was simulated by interpolation analysis using the GIS platform. Water
quantity station distributions are shown in Figure 3a,c.

https://www.resdc.cn/data.aspx?DATAID=184
https://www.resdc.cn/data.aspx?DATAID=184
http://www.gscloud.cn/sources/accessdata/306?pid=302
http://www.gscloud.cn/sources/accessdata/306?pid=302
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Water quality data in 2017 were provided monthly by the Jiangxi Academy of Envi-
ronmental Sciences from 58 sites for PLB, and by Ecological Environment Monitoring and
Scientific Research Center of Haihe River Basin and Beihai Sea Area from 144 sites for HRB.
Water quality station distributions are shown in Figure 3b,d.

Annual nutrient loads of these sites were assessed as follows:

Loadi = Flowi × Conci (1)

where Loadi is the Annual nutrient load of reach i, Flowi is simulated by the GWLF
model (or interpolation analysis) as above, and Conci represents the mean annual instream
NH4

+-N concentration.

2.1.3. Land-to-Water Delivery Variables

The model’s land-to-water delivery variables were mainly determined by the spatial
attribute data. Annual average precipitation, annual average temperature, and slope were
used in model calibration. The data of precipitation and temperature were downloaded
from China Meteorological Data Service Centre (http://data.cma.cn/data/cdcdetail/
dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html, accessed on 19 June 2020). The slope
data were extracted from DEM. The data of delivery variables were transformed to the
final type of SPARROW model by using GIS platform.

2.2. SPARROW Model

The total load leaving a given reach in the SPARROW model is considered as the sum
of the load produced by itself and the load delivered from its upper stream [51]. The total
load leaving reach i can be expressed mathematically as follows:

F∗i =

 ∑
jεJ(i)

F′j

δi A
(

ZS
i ; θS

)
+
(
∑NS

n=1 Sn,iαnDn

(
ZD

i ; θD

))
A′
(

ZS
i ; θS

)
(2)

where Fi* is the total load leaving reach i (kg/year), F′j is the load leaving upstream
reaches from reach j, the set J(i) is all upstream reaches of reach i, δi is the proportion
of load delivered to reach i contributed by adjacent upstream reaches, A

(
ZS

i ; θS
)

is a
function of first-order loss processes related to stream size, and A′

(
ZS

i ; θS
)

is the square
root of A

(
ZS

i ; θS
)
.

Sn,j is the nutrient source n in reach i, NS is the total number of nutrient sources, αn

is the coefficient of nutrient source n, and the land-to-water delivery term Dn
(
ZD

i ; θD
)

is
defined as follows:

Dn

(
ZD

i ; θD

)
= exp

(
∑MD

m=1 ωnmZD
m iθDm

)
(3)

where ZD
m i is the land-to-water variable m within reach i, MD is the total number of delivery

variables, θDm is the coefficient of delivery variable m, and ωnm is the delivery index for
judging whether source n uses delivery variable m or not.

Stream delivery function, considered as an attenuation process acting on flux, is
formulated by a first-order reaction rate process. The proportion of the load remaining
after the delivery to the outlet of reach i is expressed as an exponential function:

A
(

ZS
i ; θS

)
= exp

(
−∑CS

c=1 θScTS
c i

)
(4)

where TS
c i is the average travelling time of a stream in reach i, which is classified as in-

stream decay class c. c is the number of in-stream decay class c streams, CS is the total
number of in-stream decay classes, and θSc is the coefficient corresponding to average
travelling time of stream. Two in-stream decay classes were used in the PLB and HRB
SPARROW models.

http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html
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The estimation method of the SPARROW model is a nonlinear weighted least squares
(NWLS) algorithm performed by the SAS procedure PROC MODEL, based on Equation (2).
NWLS, which is a robust technique to solve nonlinear problems, can be considered as
an iterative linear estimation process, since it is related to the ordinary least squares [51].
Bootstrap analysis is used to validate the model and perform the uncertainty analysis. The
bootstrap procedure is executed by randomly selecting with replacement monitored loads
from the observations in the original calibration data set and fitting separate regression
models to the resampled data [32].

2.3. GWLF Model

GWLF is a combined distributed/lumped parameter model [52], which simulates
monthly and annual streamflow, sediment transport, and associated nitrogen and phos-
phorus fluxes. GWLF was designed to be used in mixed-use watersheds (such as urban,
multiple agricultural land uses, and forested land use). Streamflow from each land use
category is parameterized using a variation of the Soil Conservation Service (SCS) curve
number formulation; erosion is generated using the Universal Soil Loss Equation (USLE).
The wastewaters from residences are considered a septic system component in GWLF
model. The Excel Solver is used to make calibration in GWLF [53].

3. Results
3.1. Calibration and Validation of GWLF Model

The period from 2015 to 2016 was chosen for model calibration, and 2017 was used for
model validation of streamflow. The parameters used during calibration were recession
coefficient, seepage coefficient, and SCS curve numbers of different land use types. The
optimized parameters are listed in Table S3. The Nash–Sutcliffe efficiency (NSE) is provided
to analysis the model performance. Figure 4 shows the results of calibration and validation
at seven gauged stations in PLB. The NSE of calibration ranges from 0.67 to 0.96, while the
NSE of validation ranges from 0.51 to 0.88. Such results indicate an acceptable predictive
capability of GWLF to estimate streamflow.

3.2. Calibration of SPARROW Models and Uncertainty Analysis
3.2.1. Calibration of SPARROW Models

NWLS calibration of SPARROW models in 2017 was executed, based on 58 and 144
water quality stations in PLB and HRB, respectively. The correlation coefficient (R2), the
mean square error (MSE), the root mean square error (RMSE), and the NSE (see Table 2)
were assessed to evaluate the performances of the models.

Table 1. Results of SPARROW models.

Basin Number of Observations R2 MSE RMSE NSE

PLB 58 0.89 0.25 0.50 0.88
HRB 144 0.53 1.91 1.38 0.52

For the results of SPARROW models for PLB and HRB, the values of R2 were 0.89 and
0.53, respectively, which verified the acceptability of SPARROW models. MSE were 0.25
and 1.91, respectively. The RMSE for the models were around 0.50 and 1.38, respectively.
Although the RMSE of HRB was significantly higher, similar values have been reported
by other studies (RMSE = 1.40 [54], RMSE = 0.96 [16]). In addition, the NSE values were
similar to the R2 values, which indicated the robustness of the models. Figures 5a and 6a
are scatterplots of predicted values versus observed values, in which the majority of the
points are located in the vicinity of bisection. The scatterplots of residuals illustrated
homoscedasticity (Figures 5b and 6b). The aforementioned analysis implied rational
performance of the SPARROW models.
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3.3. Calibration of SPARROW Models and Uncertainty Analysis
3.3.1. Calibration of SPARROW Models

NWLS calibration of SPARROW models in 2017 was executed, based on 58 and 144
water quality stations in PLB and HRB, respectively. The correlation coefficient (R2), the
mean square error (MSE), the root mean square error (RMSE), and the NSE (see Table 2)
were assessed to evaluate the performances of the models.

Table 2. Results of SPARROW models.

Basin Number of Observations R2 MSE RMSE NSE

PLB 58 0.89 0.25 0.50 0.88
HRB 144 0.53 1.91 1.38 0.52

For the results of SPARROW models for PLB and HRB, the values of R2 were 0.89 and
0.53, respectively, which verified the acceptability of SPARROW models. MSE were 0.25
and 1.91, respectively. The RMSE for the models were around 0.50 and 1.38, respectively.
Although the RMSE of HRB was significantly higher, similar values have been reported
by other studies (RMSE = 1.40 [54], RMSE = 0.96 [16]). In addition, the NSE values were
similar to the R2 values, which indicated the robustness of the models. Figures 5a and 6a are
scatterplots of predicted values versus observed values, in which the majority of the points
are located in the vicinity of bisection. The scatterplots of residuals illustrated homoscedas-
ticity (Figures 5b and 6b). The aforementioned analysis implied rational performance of
the SPARROW models.
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3.3.2. Parameters and Uncertainty Analysis

The bootstrap method was used to perform uncertainty analysis of SPARROW model
parameters. Point sources, farmland, woodland and grassland, and residential land were
considered as the main NH4

+-N sources. Tables 3 and 4 show the evaluation of PLB and
HRB, respectively. The coefficients of these sources all fell into the 90% confidence interval.
The coefficients of farmland, woodland and grassland, and residential land were larger
than 1, similar to the coefficients reported in other studies [55,56]. The coefficients of point
sources were lower than 1, which suggested overestimates in the data of point sources.

Slope, average precipitation, and temperature were chosen as the land-to-water deliv-
ery variables for the SPARROW models. The coefficients of these sources all fell into the 90%
confidence interval. Point sources and average precipitation showed statistical significance
(p < 0.05) for PLB, while only average temperature showed statistical significance (p < 0.05)
for HRB. Both stream decay variables lay in the 90% confidence intervals for PLB and HRB.
Meanwhile, only the reach decay factor of a small river showed statistical significance
(p < 0.05) for HRB.
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Table 3. Evaluation of parameters in PLB.

Model Parameter Unit Value Standard
Error

Unbiased
Value p-Value Lower

90% CI
Upper
90% CI

Point sources kg·year−1 0.532 0.196 0.518 0.009 0.204 0.878
Farmland kg·km−2·year−1 218.034 214.467 281.267 0.314 −27.661 436.068

Woodland and
grassland kg·km−2·year−1 24.413 41.268 31.735 0.557 −3.313 48.826

Residential land kg·km−2·year−1 1101.034 2126.541 −580.387 0.607 −5085.246 2202.069
Precipitation cm 0.003 0.001 0.003 0.002 0.002 0.004

Slope % −0.060 0.100 −0.087 0.551 −0.215 0.007
Small river day−1 0.070 0.133 0.052 0.599 −0.172 0.252
Large river day−1 0.017 0.104 0.008 0.873 −0.207 0.139

Table 4. Evaluation of parameters in HRB.

Model Parameter Unit Value Standard
Error

Unbiased
Value p-Value Lower

90% CI
Upper
90% CI

Point sources kg·year−1 0.040 0.023 0.032 0.078 0.002 0.052
Farmland kg·km−2·year−1 26.838 15.649 23.760 0.089 2.564 45.117

Woodland and
grassland kg·km−2·year−1 6.556 5.102 5.336 0.201 −6.636 13.112

Residential land kg·km−2·year−1 114.065 61.755 116.572 0.067 −9.354 226.851
Precipitation cm 0.013 0.021 0.012 0.539 −0.014 0.034
Temperature ◦C 0.148 0.072 0.132 0.042 −0.005 0.263
Small river day−1 0.438 0.084 0.423 <0.05 0.300 0.635
Large river day−1 0.114 0.081 0.094 0.165 −0.045 0.186

3.4. Nutrient Estimates
3.4.1. Nutrient Load

Figure 7a,b show the incremental loads of NH4
+-N in each catchment in PLB and

HRB. The incremental load ranged from 4513 to 1,468,867 kg/year in PLB. The middle
reach of Ganjiang River delivered the maximum incremental NH4

+-N load to Poyang Lake
(Figure 7a). Fuhe River’s downstream catchment and the upstream reach of Raohe River
had large load deliveries. The upstream reach of Xinjiang River and the downstream reach
of Ganjiang River had large incremental load.

In HRB, the incremental load ranged from 10 to 1,121,252 kg/year (Figure 7b). The
upstream reach of Daqing River had the maximum incremental NH4

+-N load delivery.
The upstream reach of Ziya River and the middle reach of Daqing River made large
incremental NH4

+-N load deliveries. The upstream reaches of Majia River, Beisanhe River,
and Zhangweinan Canal; and the downstream portions of Beisanhe River and Tuhai River,
had large incremental NH4

+-N load.

3.4.2. Nutrient Sources

Nutrient source apportionment was analyzed for the major river watersheds in PLB
and HRB (Tables 5 and 6, respectively) [57]. On average, NH4

+-N from point sources
(industrial and sewage discharge), farmland, woodland and grassland, and residential land
accounted for 43.09%, 32.14%, 10.70%, and 14.07%, respectively, in PLB. Point sources were
the main NH4

+-N sources in the Ganjiang, Fuhe, Xinjiang, and Xiushui River watersheds.
In the Raohe River watershed, farmland was the dominant NH4

+-N source.
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Table 5. Nutrient sources’ fluxes and fractions in main rivers in PLB.

River
Point Sources Farmland Woodland and

Grassland Residential Land Total

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Ganjiang 7005 49.48 4193 29.61 1150 8.12 1811 12.79 14158 100.00
Fuhe 1478 44.87 1146 34.81 286 8.69 383 11.63 3293 100.00

Xinjiang 1593 48.33 972 29.48 259 7.86 473 14.33 3297 100.00
Raohe 656 15.18 1764 40.85 978 22.66 921 21.32 4318 100.00

Xiushui 628 48.56 397 30.67 146 11.32 122 9.46 1293 100.00
Total 11,359 43.09 8471 32.14 2820 10.70 3709 14.07 26,360 100.00

Table 6. Nutrient sources’ fluxes and fractions of main rivers in HRB.

River
Point Sources Farmland Woodland and

Grassland Residential Land Total

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Flux
(ton/a)

Fraction
(%)

Luan 132 14.35 299 32.48 202 21.90 288 31.28 921 100.00
Beisanhe 1449 26.71 1421 26.20 241 4.44 2313 42.65 5424 100.00
Yongding 394 19.84 846 42.61 222 11.19 523 26.35 1985 100.00

Daqing 3260 38.44 2740 32.30 197 2.32 2284 26.93 8481 100.00
Ziya 926 14.10 3253 49.52 208 3.17 2182 33.21 6569 100.00

Zhangweinan
Canal 527 12.48 1909 45.21 262 6.20 1525 36.11 4223 100.00

Tuhai-Majia 913 19.29 1976 41.74 7 0.15 1837 38.81 4734 100.00
Total 7602 23.51 12,444 38.48 1339 4.14 10,952 33.87 32,336 100.00

In HRB, NH4
+-N from point sources (industrial and sewage discharge), farmland,

woodland and grassland, and residential land accounted for, on average, 23.51%, 38.48%,
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4.14%, and 33.87%, respectively. In Luanhe, Yongding, Ziya, Zhangweinan Canal, and
Tuhai-Majia River watersheds, farmland was the primary NH4

+-N pollution source. In the
Beisihe River watershed, residential land was the dominant NH4

+-N source. Point sources
were the main NH4

+-N sources in the Daqing River watershed.

4. Discussion
4.1. Delivery Fraction

Figure 8 illustrates the fraction of the load that each reach delivered to the target reach
through the drainage lines of rivers. The fraction of NH4

+-N entering Poyang Lake from
rivers ranged from 0.61 to 1.00, with an average of 0.86 (Figure 8a). Meanwhile, the fraction
of NH4

+-N entering Bohai Bay from rivers in HRB ranged from 0 to 0.99, with an average
of 0.22 (Figure 8b). As shown in Figure 8, the delivery fraction of a specific reach is related
to its distance to the target reach. In both basins, the delivery fraction decreases as the
distance increases. The average delivery fraction of HRB is much lower than that of PLB,
because the streamflow of PLB is much larger than that of HRB and the terrain of PLB is
steeper than that of HRB.
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4.2. Nutrient Delivery to Outlets

Figure 9 shows the loads and yields of NH4
+-N delivered to the target outlets in each

catchment in PLB. Figure 10 shows the loads and yields of NH4
+-N delivered to the target

outlets in each catchment in HRB. Fuhe River’s downstream catchment had the maximum
incremental NH4

+-N load delivered to Poyang Lake (Figure 9a). The middle reach of
Ganjiang River and the upstream reach of Raohe River had large load deliveries. The
upstream reach of Xinjiang River and the downstream reach of Xiushui River had large
load deliveries.
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The yield was calculated as the division of the incremental load of a specific reach
delivered to the river watershed outlet by the incremental reach area. Yield reflects the
intensity of NH4

+-N transferred to the river watershed outlets. Such analysis helps to
identify major contributing areas to the water quality of outlets. As shown in Figure 9b, the
middle reach of Ganjiang River had the highest NH4

+-N yields. The downstream portions
of Ganjiang River, Fuhe River, Xinjiang River, and Raohe River had high incremental
NH4

+-N loads, but the downstream portion of Ganjiang River had a larger NH4
+-N yield

than the others. These regions belong to the central urban areas of major cities in Jiangxi
Province, which is perhaps the reason why these catchments have high yields.

In HRB, the downstream reach of Beisanhe River had the maximum incremental
NH4

+-N load delivery (Figure 10a). The downstream reach of Tuhai-Majia River had a
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large incremental NH4
+-N load delivery. The downstream reaches of Daqing River and

Luan River had large incremental NH4
+-N load deliveries.

As shown in Figure 10b, the downstream reach of Yongding River had the highest
NH4

+-N yield. The middle reaches of Beisanhe River and Daqing River had higher NH4
+-N

yield than their downstream reaches. The middle reaches of Zhangweinan Canal and Tuhai-
Majia River also had high NH4

+-N yields.
By combining incremental load, load delivery, and yield results, it could be found

that the densely populated area in both PLB and HRB contributed the most to the NH4
+-N

load. However, the difference between the two basins was that the point sources of PLB
played the dominant role in the transport of load delivery, whereas the residential land was
the dominant sources of load delivery in HRB, as shown in Figure 11. The contributions
of farmland in both basins cannot be omitted, either. In PLB, NH4

+-N load delivery
originating from point sources and farmland accounted for 41.83% and 38.84%, respectively.
In HRB, NH4

+-N load transport originating from residential land and farmland accounted
for 40.16% and 36.75%, respectively.
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The phenomenon above might be explained by the following reasons. Firstly, the
proportion of residential land in HRB was much bigger than that in PLB, and thus the
residential land contributed more to the load delivered to the outlets in HRB. Secondly, the
streamflow of PLB is much larger than that of HRB, which leads to the decrease of NH4

+-N
removal in streamflow and makes the point sources the dominant sources in PLB. Lastly,
the urbanization and point sources management of PLB might be inferior to those of HRB.

4.3. Strategy for Nutrient Management

Nutrient delivery abatement is vital for the water quality of the receiving waterbody.
The results of SPARROW models in this study are meaningful for evaluating NH4

+-N load
transport, critical regions of high load delivery, and dominant nutrient sources.

Based on the studies above, policies of enhancement were proposed. Since PLB
has more water resources and steeper terrain, some upstream and middle reaches still
transport large amounts of NH4

+-N load to the outlets, similar to the reaches around the
lake. Therefore, it is crucial that more attention should be paid to the reaches around the
lake and the upstream and middle reaches, which deliver a large amount of NH4

+-N load to
outlets, especially the centers of big cities. At the same time, the point sources and farmland
were recognized as the dominant sources contributing to the load delivered to the outlets
in PLB. Consequently, it is important to enhance the management of the point sources in
these reaches, such as municipal and industrial wastewater. In addition, since PLB already
contains high proportions of woodland and grassland, it is important to establish buffer
zones along rivers by planting vegetation or building wetlands, in order to increase the
absorption of NH4

+-N.
Owing to relatively fewer water sources and more plain terrain in HRB, the middle and

downstream reaches contributed more to the NH4
+-N load delivered to the outlets. Hence,

the management among these reaches should be enhanced. In HRB, the residential land
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and farmland both have critical positions in the delivery of NH4
+-N loads to the outlets,

due to the large amount of residential land and the high population density. Consequently,
controlling the domestic pollution and reducing the usage of chemical fertilizers are feasible
measures to be undertaken urgently. In addition, increasing the woodland and grassland
coverage to enhance the retention of nutrients in land areas may be a sound measure to
reduce the NH4

+-N load delivered to the outlets.

5. Conclusions

The SPARROW model is a spatial explicitly method to address nutrient load and
streamflow transport in watersheds. This study developed SPARROW models in two
multi-rivers basins in China, which cover large areas in the north and south of China,
respectively. These two basins have quite different conditions in many aspects, including
weather, water resources, and land use. The SPARROW models were used to evaluate
NH4

+-N load streamflow transport, critical regions of high load delivery, and dominant
nutrient sources in these two basins, which further provided basin-specific advice to the
authorities. Based on the results of this study, the point sources and the farmland are the
dominant source of NH4

+-N entering Poyang Lake, while the residential land and farmland
are the major sources of NH4

+-N entering Bohai Bay. The following measures should be
taken: In PLB, especially among the centers of big cities, it is important to enhance the
management of the point sources, such as municipal and industrial wastewater. In addition,
it is also advised to establish buffer zones along rivers by planting vegetation or building
wetlands, in order to increase the absorption of NH4

+-N. In HRB, controlling the domestic
pollution and reducing the usage of chemical fertilizers are feasible measures that should
be urgently considered. Moreover, increasing the woodland and grassland coverage to
enhance the retention of nutrients in land areas may be a sound measure for the reduction
of the NH4

+-N load delivered to the outlets.
The SPARROW models built for PLB and HRB can serve as references for future uses

for different basins with various conditions, extending this model’s scope and adaptability.
Remarkably, at twice the size of PLB, HRB has more plain terrain, less water resources
and more long-distance canals, which lead to more difficult in its modelling. Hence, the
SPARROW model developed in HRB is a worthy possibility for similar research in future.
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