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A B S T R A C T   

The assessment of nutrients delivered to aquatic ecosystems is important for water quality controls. Mainly due 
to the complex terrains and subsurface hydrological systems in karst regions, it is challenging to understand 
nutrient delivery pathways and quantify contributions of various sources to surface waterbodies in karst basins, 
e.g., via the use of mechanistic models. To resolve this issue, a statistical water quality model (i.e., the SPAtially 
Referenced Regression On Watershed attributes-SPARROW model) was tested to estimate the mean annual 
transport, concentration, and yield of ammonium nitrogen (NH4

+-N) contributed by natural and human sources in 
the Wujiang River Basin (WRB) in southwest China, where the nutrient inputs and pathways have been signif-
icantly altered by anthropogenic activities. Overall, the modelling results explained about 86% of the variability 
in the observed mean annual NH4

+-N fluxes, attesting the applicability of the SPARROW model for estimating 
NH4

+-N transport at mean annual time scales in karst basins. Moreover, the results indicated that the anthro-
pogenic sources (i.e., fertilizer, livestock manure, and waste water) were the main origins of NH4

+-N, accounting 
for a total load of 66.8% in waterbodies. In addition, the leakage of NH4

+-N into groundwater from the karst area 
was evaluated, leading to a reduction of NH4

+-N delivery to surface waterbodies for about 36.9% with a range 
from 31.3% to 52.2% in the seven main subbasins in the WRB. The damming effect of the constructed reservoirs 
on the NH4

+-N delivery differed noticeably with the lowest reduction rate (2.4%) in the Suofengying reservoir and 
the highest rate (79.1%) in the Hongfenghu reservoir. It was found that the interception efficiency of lake-type 
reservoirs was generally higher than that of river-type reservoirs in the WRB. The results of this study demon-
strate the usefulness of the SPARROW model for evaluating nutrient transport and pathways in karst regions, 
which can provide critical information for better management to control nutrients in those regions.   

1. Introduction 

Nutrient availability is one of the key factors for controlling water 
quality in aquatic ecosystems. Excessive nutrients in aquatic systems can 
affect ecosystem integrity, human health, drinking water supplies, and 
local amenities (Abbaspour et al., 2007; Perrin et al., 2014). Therefore, it 
is important to understand the pathways, through which nutrients of 
various natural and anthropogenic sources enter aquatic ecosystems. 
Although numerous studies have showed the impacts of environmental 
factors, such as climate, topography, soil, and vegetation, on nutrient 
transport pathways (Kyllmar et al., 2006; Qin et al., 2010), it is still a 
grand challenge to reliably estimate nutrient transport in large basins 

with complex river networks, which is further complicated by variations 
in landscapes and removal processes (Chen et al., 2019). 

Karst regions are of hydrological, ecological, and socioeconomic 
significance with unique topography and subsurface structures (Han 
et al., 2014; Jiang et al., 2014), which cover ~10% of the Earth surface 
and provide drinking water to ~25% of the world population (Kalhor 
et al., 2019). However, intensive human activities in those regions, such 
as agriculture and urbanization, have significantly changed the nutrient 
inputs and pathways from natural conditions (Li et al., 2020). Moreover, 
with the demands for water resources allocation and flood control, a 
large portion of rivers in karst regions in southwest China have been 
impounded and their hydrological continuity has been altered (Li et al., 
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2016). The dams can affect local biogeochemical cycles in many 
different ways. For example, numerous studies focused on the inter-
ception effect of reservoirs on nutrient transport (Seitzinger et al., 2002; 
Wang et al., 2010), as the interception by dams can considerably reduce 
the delivery flux and promote the accumulation of nutrients in reservoirs 
(Harrison et al., 2009). These changes can further break the balance of 
local ecosystems; for instance, the excess nutrients might increase the 
risk of algal bloom and deteriorate aquatic habitats (W. Wang et al., 
2019). 

Process-based mechanistic models have been widely used in evalu-
ating nutrient transport in non-karst basins, which vary considerably in 
model structures and governing equations used to depict the pathways 
and interactions of nutrients with surrounding environments (Singh 
et al., 2005; Hashemi et al., 2016). However, intensive data re-
quirements of process-based models (e.g., land use types, soil parame-
ters; Čerkasova et al., 2018) for simulating nutrient transport generally 
limit the application of those models in karst basins, primarily owing to 
their complex subsurface systems that are composed of karst fissures, 
pipelines, and caves (Jiang et al., 2014). These subsurface features can 
promote the leakage of surface water to groundwater, and thus exert 
significant impacts on nutrient transport (Tooth and Fairchild, 2003; 
Song et al., 2019). Therefore, the development of suitable models other 
than process-based models for karst regions has attracted much atten-
tion in scientific communities over the past several decades (Hartmann 
et al., 2014; Amin et al., 2016). 

Ammonium nitrogen (NH4
+-N) is an important nutrient that 

commonly exists in products from human activities like fertilizer, live-
stock excrement, and waste water. Most NH4

+-N is fixed through mi-
croorganisms and the Haber-Bosch process, of which 80% is used as 
agricultural fertilizer and 20% as feedstock for industrial processes 
(Fowler et al., 2013). Additionally, NH4

+-N can be decomposed from 
organic matter through ammonification. With high activities, NH4

+-N 
can be transformed to nitrite (NO2

− ) and nitrate (NO3
− ) nitrogen through 

nitrification, and to nitrogen (N2) through anammox reactions, or be 
assimilated and converted to organic nitrogen by plants and bacteria 
(Xia et al., 2018). As NH4

+-N can tremendously affect local water quality 
(Peterson et al., 2001), it is of great importance to estimate the sources 
and transport pathways of NH4

+-N for water quality management. 
However, as mentioned before, it is extremely difficult for process-based 
models to simulate the transport of NH4

+-N at regional scales in karst 
regions, with limited observational data and high uncertainties in model 
parameterizations (Malagò et al., 2016; Hartmann et al., 2014). To this 
end, statistic models may provide alternatives for assessing nutrient 
transport in karst regions, as they allow extracting information from 
available data with minimum assumptions and thus are more appro-
priate for hydrological systems with unknown nutrient flow pathways 
(Li et al., 2015). 

Here, the SPAtially Referenced Regression On Watershed attributes 
(SPARROW) model was used in this study, which is a statistical water 
quality model designed for basin-scale studies on nutrient transport 
(Smith et al., 1997). The SPARROW model integrates the information on 
nutrient sources and landscape properties to quantify nutrient transport. 
The model has been extensively used in non-karst regions in Canada, 
China, Japan, New Zealand, Spain, and the U.S. with satisfactory per-
formance results (Smith et al., 1997; Alexander et al., 2002, 2007; 
Aguilera et al., 2012; Wellen et al., 2012; Duan et al., 2015; Li et al., 
2015). Furthermore, the model performed well in assessing nutrient 
transport in large-scale reservoirs (Brown et al., 2011; Morales-Marín 
et al., 2017) as well as in simulating scenarios with changing nutrient 
sources or landscape conditions (Garcia et al., 2011; Alshawaf et al., 
2016). In spite of its wide applications, the applicability of the SPAR-
ROW model in karst regions has not been tested, which might provide an 
additional avenue for modelling nutrient transport in karst regions with 
complex terrains and subsurface systems. 

As the first attempt, the main objectives of this study were to (1) test 
the applicability of the SPARROW model in karst regions and (2) 

quantify the NH4
+-N sources via natural and anthropogenic inputs and 

assess their transport processes affected by various natural and anthro-
pogenic factors (particularly, the impacts of karst geology and reservoirs 
on the regional NH4

+-N transport). To this end, the Wujiang River Basin 
(WRB), a large karst basin located in southwest China was selected, 
where the nutrient inputs and pathways have been significantly altered 
by anthropogenic activities in recent years. Based on the model results, 
an assessment for different management strategies was also made. It was 
expected that the SPARROW model could assist with policy decision 
support for better management in controlling NH4

+-N in karst regions. 

2. Data and methodology 

2.1. Study area 

The WRB is located in Guizhou province in southwest China (Fig. 1). 
It is the one of the largest tributaries in the Yangtze River basin, with a 
drainage area of 66,807 km2. The WRB lies in a subtropical monsoon 
climate zone with a mean annual temperature of 12.3 ◦C, where the 
respective highest and lowest temperature is in July (26 ◦C on average) 
and January (3.5 ◦C). The mean annual precipitation (P) is around 1000 
mm with ~75% of P occurring in summer months. The main land use 
types in the WRB are cultivated land, grass land, and forest land. Due to 
the mountainous terrains, the cultivated lands are mainly distributed in 
topographic depressions and valleys, while grass lands are scattered 
along hillsides for grazing. The forests are dominated by coniferous and 
deciduous trees (Han et al., 2014). The urban population in Guizhou 
province is only about 35% of the total population with the population 
density decreasing from southwest to northeast. 

About 70% of the WRB belongs to karst landscapes (Fig. 2), which 
are characterized by thin soil layers underlain by carbonate rocks and 
complicated groundwater systems. In the past several decades, intensive 
human activities (e.g., deforestation and overgrazing) have led to sig-
nificant soil erosion and rock desertification, which subsequently caused 
serious environmental hazards such as landslides and floods (Yuan, 
1997). The rock desertification in the karst area has been recognized as a 
major hindrance for local agricultural development (Li et al., 2020), and 
also poses tremendous effects on hydrologic processes, particularly on 
runoff generation processes. For instance, the loss of soil and vegetation 
in karst fractures increased the water leakage to groundwater systems 
and decreased the resistance to overland flow in areas with high relief 
(Jiang et al., 2014). 

There are seven main subbasins in the WRB according to the tribu-
tary areas (Fig. 1), including the Sancha River (SCR), the Liuchong River 
(LCR), the Yachi River (YCR), the Maotiao River (MTR), the Qingshui 
River (QSR), the Xiang River (XR), and the Wujiang Mainstream (WJM) 
subbasins. The SCR and LCR subbasins represent the upstream area, the 
YCR, MTR, QSR and XR subbasins represent the midstream area, and the 
WJM subbasin belongs to the downstream area. The main stream has a 
mean annual water discharge of 5.34 × 1010 m3, which accounts for 
approximately 47% of the total surface water runoff in Guizhou Prov-
ince (Huang et al., 2017). The abundant waterflow and large altitude 
drop make the WRB ideal for exploiting hydropower, which led to the 
construction of several large-scale reservoirs along the rivers in the WRB 
(Liu et al., 2011; B. Wang et al., 2019). These reservoirs are for multiple 
purposes, including hydropower generation, agricultural irrigation, 
human and animal water consumption, and flood risk management 
(Feng et al., 2009). 

2.2. Description of the SPARROW model 

The statistical SPARROW model was developed by the USGS, which 
combines water quality observations with landscape and nutrient in-
formation to estimate annual-averaged nutrient loads exported from 
land surface to waterbodies. This model requires less data than numer-
ical mechanistic models, and also overcomes the shortcomings of 
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traditional regression-based statistical models by including mass- 
balance constrained components (e.g., flow pathways and decay pro-
cesses), non-linear interactions of nutrients with landscapes, and 
spatially distributed basin attributes (Alexander et al., 2000, 2002). The 
model is generally applied in large-scale basins due to the use of statistic 
approaches in the model. It performs well in identifying nutrient sour-
ces, analyzing environmental factors, and evaluating water quality 
(Schwarz et al., 2006). 

To be self-contained, a brief description of the SPARROW model is 
provided here, and the detailed information can be found elsewhere in 
the literature (Schwarz et al., 2006). The estimated load of nutrients is 
computed by the following equation: 

where Fi* represents the estimated load leaving the reach i. The first 
term A at the right side of Eq. (1) is the amount of flux that is delivered to 
the downstream reach i from the adjacent upstream reach j. If measured 
data are available in the upstream reach j, Fj

′ is set to be equal to 
measured fluxes as Fj

M; otherwise, Fj
′ is given by estimated fluxes in the 

model. The parameter δi is the fraction of the upstream flux delivered to 
reach i and set to 1 if there are no diversions. 

The lumped term A(Zi
S,Zi

R;θS,θR) is the delivery function for streams 
and reservoirs, representing attenuation processes along the water 
pathway (the same for A′(Zi

S,Zi
R;θS,θR) in the term B). This function 

defines the fraction of the flux in reach i that is delivered to the down-
stream node (i.e., i + 1) by the following two equations based on the 
reach types (i.e., stream or reservoir): 

A
(
ZS

i ; θS
)
= exp

(

−
∑CS

c=1
θScTS

c,i

)

(2)  

A
(
ZR

i ; θR
)
=

1
1 + θR(qR

i )
− 1 (3) 

The factor A(⋅) is a function of stream or reservoir characteristics, 
denoted by the vectors Zi

S (i.e., Tc, i
S , in this study, represents the mean 

travel time as the quotient of the stream length to the mean velocity of 
the flow along the water pathway) and Zi

R (i.e., qi
R, in this study, rep-

resents the areal hydraulic load as the quotient of the outflow discharge 
to the water area of the reservoir), with θS and θR being the corre-
sponding coefficient vectors. The notation CS in Eq. (2) is the number of 
stream classes defined by the intervals of mean streamflow. 

The second lumped term B is the amount of the flux that is originated 
from the subbasin i directly transported to reach i. The parameter Sn, i is 
the source n in the subbasin i contributed to reach i with the corre-
sponding coefficient αn. The term Dn(Zi

D;θD) represents the net impact of 
the environment factor Zi

D on nutrient transport in subbasin i, with the 
corresponding coefficient θD described by the following equation: 

Fig. 1. Geographical location, streams, reservoirs, digital elevation model (DEM) and seven main subbasin areas of the WRB.  

Fig. 2. The lithological map of the WRB and the proportion of pure carbonate 
area in seven main subbasins. 

(1)   
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Dn
(
ZD

i ; θD
)
= exp

(
∑MD

m=1
ωnmZD

m iθDm

)

(4) 

The notation MD is the number of environment factors, and ωnm is an 
indicator with a value of 1 or 0 for whether the environment factor m 
affects source n. All the coefficients in the above equations are calibrated 
by a non-linear least square method between the observation and pre-
diction. In this study, the model performance was evaluated by several 
indexes: the significance level of the variables (p-value), the coefficient 
of determination (R2), root mean square error (RMSE; the error in model 
predictions), the spatial distribution of residuals (the difference between 
prediction and observation), and robustness of coefficients (bootstrap 
estimation). 

2.3. Data preparation 

In order to run the SPARROW model for the time period from 2010 to 
2012, several types of data were required, including hydrological stream 
networks, water quality and flow rate records, nutrient exports from 
different sources, and environment settings of the basin (Schwarz et al., 
2006). 

2.3.1. Stream network and flow data 
In this study, a digital elevation model (DEM) of a spatial resolution 

of 30 m from the Geospatial Data Cloud site (http://www.gscloud.cn) 
was used to derive the stream network in the WRB using ArcGIS version 
10.2 (see the Supplementary materials). There were 220 reaches delin-
eated in the WRB with 12 reservoirs (Fig. 3). Due to the lack of flow data 
at some reaches, the annual streamflow rates at those reaches were 
estimated by the Budyko model (Zhang et al., 2004) through annual P 
and potential evapotranspiration (E0) in the following equation: 

Q =

(

P
1

1− α + E
1

1− α
0

)1− α

− E0 (5) 

The annual P data were obtained from the Resource and Environ-
ment Data Cloud Platform (REDCP, http://www.resdc.cn/) and the 
annual E0 data were retrieved from the Modis16A3 dataset (https 
://lpdaac.usgs.gov/). The parameter α in Eq. (5) was calibrated at 30 
hydrological stations in the WRB with flow records from 2010 to 2012 
(Fig. 4). Then, the model was applied to predict the annual streamflow 
rates of unmonitored reaches, which was then combined with the 
Manning equation to estimate the mean flow velocity based on statistical 

approaches (Schulze et al., 2005). 

2.3.2. NH4
+-N load flux 

There were 16 monitoring stations with monthly NH4
+-N concen-

tration data and 13 stations with yearly-averaged NH4
+-N concentration 

data during 2010–2012 from the Hydrology and Water Resources Bu-
reau of Guizhou Province. The mean annual load of 2010 to 2012 was 
estimated by the following equation: 

Load = Ci⋅Qi (6) 

The Ci represents the mean annual concentration of NH4
+-N at 29 sites 

and the Qi is the mean annual streamflow rate computed in Section 2.3.1 
(see Fig. S1 for the comparison of monthly-based and yearly-based mean 
annual load estimation in the Supplementary materials). The loads of 
NH4

+-N were used for the model calibration. 

2.3.3. NH4
+-N sources 

The NH4
+-N in the WRB was mostly from fertilizer, livestock manure, 

waste water, and natural organic matter (Li et al., 2013; Li and Ji, 2016). 
The mostly used nitrogen fertilizer in the WRB was urea, which contains 
two amino groups in one molecule ((NH2)2CO). The NH4

+-N input from 
the fertilizer application to the land surface was estimated from the 

Fig. 3. Stream network of the WRB. The location of the main cities and water quality stations are labeled in the map. The information of the 12 reservoirs is listed in 
the table. 

Fig. 4. Logarithm-transformed predicted vs observed streamflow.  
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county-based yearbook around 2010, while the NH4
+-N input from 

livestock manures to the land surface was estimated from the dataset of 
the First China Pollution Census. The atmospheric deposition of NH4

+-N 
was neglected in this study, as the simulation results in L. Zhang et al. 
(2018) indicated that the NH4

+-N deposition in the WRB was ~4 kg ha− 1 

year− 1, which was much less than the loads from fertilizer (~36 kg ha− 1 

year− 1) and manure (~25 kg ha− 1 year− 1). The land use types (i.e., 
cultivated land, grass land, and forest land data were obtained from the 
REDCP) were used as surrogates for non-point sources (i.e., the NH4

+-N 
from agriculture, grazing, and nature, respectively). Additionally, the 
population data from the REDCP were used as the surrogate for 
anthropogenic NH4

+-N sources, for example, the loads from sewage/in-
dustrial waste water. All the above-mentioned data were compiled for 
the 220 subbasins in the Supplementary materials (Figs. S2–S8). 

2.3.4. Land-to-water delivery factors 
To consider the impacts of environmental factors on the delivery of 

NH4
+-N from land to waterbodies, several variables of climate and 

landscape were included in this study. These variables have been widely 
recognized as important factors for controlling the transport of nutri-
ents. For example, P could promote the delivery of nutrients through 
runoff generation (Morales-Marín et al., 2017), while high soil perme-
ability could promote infiltration and remove nutrients from soil (Rob-
ertson and Saad, 2011). Specifically, P, air temperature, and soil texture 
datasets were compiled from the REDCP. The stream density and slope 
datasets were extracted from the DEM data. The soil permeability was 
estimated from the ROSSETA model according to the soil texture (Y. 
Zhang et al., 2018). To examine the karstification impact on the NH4

+-N 
transport, the carbonate rock distribution was extracted from the 
hydrogeological map from the Institute of Karst Geology, Chinese 
Academy of Geological Sciences (http://www.karst.cgs.gov.cn/). These 
variables were allocated to the 220 subbasins (Figs. S9–S14 in the 
Supplementary materials), and then input and tested in the model. 

The typical karst characteristics of fissure and pipeline are mainly 
developed in the pure carbonate area, and the corresponding storage 
capacity could increase the transit times (Lauber and Goldscheider, 
2014; Zhang et al., 2020a). In addition, several studies have found that 
there was a large amount of surface nutrients leaked to groundwater in 
karst regions under laboratory or field conditions (Wei et al., 2011; Peng 
et al., 2019). Therefore, the leaked NH4

+-N in carbonate aquifers could 
be stored and converted to other nitrogen forms (e.g., to NO3

− -N through 
nitrification and/or N2 through anammox) before being delivered to 
surface waters (Zhang et al., 2020b). However, with the complex ter-
rains and subsurface structures, it was hard to obtain detailed hydro-
geological data in the WRB region. Thus, the distribution of the pure 
carbonate area (Fig. 2) was used to represent the net effect from kar-
stification on the NH4

+-N transport. 

2.4. Model setup and calibration 

The SPARROW model parameters were calibrated through a non- 
linear least square regression method (Schwarz et al., 2006). Different 
combinations of NH4

+-N sources and environmental factors were tested 
based on the assessment indexes used in this study (e.g., p-value and R2), 
and the best specification was chosen for the WRB. In this study, 8 
variables were selected from the 16 variables listed in Table 1. 

For NH4
+-N sources, the population and forest land were chosen to 

represent anthropogenic (e.g., fertilizer, manure waste, sewage, and 
industrial water) and natural (e.g., NH4

+-N decomposed from organic 
matter in soil and defoliation) sources, respectively (see correlation 
analysis in the Supplementary materials). The climate in the WRB is of a 
sub-humid type with mean annual P ranging roughly from 800 mm/year 
to 1200 mm/year. The abundant P leads to large surface runoff and 
infiltration, thus delivering a significant amount of NH4

+-N into adjacent 
waterbodies and groundwater. In addition, a significant portion of the 
WRB is covered by carbonate rocks. With the high solubility of 

carbonate rocks, there are generally well-developed groundwater sys-
tems underlain the carbonate areas, which may have a profound impact 
on the transport of NH4

+-N. For the NH4
+-N decay processes in water-

bodies, the model took the characteristics of stream and reservoir into 
consideration. 

In order to quantify the theoretical maximum reduction in the NH4
+- 

N transport associated with the carbonate area, the predicted load was 
compared with a hypothetical scenario without the impact of the car-
bonate area. Therefore, the difference between these two scenarios 
could indicate the reduction proportion of NH4

+-N by the leakage effect 
due to carbonate rocks. It should be noted that the estimation was based 
on the simplification that possible changes associated with the carbon-
ate area were not considered in the hypothetical scenario (i.e., the 
simulated processes such as runoff generation might be changed when 
the carbonate area was excluded). 

As for the evaluation of the NH4
+-N loads intercepted by the reservoir, 

the difference between the input and output loads of the reservoir was 
estimated based on the model simulation. The input loads into the 
reservoir were the sum of the loads from upstream (external sources) 
and adjacent areas (internal sources). The output loads were that 
delivered to the adjacent downstream reach of the reservoir. The 
interception efficiency was then defined as the quotient of interception 
loads to input loads. 

3. Results and discussion 

3.1. Model evaluation 

The simulation results from the SPARROW model in the WRB 
explained about 86% of the variability in the log-transformed (i.e., for 
better illustration of the values in different orders of magnitude) mean 
annual NH4

+-N loads (Fig. 5a). The RMSE value of the model results 
(0.74) and the bootstrap coefficients of variables also showed good 
robustness of the model (Table 2). The p-values for the source variables 
(e.g., population and carbonate area) were <0.05. The decay of NH4

+-N 
in streams showed a p value of 0.053, while the variables of P, forest 
land, and reservoir decay did not show good correlations. Note that 
except for the significance level, the interpretability of model results is 
another important metric for assessing model performances (Zhou et al., 
2018). In this study, the population distribution and forest land repre-
sented the NH4

+-N from anthropogenic and natural sources, respectively. 
With the low surface runoff coefficient and widely distributed carbonate 
areas in karst regions, P tended to promote surface NH4

+-N infiltration 
into groundwater (Peng et al., 2019), and the long transit times could 
promote NH4

+-N in carbonate aquifers to be stored and converted to 
other nitrogen forms (Zhang et al., 2020b); whereas, biogeochemical 

Table 1 
The input variables in the SPARROW model.  

Parameter Name Model Input Unit 

Sources Fertilizer  kg/year 
Manure  kg/year 
Cultivated land  km2 

Grass land  km2 

Population √ person 
Forest land √ km2 

Environmental factors Precipitation √ cm 
Carbonate area √ km2 

Temperature  ◦C 
Drainage density  km/km2 

Slope  % 
Permeability  cm/h 

Water attributions Stream velocity √ m/s 
Stream length √ km 
Reservoir water area √ km2 

Reservoir discharge √ m3/s 
Number 16 8   
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processes (e.g., nitrification, assimilation, and deposition) in streams 
and reservoirs were related to decay processes in the model (i.e., the 
instream loss in Table 2 was depicted by stream velocity and length in 
Eq. (2), and the reservoir attenuation was depicted by water area and 
discharge in Eq. (3)). These variables were all physically important for 
interpreting the transport of NH4

+-N. Several reasons might lead to the 
insignificance of the variables, such as insufficient observations for 
model calibrations, spatial heterogeneities of model variables, and un-
certainties of measured data (Schwarz et al., 2006). 

The spatial distribution of the log-transformed residuals is presented 
in Fig. 5b, which provides information as to whether the model 

overestimated or underestimated NH4
+-N loads compared to observa-

tions. Fig. 5b indicates that the model tended to underestimate the load 
for headwaters, likely due to the uncertainties in predicted streamflow 
in headwaters (i.e., the comparatively larger deviation for low stream-
flow in Fig. 4). Overall, the positive and negative residuals were uni-
formly distributed across the WRB rather than centered in a particular 
area, suggesting that the model had been adequately specified (McMa-
hon et al., 2003). 

3.2. Source contribution, load flux, and concentration prediction for 
NH4

+-N 

The model estimated the contributions of NH4
+-N loads into water-

bodies from both anthropogenic and natural sources for the 220 sub-
basins in the WRB, with the respective average contribution of 66.8% 
and 33.2%. The source contributions for the seven main subbasins are 
presented in Fig. 6a, which shows that NH4

+-N was mainly derived from 
anthropogenic sources in the upstream and midstream subbasins 
(>70%). These subbasins cover most of the urban areas in the WRB, 
where industrial and municipal sewage provided large quantities of 
NH4

+-N. In addition, the percentage of cultivated and grass lands was 
also relatively high in the upstream and midstream areas, leading to 
intensive fertilizer use and manure from grazing. In contrast, forest lands 
were centered in the downstream area (i.e., WJM), where the contri-
butions of NH4

+-N from natural and anthropogenic sources were 
approximately equal. Another reason for the relatively lower anthro-
pogenic contribution in the WJM was the lack of large cities, which gave 
little industrial or sewage wastewater to waterbodies. 

The three-year-averaged NH4
+-N loads (i.e., 2010–2012) through the 

220 reaches are displayed in Fig. 6b. The load from each reach was 
contributed by local and adjacent upstream sources. With the accumu-
lation of NH4

+-N along the stream, higher loads were expected in the 
downstream area. Moreover, among the 12 reservoirs located along the 
tributaries and main stream, the interception efficiency of NH4

+-N varied 
noticeably (more discussion in Section 3.3). The decay processes of 
NH4

+-N in streams might be owing to the algae absorption and nitrifi-
cation (Wang et al., 2002). By comparison, the decreased delivery flux in 
reaches closer to the basin outlet could be owing to less loads delivered 
from tributaries nearby. Since the SPARROW model was implemented 
with first-order decay rates in streams (i.e., the decay rate is propor-
tional to the NH4

+-N flux), the amount of NH4
+-N that decayed in 

downstream reaches (with higher NH4
+-N fluxes) was larger and the 

reduction in NH4
+-N fluxes was thus more pronounced. For reaches 

adjacent to urban areas (especially to the cities of Guiyang and Zunyi), 
higher loads might be owing to the large amount of industrial and 

Fig. 5. (a) Logarithm-transformed predicted vs observed NH4
+-N load at 

monitoring stations and (b) the map of logarithm-transformed residual in 
the basin. 

Table 2 
The SPARROW model coefficients calibrated by 29 observations in WRB.  

Parameter Calibration model 
coefficient 

Probability level 
(p-value) 

Standard error of 
coefficient 

Nonparametric bootstrap 
estimate of coefficient 

Confidence interval for 
coefficient 

Calibration model 
coefficient units 

Lower 
90% 

Upper 
90% 

Sources        
Population  0.79  0.024  0.32  0.76  0.28  1.34 kg⋅ps− 1⋅year− 1 

Forest land  2.07  0.42  2.51  2.73  0  7.19 kg⋅ha− 1⋅year− 1 

Environmental 
factors        
Precipitation  − 0.033  0.21  0.026  − 0.031  − 0.073  0.013 cm 
Carbonate area  − 0.0046  0.038  0.0021  − 0.0047  − 0.0087  − 0.0013 km2 

Aquatic loss        
Instream loss  1.95  0.053  0.96  2.15  0.41  4.04 day− 1 

Reservoir 
attenuation  

57.93  0.46  77.60  65.32  0  181.35 m⋅day− 1 

R2  0.86       
RMSE  0.74       
Number of 

observations  
29        
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municipal wastewater (Lang et al., 2006; Li et al., 2010). 
To assess NH4

+-N yields, the load of locally delivered NH4
+-N per 

square kilometer was estimated for each of the 220 subbasins to repre-
sent the spatial variations in the NH4

+-N yield intensity (Fig. 6c). Overall, 
the yield intensity tended to be higher in the upstream and midstream 

areas, while it was lower in the downstream area, which concurred with 
the distribution pattern of population (e.g., the population density 
decreased from southwest to northeast). Also note that the area around 
the cities tended to yield more NH4

+-N, owing to the inputs from industry 
and municipal sewage. Hence, the results indicated that the 

Fig. 6. The results of model prediction: (a) proportion of the NH4
+-N from anthropogenic sources and natural sources in seven main basins of WRB; (b) the annual 

delivered load; (c) the annual output NH4
+-N load per square kilometer; (d) the annual NH4

+-N concentration; (e) the proportion of NH4
+-N that was delivered to the 

outlet; (f) the contribution of each reach to the outlet and (g) the contribution from seven subbasins to the outlet. 
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anthropogenic NH4
+-N sources exerted a larger impact on the NH4

+-N 
transport in the WRB. 

Based on the transport load and streamflow data, the three-year- 
averaged concentration of NH4

+-N from 2010 to 2012 was shown in 
Fig. 6d. The reaches with higher NH4

+-N concentrations were mainly 
located near headwater and city areas, especially around Guiyang and 
Zunyi with the highest values in the WRB. As for headwater reaches, 
higher NH4

+-N concentrations might be caused by lower streamflow 
rates and thus less dilution (e.g., no upstream water input). According to 
the National Environmental Quality Standards for Surface Water (http 
s://www.mee.gov.cn/), the proportion of reaches with NH4

+-N concen-
trations less than that of level III (<1 mg/L) was 82.7%, 13.6% for level 
IV (1 to 1.5 mg/L) and V (1.5 to 2 mg/L), and the rest higher than level V 
(>2 mg/L). Note that among the reaches with NH4

+-N concentrations >1 
mg/L, headwaters accounted for 65.8%, which underscored the 
importance of headwaters in affecting the water quality of the WRB. 

Fig. 6e presents the proportion of the NH4
+-N load from the 220 

reaches that was delivered to the basin outlet. With the long-distance 
transport and interception of the reservoirs in the upstream and 
midstream areas, there was a large amount of the NH4

+-N load decayed 
in waterbodies and only a small portion was delivered to the outlet. By 
contrast, a higher proportion of the NH4

+-N load delivered to the outlet 
was from the downstream area. Based on the delivery proportion map, 
the contributions of the NH4

+-N load from the 220 reaches to the outlet 
are shown in Fig. 6f, further highlighting the importance of transport 
distances in affecting the NH4

+-N transport at basin scales. Overall, 2.8% 
of the NH4

+-N load delivered to the outlet was from the upstream area, 
21.1% from the midstream area, and 76.1% from the downstream area 
(Fig. 6g). 

3.3. Factors controlling NH4+-N transport 

3.3.1. Leakage effect in the karst area 
In this study, the parameter of the carbonate area was negative in the 

model (Table 2), indicating that the carbonate area was negatively 
related to the amount of NH4

+-N transported to streams. Part of the 
reason was that the groundwater systems could act as a net sink for NH4

+- 
N by increasing residence times of NH4

+-N and degrading NH4
+-N through 

biogeochemical processes (Zhang et al., 2020b), and thus reduce the 
load from land surface to surface waterbodies. The distribution of car-
bonate areas is shown in Fig. 2, and the proportion of pure carbonate 
areas in the seven subbasins ranged from 42.7% to 61.9%. The 

estimation of leakage effect on the NH4
+-N transport was based on the 

comparison between two scenarios as mentioned in Section 2.4. 
Overall, the transport reduction in NH4

+-N due to the leakage effect 
was about 36.9% for the WRB. For the seven main subbasins, the 
reduction rate ranged from 31.3% to 52.2%, which was generally higher 
in areas with larger carbonate coverage (Fig. 7). For example, the 
highest reduction was found in the QSR with the largest carbonate 
coverage. Although the carbonate coverage in the MTR was close to that 
for the QSR, the reduction differed noticeably between the two sub-
basins. Possible reasons could be attributed to: (a) the QSR was more 
adjacent to the Guiyang city and therefore received more anthropogenic 
loads that were leaked into groundwater; (b) there were two large res-
ervoirs (i.e., HFH and BHH) located in the MTR with higher interception 
efficiencies for the NH4

+-N transport (see the next section for detailed 
discussions), decreasing the reduction from leakage; and (c) the spatial 
distributions of the carbonate area and P intensity were different be-
tween the two subbasins, which might lead to different combined effects 
on surface NH4

+-N transport as P could tremendously promote infiltra-
tion and leakage of NH4

+-N to groundwater in carbonate areas. More-
over, the higher reduction rate in the XR might be also owing to its 
adjacency to the Zunyi city. For the other four subbasins (SCR, LCR, 
YCR, and WJM), the reduction rates were lower due to their relatively 
low carbonate coverage. 

Due to the well-developed groundwater systems in the WRB, the 
leakage of surface water had a significant impact on the NH4

+-N trans-
port, which made the groundwater systems in the karst area more 
vulnerable to nutrient inputs and thus the deterioration of water quality 
(Doerfliger et al., 1999). For example, in the areas adjacent to Guiyang 
and Zunyi, NO3

− -N and NH4
+-N were found in groundwater owing to 

human activities from fertilizer usage, and industrial and sewage 
wastewater discharges (Lang et al., 2006; Li et al., 2010; Liu et al., 
2006). 

3.3.2. Reservoir interception 
Twelve reservoirs were located in the main stream and tributaries of 

the WRB. The reservoirs not only were important in regional water re-
sources management, but also had large impacts on regional ecology. 
The parameters used in the estimation of the reservoir interception were 
summarized in Table 3. The definition of each parameter was given in 
Section 2.4. 

The HJD reservoir had the largest interception load (~699 tons 
year− 1) with an interception efficiency of ~46.1%, which could be 

Fig. 7. The carbonate area proportion and the mean reduction for nutrient transport by leakage in seven subbasins.  
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attributed to the following three characteristics: (a) the water depth was 
low, which could promote the exchange of NH4

+-N between surface 
water and sediments (Wang et al., 2002); (b) the HJD reservoir resided 
in the upstream area, meaning relatively lower streamflow rates and 
thus higher residence times of NH4

+-N in the reservoir; and (c) the water 
area of the HJD reservoir was relatively large (~41.85 km2), making 
NH4

+-N prone to escape via the water-atmosphere interface. These con-
ditions are conducive to related biogeochemical processes, such as 
nitrification, algae absorption, and sedimentation (Zhang et al., 2009). 
In contrast, for the WJD reservoir with a water area of 40.35 km2, which 
was located in the midstream with more input loads from upstream 
rivers, the interception efficiency was only ~20.3%, most likely owing 
to its higher streamflow rates. 

The results indicated that only four reservoirs (HFH, HJD, BHH, and 
PZ) had the interception efficiency of >40%, while the interception ef-
ficiency of the other eight reservoirs ranged from 2.4% to 25.3%. By 
comparing these two groups (high efficiency group and low efficiency 
group as shown in Fig. 8 for a demonstration purpose), it is clear that the 
reservoirs of the high efficiency group were mostly located in the up-
stream of either the WRB or the tributaries, suggesting longer residence 

times of NH4
+-N in those reservoirs for the removal of NH4

+-N. In addi-
tion, these reservoirs generally had larger or more lake-type water areas, 
which were conducive to the biogeochemical processes of NH4

+-N as 
explained previously (Morales-Marín et al., 2017). For the reservoirs 
that resembled river-type shapes (e.g., WJD), high streamflow rates 
most likely led to the lower interception efficiencies of NH4

+-N. Besides 
their shorter residence times, the narrow shapes of those reservoirs were 
not conducive to the NH4

+-N decay processes due to comparatively 
smaller surface water areas. In short, the results revealed that the 
interception efficiency of lake-type reservoirs was generally higher than 
that of river-type reservoirs in the WRB, which is critical for under-
standing the damming effect on biogeochemical processes in karst re-
gions (Li et al., 2020). 

3.4. Management strategy optimization 

The SPARROW model has been extended to include a web-based 
decision support system for managing water quality in the contiguous 
U.S. (Booth et al., 2011). Based on scenario simulations (e.g., changes in 
land use and/or fertilizer usage amount), the model can be used to 
evaluate the impact of different management strategies on nutrient 
transport. Within the WRB, 82.7% of the reaches showed NH4

+-N con-
centrations at level III (<1 mg/L); however, for the SCR, YCR, QSR, and 
XR subbasins, the proportion of reaches with NH4

+-N concentrations >1 
mg/L was considerably higher (37.5%, 24.1%, 25%, and 26.7%, 
respectively). Generally, those reaches with high NH4

+-N concentrations 
were distributed in the headwater areas or the areas adjacent to cities. 
As for the target of >80% of reaches with the NH4

+-N concentrations <1 
mg/L (level III) in the seven subbasins, the optimized management 
should be focused on the SCR, YCR, QSR, and XR subbasins. Since nat-
ural inputs of NH4

+-N were mainly from the decomposition of soil 
organic matter and thus difficult to be constrained, the management 
control was implemented by simulating different scenarios of anthro-
pogenic inputs. 

To provide useful information for watershed management and policy 
making, 3 scenarios, including the decreases of 10%, 20%, and 30% in 
anthropogenic sources, were simulated and the associated water quality 

Table 3 
The predicted retention of NH4

+-N in each reservoir.  

Reservoir 
name 

Water 
area 
(km2) 

Input 
load 
(tons 
year− 1) 

Output 
load 
(tons 
year− 1) 

Interception 
load (tons 
year− 1) 

Interception 
efficiency (%) 

HJD  41.85  1517.2  818.1  699.1  46.1 
PZ  12.74  465.2  277.3  187.9  40.4 
PD  11.24  632.4  472.3  160.1  25.3 
YZD  7.70  438.8  365.1  73.7  16.8 
DF  9.81  1340.1  1218.7  121.4  9.1 
HFH  44.78  235.2  49.1  186.1  79.1 
BHH  9.91  152.7  87.7  65.0  42.6 
HY  1.20  358.9  338.3  20.6  5.8 
SFY  3.10  1545.4  1508.0  37.4  2.4 
WJD  40.35  2605.3  2077.3  528.0  20.3 
GPT  31.31  2445.1  2182.3  262.8  10.7 
SL  24.30  2108.6  1948.7  159.9  7.6  

Fig. 8. The interception efficiency comparison between reservoirs of high efficiency group (>40%) and low efficiency group (<25%).  
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improvement is shown in Fig. 9. For LCR and YCR, when the anthro-
pogenic inputs were decreased by 30% and 10%, respectively, the water 
quality control target was achieved; whereas, it failed to reach the same 
target in QSR and XR, even with the 30% reduction in anthropogenic 
inputs. The likely reason was the large amount of NH4

+-N input to the 
QSR and XR reaches from the city areas. Therefore, further optimiza-
tions (e.g., moving industry to the area away from cities, or decentral-
izing population in urban areas) are needed for better management of 
NH4

+-N to reach the set control targets for QSR and XR. 

4. Conclusions 

In this study, a water quality model SPARROW was constructed for 
the Wujiang River Basin. The model estimated the mean annual trans-
port, concentration, and yield of NH4

+-N from 2010 to 2012. The impacts 
of two important factors on NH4

+-N transport, including the leakage ef-
fect due to the carbonate area and the interception effect from reser-
voirs, were analyzed. According to the model results, water quality 
improvement strategies were recommended. The conclusions of this 
study were as follows:  

(1) Anthropogenic sources were the main origin of NH4
+-N in the 

Wujiang River Basin. In the upstream and midstream areas, 
anthropogenic sources contributed >70% of NH4

+-N to water-
bodies, while the contributions from anthropogenic and natural 
sources were equally important in the downstream area. 

(2) The leakage of surface water could make reduction in the trans-
port of NH4

+-N for about 36.9% with a range from 31.3% to 52.2% 
in the seven main subbasins. Generally, the leakage effect was 
more significant in subbasins with higher carbonate area 
coverage.  

(3) The interception efficiency differed among the 12 reservoirs in 
the Wujiang River Basin. The flow rate and water area of reser-
voirs were the primary factors affecting the interception 
efficiency.  

(4) As for the target of >80% reaches to reach water quality of level 
III, the Sancha River and Yachi River subbasins needed a reduc-
tion of 30% and 10% in NH4

+-N from anthropogenic sources, 
respectively. However, for the Xiang River and Qingshui River 
subbasins, a further reduction was required to reach the target of 
80%. 
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