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ABSTRACT
Environmental problems such as eutrophication @hbgesxcessive nutrient discharge
are global challenges. There are complex pollumurces of nitrogen (N) discharge in
many river basins worldwide. Knowledge of its pathm sources and their respective
load contributions is essential to developing éffecN pollution control strategies. N
loads from all known anthropogenic pollution sograethe Upper Huai River basin of
China were simulated with the process-based SWAIl &d Water Assessment Tool)
model. The performances of SWAT driven by daily aodrly rainfall inputs were
assessed and it was found that the one driven byh@infall outperformed the one
driven by daily rainfall in simulating both totailtrogen (TN) and ammonia nitrogen
(NH4-N) loads. The hourly SWAT model was hence useskomine the spatiotemporal
patterns of TN and NHN loads and their source attributions. TN loadiletéd
significant seasonal variations with the largesstummer and the smallest in spring.

Despite its declining proportion of contributionvdastream, crop production remained
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the largest contributor of TN load followed by sepanks, concentrated animal feedlot
operations (CAFOs), municipal sewage treatmenttglamdustries, and scattered
animal feedlot operations (SAFOs). There was mash seasonal variation in DHN
load. CAFOs remained the largest source of{NHoad throughout the basin, while
contributions from industries and municipal sewagatment plants were more evident
downstream. Our study results suggest the neduiftdte focus of N load reduction
from “end-of-pipe” sewage treatment to an integiapproach emphasizing
stakeholder involvement and source prevention.

KEY WORDS

nitrogen load, spatiotemporal pattern, pollutioarse attribution, SWAT, hourly

rainfall, Huai River
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1. Introduction

Nitrogen (N) is arguably the most important nuttienregulating primary
productivity and species diversity in both aquatid terrestrial ecosystems (Vitoustk
al., 2002). The ecological implications of human atems to the N cycle have been
profound as human activities have already sigmigaaltered the global N cycle. From
1860 to the early 1990s, anthropogenic creaticeadttive N compounds increased
globally from approximately 15 to 156 Tg N {(Gallowayet al., 2004). Human
conversion of Nto more reactive N species has caused a wide @Eregevironmental
problems, ranging from effects on atmospheric ckamideterioration of freshwater
quality, marine eutrophication, to declines in nveadsity (Henrikseret al., 1997;
Howarth, 2008; Pastuszakal., 2014).

The intensity and spatial variation of N loads int@r basins depends on a number
of natural as well as anthropogenic factors. Thamhfactors include land use/land
cover types, soil types, meteorological, geologibgtrological conditions, and etc. The
anthropogenic factors include emissions from varipaollution sources, the operating
pollutant removal facilities, and the implementegtomanagement practices (Lepisto et
al., 2006; Pastuszak et al., 2014; Gallo et all520The various rates, frequencies, and
locations of N discharge as well as the diverskei@nicing factors of N transport and
transformation make it very challenging to quan&fch pollution source’s N load
contributions, especially in those river basindwabmplex pollution sources but
limited data on pollution sources and N concerdregiin water environment.

China is faced with the severe challenge of widesgreutrophication due to the
excessive discharge of nutrients such as N. Mardiest as well as its first national
pollution census have indicated that non-point seyollution has played an

increasingly significant role in water quality deteation in China (Xwet al., 2009; Liu
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etal., 2013; Liet al., 2014). Previous studies on non-point source poftithave been
mostly focusing on agricultural runoff (Duncan, 20Guoet al., 2014; Panagopoulos
et al., 2014; Yunet al., 2015). Nevertheless, the composition of non-ppaiiution
sources is usually more complex étial., 2014). In China, for example, more than 50
percent of its 1.3 billion population live in ruraleas, where domestic sewage from
rural households is hardly treated before beinghdisyed into the environment. In
addition, with rapid economic development and thiesequent improvement in
people’s living standards, there is an ever-grovappetite for meat and dairy
consumption in the country. In response to thislaeeourgeoning animal feeding
operations of different sizes, many of which areeguipped with sufficient waste
disposal facilities.

River Huai, the third longest river in China, iseoof the mostly polluted rivers in
the country. During the past two decades, Chinesergment has made tremendous
investment to reverse the trend of deterioratintewquality in the basin, including 16.6
billion RMB on industrial sewage treatment betw&886 and 2000, and 25.6 billion
RMB on municipal sewage treatment between 20012808. Since 2006, the
government’s focus has shifted from reducing theceatrations of discharging
pollutants to reducing their total loads from teerges, with more than 60 billion RMB
spent on cutting pollutant loads in the basin. Hoevethe enormous financial
investment has yet to bring about the much antiegppanprovement in the water
quality of the basin. For example, five categoaéwater bodies have been specified in
the Chinese Surface Water Quality Standard (GB38E®). Among them, Category
IV water could only be used for industrial prodoatior human amusement without
direct body contact, while Category V water coutdyde used for agriculture or

scenery. The 2013 annual report of China’s enviremnguality conditions by Chinese
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Ministry of Environment Protection stated that wagaality fell between category IV
and V of the National Surface Water Quality Stadd&B 3838-2002) at 34.7% of the
95 routine monitoring sites along the River Huai delow Category V at 17.9% of the
monitoring sites.

Knowledge of pollution sources and their respedidasl contributions is the
prerequisite to the development of cost-effectigbyion control programs and
optimization of pollution control strategies (Linméget al., 2007; Carpenter, 2008) in a
river basin. The pollution sources can be very demthat include rural households,
crop production, animal feedlot operations, muratgewage treatment plants, and
industries. Previous studies have been mostly tiegdo a variety of empirical
coefficient methods to estimate pollution loadsrfrearious sources (Chenal., 2013;
Liu et al., 2013; Shemt al., 2013; Delkaslet al., 2014). Not only is it difficult to
validate the adopted empirical coefficients, theftoent methods also fail to account
for the migration and transformation of the poliutafrom the points of discharge to the
final receiving water bodies.

A number of dynamic process-based models sucheaSdl and Water Assessment
Tool (SWAT) (Arnold et al., 2014; Gassman et ad12) , the Hydrological Simulation
Program—FORTRAN (HSPF) (Naaral., 2007; Xie and Lian, 2013), the Integrated
Nutrients in Catchments-Nitrogen (INCA-N) model (Ranen et al., 2006; Wade et al.,
2006), the Annualized Agricultural Nonpoint Sou(éeinAGNPS) model (Peastal.,
2010; Quest al., 2015), and the HBV-NP (Andersseinal., 2005; Lindstronet al.,

2005) have been developed and used for modelirgadislin river basins. SWAT is
selected in this study due to its open source featnd wide user communities, as well
as its ability for simulating the pollutant transpprocesses from various point and

non-point pollution sources in a river basin. Neleless, SWAT has been
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predominantly used to study non-point source pltufrom agricultural fields (Zhang
etal., 2013; Cerraet al., 2014; Jiangt al., 2014; Ouyangt al., 2014; Zhangt al.,

2014) despite its capabilities of incorporatingaaiety of pollution sources such as
point sources and septic tanks (Olieeal., 2014). The ignorance of the point sources
and septic tanks in the process-based models radydethe overestimation of the
relative contributions from diffusive sources sashagriculture and the disproportional
targeting of potential pollution sources (Withetsl., 2012).

The majority of water quality modeling studies,luding those using SWAT, have
used monthly or daily meteorological inputs to driie models. However,
meteorological inputs at different temporal resols, especially precipitation, could
result in different simulations of hydrological pesses and hence pollutant transport
and transformation processes (Yagl., 2015). There is a need for deeper
understandings of the impacts of the temporal ud®wi of precipitation on the
process-based models’ simulations of pollutantsippant and transformation processes.
In view of the gaps, the research objectives of $hiidy are to (1) establish the SWAT
model to simulate the N discharge and transportgs®es from all known
anthropogenic point and non-point pollution sourices river basin with complex
pollution sources, (2) compare the SWAT models wally and hourly rainfall inputs in
their N pollution simulation performances, and 8pntify the N load contributions
from each pollution source and analyze their spatiporal patterns in a river basin.

This study differs from previous works using SWATsimulate N loads in the
following ways:

1. We used SWAT to simulate N discharge and trangpordesses from all known

anthropogenic sources in a large river basin inolydrop production,

scattered small-scale animal feedlot operations)] household septic tanks,
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industries, municipal sewage treatment plants,camt¢entrated animal feedlot
operations.

2. We evaluated the impacts of the temporal resolwfaminfall inputs on the
SWAT models’ performance in both stream dischargkM load simulations in
a large river basin.

3. We analyzed the spatiotemporal patterns of botl totrogen (TN) and
ammonia nitrogen (NFHN) load contributions from each of the six poluti
sources. Each pollution source’s seasonal TN angMkbad contributions
were analyzed and compared at nine locations almngain reach of the
study region.

2. Materialsand methods
2.1. Study region

The Ru River Basin lies upstream of the Huai RBasin and is selected as the
study region. The River Ru originates from the Baageservoir and runs for
approximately 223 km passing through nine courgtresone district of the Zhumadian
City. The outlet of the Ru River Basin is locatedhe Shakou hydrological station. The
study region completely falls within the adminisira boundary of the Zhumadian City
with a drainage area of 5803 kiffrig. 1).

The study region is predominantly agricultural wiilhmland, wood land, grassland,
and rural residential areas accounting for 65.6846%, 5.1%, and 8.7% of its land
coverage, respectively. Mostly hilly in the westdlat in the east, its surface elevation
ranges from less than 50 m to nearly 1000 m. Laciat¢he transition zone between the
northern subtropical climate and warm temperateatie, the region has four distinctive

seasons with annual mean temperature arouitd d%d precipitation around 900 mm.

Heavily influenced by monsoon, precipitation in tegion mostly occurs in the



162  summer months from June to August.

163 Due to its favorable weather conditions and largerd of flat terrain, the region

164  has traditionally been a main supplier of grain areht products in China. In 2010, for
165  example, the city of Zhumadian was reported to leaxgral population of 5.08 million,
166  producing 6.49 million tons of grains and 0.78 railltons of meat. Meanwhile, the city
167  has substantial industrial activities with a grimshistrial product value of 39.3 billion
168  RMB in 2010. The industrial, agricultural, and datie activities have contributed to
169  significant water quality deterioration in the regi The water quality of the Bangiao
170  reservoir, the origin of the River Ru, could mewt tategory Il of the GB 3838-2002
171 Standard, allowing it to serve as a drinking watasrce for the local community. At the
172 downstream Shakou hydrological station, howevenyveter quality deteriorates sharply.
173 With annual mean total nitrogen (TN) concentrafimreasing to 3.93 mg/l in 2010, it
174  even fails to meet the category V of the Standdralerstanding how various pollution
175  sources contribute to the considerable increadkdancentration is the prerequisite to
176  developing effective water pollution control progrsin the region.

177 2.2 Data Sour ces

178 The land use and land cover (LULC) data in 2005 el#ained from the Chinese
179  Academy of Sciences, which was further classifreéd the standard LULC categories
180 of SWAT. The soil types and properties were mostiyacted from the soil databases
181  of Nanjing Institute of Soil Science (Ya al., 2007a; Ywet al., 2007b; Shet al., 2010),
182  except that the available water capacity and sobha@n content were estimated using
183  the SPAW (Soil — Plant — Atmosphere — Water) safen&axton and Willey, 2005),

184  and the soil nutrient contents (nitrate, organioogen, labile phosphorous, and organic
185  phosphorous) were obtained from the local soil syreports. Table 1 summarized the

186  required data inputs for the SWAT model and theurses.
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The 25m Digital Elevation Model (DEM) data was usedielineate the sub-basins.
With a threshold area of 8000 ha, a total of 55Isatins were delineated (Fig. 1),
which were further divided into 394 hydrologicaspense units (HRUs). Each HRU
represents homogeneous characteristics of LULG;, s0id slopes. The residential
medium/low density (URML) areas that representlnesidential areas were all
retained during HRU delineation for simulating Nwbfrom rural septic tanks.

Daily records of maximum and minimum temperatsteshine hours, relative
humidity, and wind speed at the Zhumadian weatfagios from 2001 to 2011 were
acquired from the China Meteorological Administoati Daily sunshine hours were
converted to daily solar radiation using the AngstsPrescott equation (Prescott, 1940)
with empirical parameters from Zuo et al. (19633ilipand hourly rainfalls at 28
rainfall stations from 2001 to 2011 were obtainexhTf the Hydrological Yearbooks
compiled by the Ministry of Water Resources of GhiDaily streamflows and the
subsequently derived monthly streamflows at thgerdlogical stations (Lixin,
Luzhuang, and Shakou) and daily outflow from thresgor reservoirs (Bangiao,
Boshan, and Suyahu) from 2005 to 2011 were als@irgdd from the reports (see Fig. 1
for the locations of the three stations and reses).o

Monthly observations of TN and ammonia nitrogen ¢NN\J concentrations at the
Shakou station from 2006 to 2011 were obtained fiteeBureau of Environmental
Protection of the Zhumadian City. Between 2006 20@8, TN concentrations were
only monitored in the odd numbered months. Monitlyand NH-N concentrations
were multiplied by monthly streamflows to estimtteir monthly loads, respectively.
Both point and non-point pollution sources are oesible for the deteriorating water
quality in the study region. Point sources inclutkistries, municipal sewage treatment

plants, and concentrated animal feedlot opera(iGA$-Os). Non-point pollution
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sources include crop production, scattered smalkesanimal feedlot operations
(SAFOs), and rural households. Annual N emissioms findustries and CAFOs were
extracted from the database of 2010 census oftpmilsources in the Zhumadian City.
N emissions from six municipal sewage treatmemtglan 2010 were obtained from
the Bureau of Environmental Protection of the Zhdiaa City. Total N emissions from
industries, CAFOs, and municipal sewage treatmiamt® were summarized for the 21
sub-basins with the presence of point sources (§j@and their mean monthly loads
were used as point source inputs in SWAT.

Face-to-face interviews with 116 randomly seled¢sethers from 16 villages in the
study region were conducted to collect informatoncurrent crop management
practices. Our interview results indicated that nadghe agricultural fields in the
region were under the wheat-corn rotation (Jurféejstember for growing corn and
October to next May for growing wheat) with failtpmogeneous crop management
practices as summarized in Table 2.

Rural population of the nine counties and oneridistocated fully or partially in
the study region was obtained from the Statisttegrbook of the Zhumadian city. The
rural population density of each sub-basin wasreded as the area-weighted average
of county rural population densities, based on Wwhiee rural population of its HRUs
containing URML was calculated.

Like many other regions in China, rural domestiwage has not been collected for
central treatment in the study region. Conventiagegitic tanks are the main facilities
for rural sewage treatment. Based on previous esudf the characteristics of rural
household sewage discharge and the pollutant rdnedficiencies of septic tanks in
China, the septic tank effluent flow rate was sebé 50 I/d per capita, and the TN

concentration of the septic tank effluent was sebé 90 mg/l in the SWAT model

10
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(WANG et al., 2008; Xuet al., 2008; WANGet al., 2010; Howet al., 2012).

County level N emissions from SAFOs in 2010 webntamed from the Bureau of
Animal Husbandry of the Zhumadian City, which wamwerted to the equivalent
amount of pig manure based on the average ammoniart of 2.57%. N loads from
SAFOs were estimated by assuming that the equivaerunt of pig manure was
applied uniformly to crop fields within each counfgach sub-basin’s pig manure
application rate was estimated as the area-weigitedage of the county application
rates.

2.3 SWAT Mode Development

Both daily and hourly rainfall data were used gmiis for the SWAT models and
their performances in discharge and N load simutatwere compared. The SWAT
models driven by daily and hourly rainfall are headter referred to as the daily SWAT
model and the hourly SWAT model, respectively. Bod and Water Assessment Tool
Calibration and Uncertainty Procedure (SWAT-CUPbBIfjAspour, 2011) program was
used for the calibration and validation of the SWiddels. The Nash-Sutcliffe model
efficiency (NSE) coefficient (Nash and Sutcliff@7D) and the coefficient of
determination (B are used as the objective function (see Equaficared 2) to evaluate

the model performance.

n

Z(Yiobs _Yisim)z
NSE =1--22 1)

n

Z (Yiobs _E)Z

i=1

e

=1 i=1

[

(ot _@)ZZ”:(Yis—m _W)Z
i=1

(2)

NGE

-

where:n is the total number of observationg?® is the value of the observed

11



258  variable at the ith time-stef;>"™ is the value of the simulated variable at the ith

259  time-step, andr°bs and YSU" are the mean of the measured and simulated values.
260 Ranging from 0 to 1, Rindicates the percentage of variance in measua&d d

261  accounted for by the variance in the simulatedlt®sNSE is a normalized statistic that
262  describes the degree of the ‘goodness-of-fit’ betweodel predictions and

263  observations and can vary betweermand 1, where a value of 1 represents a perfect fit
264 It needs to be noted here although the models dréren by daily or hourly

265  precipitation, their performances of discharge Bridad simulations were evaluated at
266 a monthly time step. Moriast al. (2007) suggested that the SWAT model evaluated at
267 a monthly time step should achieve an NSE valug®f0.65, and 0.75 to be

268  considered as “satisfactory”, “good”, or “very gépespectively.

269 The SWAT models were calibrated in two steps. Tle@hparameters associated
270  with discharge simulations were calibrated firstldwed by those associated with N
271  load simulations. The SUFI-2 algorithm built in t&eil and Water Assessment Tool
272  Calibration and Uncertainty Procedure (SWAT-CUPbDl§aspour 2011) was used for
273 both the calibration and validation of the SWAT ralsdwith several iterations of 1000
274  simulations. In discharge simulation , after themiag-up period from 2001 to 2004,
275  the SWAT model was calibrated from 2005 to 2007 aalitlated from 2008 to 2011
276  based on the monthly streamflow records at thenl.ixuzhaung, and Shakou

277  hydrological stations. In N load simulation, botN &nd NH-N loads at the Shakou

278  station were used. Because N emissions from malhytipa sources were only

279 available for 2010, the SWAT models for N load slations were only calibrated for
280 the period between 2006 and 2011 when monthly TdNNi,-N concentration data

281  were available.

282

12
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2.4 Sour ce Attribution of N L oads
Multiple runs of the SWAT model with differentestarios of pollution source

inputs were conducted to estimate the amount afad from individual pollution
source. As the baseline scenario, the SWAT modsilfirst run without any pollution
source except fertilizer applications on crop feeld estimate the N load from crop
production, denoted dadqp. For the other five point and non-point pollutisources,
different SWAT model runs were then carried ou¢stimate the combined N loads
from crop production and each individual pollutesurce, whose difference from the
baseline scenario was calculated as the load fndimidual pollution source. For
example, to calculate the N load from industriee, SWAT model was run only with
industrial N emissions and fertilizer applicatiomsiich yielded an estimate of the
combined N load from industries and crop productienoted asoadcqp+ing- N load
contributed by industries could then be simply cklted ad oadcop+ind-L0adcrop. The
same procedures were repeated to estimate thedNrtma municipal sewage treatment
plants, CAFOs, SAFOs, and septic tanks, respegtivel
3. Resultsand discussion
3.1 Comparison of thedaily and hourly SWAT models

Table 3 listed the initial range and the calibratatlies of the parameters in the
daily and hourly SWAT models for discharge simwatiAt the beginning of the
calibration, the same range was used in the céloraf both models. For the
parameteAlpha BF, its calibration bounding limits were estimatedéd on the
historical daily discharge records of the hydrotadjistations using the baseflow filter
program (Arnold and Allen 1999). Comparison betwtencalibrated daily and hourly
models indicated that the differences in their paaters mainly lay in those related to

surface runoff and groundwater. In the hourly modellargerCN2 values led to higher

13
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332

surface runoff potentials; its largéiV_DELAY value caused more delay for soil water
to reach the shallow aquifer; and its lar@& REVAP and loweREVAPMN values
enabled more groundwater to diffuse upward and @a&@. These parameter
differences seemed to indicate that the hourly hwdeld predict more surface runoff
and less baseflow contributions than the daily rhddewever, the two models yielded
opposite water balance analysis results. The dadglel gave an estimate of 39%
baseflow contribution to streamflow compared targér estimate of 46% by the hourly
model. The difference in water balance estimategddoe due to the different runoff
estimation methods used by the two SWAT models.déiy SWAT model used the
SCS curve number method, while the hourly modetl tse Green & Ampt infiltration
method. In addition, the baseflow filter progranvgan estimate of 0.47 for baseflow
contribution, which coincided more with the hountypdel results.

Table 4 listed the initial range and the calibratatlies of the parameters in the
daily and hourly SWAT models for N load simulatidit.the beginning of the
calibration, the same range was used in the céloraf both SWAT models.
Comparison between the calibrated values of thaempeters of the two models showed
that they mostly fell within a similar range.

Table 5 compared the performances of the dailyhemully SWAT models for
simulating discharge and N loads in the study reginth models were able to simulate
monthly discharge at the three hydrological statisatisfactorily with the NSE
coefficients all above 0.8 and BRIl above 0.85 for both the calibration and vatiita
periods. However, there was much difference inrtsienulations of monthly TN and
NH4-N loads. The NSE statistics of the hourly SWAT mlddr simulating TN and
NH,4-N loads were both 0.82, much higher than 0.63Ga58 of the daily model.

According to the criteria suggested by Moriasile{2007), the hourly SWAT model

14
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achieved “very good” performance in simulating nidyfN and NH-N loads,
whereas the performance of the daily model coulg bea considered as “satisfactory”.

Fig. 2 compared the observed and simulated TN atgdNNloads by the daily and
hourly SWAT models at the Shakou station for theetperiod 2006-2011. In general,
the daily SWAT model tended to predict more TN &tl-N loads than the hourly
model, which resulted in a lower NSE value. As shawTable 4, there was not much
difference in the calibrated values of the paransedeectly related to N transport and
transformation process between the daily and h&NMAAT models. The possible
reason for the difference between the two modeisukations of N load could be due to
their different representations of the hydrologioadcesses in the study region. The
hourly model estimated that baseflow contributedliout 46 % of the total flow, while
the daily model gave an estimate of 39%. Likewilse,ratio of percolation to
precipitation was estimated to be 0.28 in the hoombdel, compared to 0.15 in the
daily model. The higher estimate of the baseflowtgbution by the hourly model
meant that it predicted more N transport to riwgesthe longer and slower path of soil
percolation and groundwater movement, hence aligwiore N removal than the
shorter and faster path of surface runoff.
3.3 Spatiotemporal analysis and source attributions of N loads

The SWAT model driven by hourly rainfall outpenioed the one driven by daily
rainfall, and hence was used to analyze the spatipbral patterns of N loads and the
contributions from various pollution sources. Agganonthly TN and NiHN loads at
nine sub-basin outlets located along the main re&tie Ru River were compared for
each season (Fig. 3).

In the study region, TN load was the highest in sinfollowed by fall, winter,

and spring, mainly due to the seasonal changeeifotdd from crop production. At the

15
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upstream location close to the Bangiao reservoimf@arison point 1), the majority of
the TN load was contributed by crop productioncaeting for more than 70% in
spring and more than 90% in the other seasonssd@é¢mnd largest pollution source is
septic tanks, although with much less contributlean crop production, accounting for
29.2% of the TN load in spring and less than 5%éother seasons. SAFOs
contributed the remaining less than 1% of the Tadlthroughout the year (Fig. 4).

With increasing TN load contributions from otheusmes downstream, percentage
of TN load from crop production decreased consyaadthough it remained as the
largest contributor. At around a distance of 120downstream (comparison point 7)
before the joining of the tributary of Lianjianguer, which flows through the heavily
urbanized and industrialized Zhumadian urban anexgp, production contributed around
70% of the TN load in summer and fall, 56.2% int@mand 42.9% in spring. Septic
tanks ranked as the second largest contributdreoTN load, accounting for 29.8% in
spring, 23.1% in winter, and around 16% in fall @aadhmer. CAFOs and municipal
sewage treatment plants ranked the third and fonrtieir TN load, which accounted
for 15.0% and 10.4% in spring, 11.4% and 8.1% interi 8.1% and 5.8% in fall, and
6.8% and 4.6% in summer. Both industries and SA&€sunted for less than 1% of
the TN load throughout the year (Fig. 4).

At the outlet of the Ru river basin (comparisonmd@), the percentage of TN load
contributed by crop production dropped to 29.4%pring, 45.3% in summer, 53.8% in
fall, and 41.9% in winter. Septic tanks remainedh&ssecond largest polluter,
contributing 22.8% in spring, 20.0% in summer, 248 fall, and 18.6% in winter. TN
loads from municipal sewage treatment plants an8@#were similar, contributing
around 18% in spring, 15% in winter, and 12% in swenand fall. There was a large

increase in the TN load from industries, accountorgl2.1% in spring, 8.9% in
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summer, 7.8% in fall, and 9.9% in winter. TN loadnmh SAFOs remained below 1%
throughout the year (Fig. 4).

The composition of pollution sources for NN load was very different from TN
(Fig. 5). CAFOs replaced crop production to beléngest source of the NFN load,
followed by industries and municipal sewage treatihpdants. Meanwhile, there was
not as much seasonal difference in the;MHoad as in the TN load. At the upstream
above the Bangiao reservoir, average monthly-NHoad fell below 200 KgN
throughout the year. Before reaching around 12@&wmnstream, it increased gradually
by receiving loads mainly from CAFOs and later noypal sewage treatment plants. At
the distance of 120 km downstream (comparison pgimver 70% of the NHN load
came from CAFOs, compared to around 22% from mpalgewage treatment plants,
2% from industries, and 1% from the remaining sesiithroughout the year. Afterwards,
there was a sharp increase in the;MHoad from industries. At the outlet of the Ru
River basin, CAFOs contributed 45.2% of the N¥lload in spring, 37.1% in summer,
45.4% in fall, and 49.5% in winter. Industries résehe second largest source of
NH4-N load, contributing 30.2% in spring, 28.5% in suar, 26.3% in fall, and 26.7%
in winter. Municipal sewage treatment plants ranted! in the NH-N load,
contributing 24.5% in spring, 20.4% in summer, 284 fall, and 23.6% in winter.
Crop production contributed to the BHN load mostly in summer and fall, accounting
for 13.0% and 4.4%, respectively. Septic tanks BABOs remained as insignificant
sources, contributing less than 1% throughout & {Fig. 5).

3.4 Comparisonswith previous N source attribution studies

Previous process-based modeling studies on N loads been mostly focused on

agricultural runoff, with some considering loadsnr municipal and industrial point

sources, and few considering loads from septicdamik animal feedlot operations. For
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example, Wu and Chen (2013) used SWAT to inve&itia influence of point source
(municipal and industrial sources) and non-poiniree (agriculture, atmospheric
deposition, and plant residue decomposition) poltubn the water quality of the
Dongjiang River in southern China, and they conetuthat agriculture was the
dominant source of N loads.

In contrast, quite a few N load studies utilizingpert coefficient methods have
encompassed more types of pollution sources. Faample, Liuet al. (2013) estimated
that rural residential sewage, animal feedlot ojpama, fertilizer applications, and
industries accounted for 43%, 14%, 10%, and 7% ®N loads to the Lake Tai of
Eastern China. Wang al. (2013) estimated that rural residential sewagecaltural
activities (including crop production and animatdéot operations), and industries
accounted for 54%, 34%, and 4% of the TN loads&g%, 24%, and 5% of the NHN
loads to the Lake Dianshan of Southern China. H8&. (2014) estimated that rural
residential sewage, urban runoff, animal feedl@rapons, and fertilizer applications
contributed 35%, 36%, 18%, and 5% of the non-psairce TN loads and 76%, 10%,
11%, and 1% of the N\AN loads to the River Shaying of Central Chinaspite of the
differences in their natural and socioeconomic @oos, rural residential sewage was
identified as the largest contributor of TN and N¥iloads in all three basins, while
animal feedlot operations and crop production & were assessed to contribute
moderately.

There have also been some studies that adopteteamediate approach between
the empirical coefficient methods and the processetd models to quantify N load
contributions, For example, Waegal. (2011) developed an ENPS_LSB (estimate
non-point source pollutant loads in a large-scal&i) model to take into account the

complex non-point pollution sources (agricultuialds, urban, rural residential, and
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livestock) in China. In this model, a number oftéas such as transfer coefficient,
natural correction factor, and social correctioctda were introduced to correct the
empirical export coefficients. Much different fraime results of the aforementioned
export coefficient studies, the application of EfNdPS_LSB model in the Yangtze River
Basin estimated that 76.8% of non-point sourceotiiesl TN loads were from
agricultural fields. Chen et al. (2013) couplecad-use based export coefficient model,
a stream nutrient transport equation, and the Bayesatistics for stream N source
apportionment in the River ChangLe watershed ofidhg Province. They estimated
that paddy fields, dry farming land, residentiadda, and forest land contributed
approximately 22%, 49%, 11%, and 18% of TN loadtler entire watershed,
respectively.

In this study, we identified crop production as ligest source of the TN load in
the study region followed by septic tanks. TN loddsn CAFOs and municipal sewage
treatment plants varied between the third and fopldce seasonally. As for the N
load, CAFOs, municipal sewage treatment plants,iahastries were identified as the
top three sources in the study region. Overall,dlwad source attribution results are
relatively consistent with previous studies thaténancorporated nutrient transport in
various ways, while much different from those stsdpurely based on export
coefficients. One possible reason for the distiliiference between our study and those
purely based on export coefficients is the incoagion of the N migration and
transformation processes in the SWAT model. Fompta, although rural residential
sewage may produce a large amount of TN ang-NHtbads in the septic tanks due to
the large rural population, they mostly migratedhe receiving water bodies through
the long and slow process of groundwater movenvgmtye many of which were

reduced through physical, chemical, and biologixatesses. Failing to account for
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458  these N transport and transformation processesl @adily make the export coefficient
459  method over-estimate both the TN and M¥Hloads from rural residential sewage.

460 In addition, stable nitroge®°N) and oxygen&-%0) isotope data have been used
461  to identify N sources in surface and groundwateedaon different sources’ distinct
462  isotopic characteristics worldwide (Xue et al. 2p08 China, based on their monitored
463 N and*0 values, Jin et al. (2015) concluded that the damti sources of nitrate in
464  surface water were soil nitrogen and chemicallieetis in the West Lake watershed of
465 eastern China. Ding et al. (2014) combined the thatbpe approach with a Bayesian
466  model to identify diffusive nitrate sources in theke Taihu Basin of eastern China.
467  They found that soil nitrogen and chemical feréitiz were the main source of nitrate
468  throughout the year. Meanwhile, manure and sewaggibuted 22.4% of nitrate

469  during the dry season from October to April, conegaio 17.8% in the rainy season
470  from May to September. Using a similar approacthexChangXing County of

471 Zhejiang province, Yang et al. (2013) estimated saél nitrogen and chemical

472  fertilizers contributed approximately 71% of nigah surface water in May (wet season)
473  compared to 24% by manure and sewage. Nevertheied3scember (dry season), they
474  estimated that soil nitrogen and chemical fertikzeontributed around 38% compared
475  to 54% by manure and sewage. This phenomenon ohadoincontributions from soil
476  nitrogen and chemical fertilizers in the wet seaaod increasing contribution

477  proportions from manure and sewage in the dry sehawe also been reported in other
478  regions of China, such as the Sanjiang Plain aheasstern China (Lu et al. 2015), the
479  upper streams of Miyun Reservoir of northern CHliaet al. 2014), and the upper

480 Yangtze River of southwestern China (Li et al. 205d they were consistent with our
481 N load source attribution results in Fig. 4.

482  3.5Implicationsto N pollution control

20



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

Five categories of water bodies have been spdaifithe Chinese Surface Water
Quiality Standard (GB3838-2002). Among them, catgdjdmvater could be used for
drinking, fishery, and swimming, while category Wlypfor agriculture and scenery. Fig.
6 compared the observed monthly TN and,MHconcentrations at the Shakou Station
between 2006 and 2011 with the Category IIl andavidards. Monthly NN
concentrations could meet the Category Il stanéaipt during two months in the
first half of 2006. Monthly TN concentrations, hovee, were unable to meet the
Category lll standard throughout the period. Irt,feess than 30% of the TN
observations were able to meet the Category V atandhis suggests that the
imminent focus of N pollution control in the regishould lie in the reduction of TN
load.

Our N source attribution results have suggestedidleel of a significant shift in the
focus of N load reduction from the reliance of “esfepipe” sewage treatment facilities
to an integrated watershed approach emphasizikgrstider involvement and source
prevention in the study region. Large but scattsettiements in many rural areas of
China require a significant amount of investmentural sewage treatment. Despite the
recent developments in onsite wastewater treatteehhologies, there remain
considerable challenges in establishing an efficsgatem for rural sewage collection as
well as treatment facility maintenance in Chinas ltherefore very hard to achieve large
amount of N load reductions from rural househofdthe near future. Meanwhile, there
have been many reports of excessive fertilizeriegipbn in different parts of China
(Penget al., 2009; Zhangt al., 2011; Yanget al., 2012; Yaret al., 2013). Previous
surveys of the farmers in vicinity have revealgatevalent lack of training in fertilizer
applications and implementation of better fertii@aa practices such as soil testing and

using controlled release fertilizers, as well aharp decline in applying organic
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fertilizers (Yang and Fang, 2015). Consideringalg as the largest TN load contributor
and the prevalently inadequate fertilization pradi development of agricultural
extension programs for encouraging better fertiimapractices should be put in the top
priority for reducing TN load in the region and pidy many other regions worldwide.

In addition, fixed locations and large operatioale made CAFOs another
potential source for TN load reduction. The techgas of converting animal manure
to biogas and organic fertilizers have been fairbture (Nasiet al., 2012). If designed
and managed properly, the programs for reducingslé@m CAFOs could not only
reduce their TN load, but also mitigate the issulacking organic fertilizer
applications in crop production. Therefore, devaigsustainable agriculture programs
and closing the nutrient loop in rural areas iskég to reducing TN load and improving
water quality.
4. Conclusion

The presence of multiple point and non-point padlutsources in a river basin is
prevalent worldwide. Knowledge of their individyadllution load contributions and
spatial-temporal patterns is essential to the agweént of sound river basin water
pollution control strategies and programs. Thislgtused the process-based SWAT
model to analyze the N load source attributions@s$as their spatiotemporal patterns
for all known anthropogenic pollution sources ia thpper Huai River Basin of China.
Key findings of the work are as follows:

- The process-based modeling approach can give ralable pollutant load
estimates and source attributions than the cormsaitapproach based on empirical
coefficients because the latter cannot accourth®migration and transformation
of the pollutants from the points of dischargette tinal receiving water bodies.

Process-based models, therefore, should be usathidate N loads from various

22



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

sources whenever the required data is available.

-The SWAT model driven by hourly rainfall inputsncanhance the representation of
the hydrological processes of the study regione@sfly the sub-surface processes
where nitrogen removal processes mostly take plaocetperformed the one driven
by daily rainfall inputs for simulating both TN afdH,-N loads.

- TN loads exhibited distinctive seasonal patteimgeneral, TN loads from crop
production were the largest, followed by septiksmunicipal sewage treatment
plants, and CAFOs. There was less seasonal varigtiNH;-N loads. In general,
NHs-N loads from CAFOs were the largest, followed hgustry, and municipal
sewage treatment plants. Implementing sustainalewdture programs for
reducing loads from crop production and CAFOs dadicg the nutrient loop in
rural areas is the key to reducing TN load and ovimg water quality.

Eutrophication and other water problems causedbgssive nutrient discharge are

issues of concern worldwide. Similar studies amy waportant to be undertaken for
river basins in different parts of the world tofhéb estimate and prioritize the N loads
from all anthropogenic pollution sources, and folateithe most appropriate strategies
and programs for N pollution control. The modelggin this study can also be used to
assess the impacts of land use and climate chanbje@ads and their uncertainties,
and provide decision-support for the developmemhibigation programs. In addition,
due to limited water quality observations, we aaibd the SWAT models based on
monthly TN and NN loads. In the future, water quality observatioh&igher
temporal resolution (such as daily) could be usedetive more accurate contaminant
load estimates for model calibration, better unieic the temporal variability of
contaminant loads from different pollution sourcasg evaluate the impacts of climate

change, especially extreme events, on contaminadsland the associated
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Table 1. Datainputs for the SWAT model

Category Data Scale/Extent Data Sources
DEM 1:50,000 Chinese National Geomatics
Center
Land Use/ Land Cover (2005)  1:100,000 Chinese Academy of Sciences
Soil types and soil properties  1:1000,000 Nanjing Institute of Sail Science;
Henan Province Soil Survey
Office (1995); SPAW software
River networks 1:250,000 Chinese Academy of Sciences
Wate-r Daily weather (1960-2011) 1 station China Meteorological
Quantity o )
Administration
Daily and hourly rainfal 28 dtations Ministry of Water Resources of
(2001-2011) China
Monthly streamflow 3 stations Ministry of Water Resources of
(2005-2011) China
Daily reservoir outflow 3 reservoirs Ministry of Water Resources of
(2005-2011) China
Annual N emissions from T4 river 2010 Census of Pollution Sources
industries (2010) segments in the Zhumadian City
Annual N emissions from 74 river 2010 Census of Pollution Sources
CAFOs (2010) segments in the Zhumadian City
Annual N emissions from 6 sewage Bureau of Environmental
municipal sewage treatment plants Protection of the Zhumadian
Water treatment plants (2010) City
Quality  Annual N emissions from 9 countiesand 1 Bureau of Animal Husbandry of
SAFOs (2010) district the Zhumadian City
Total rural population (2010) 9 countiesand 1 Statistical Yearbook of the
district Zhumadian City
Total crop planting areas 9 countiesand 1 Statistical Yearbook of the
(2010) district Zhumadian City
Crop management practices 116 farmers Field Survey




Table 2. Crop management operations during the wheat-corn rotation

Crop Year Month Day Operations

Corn 1 6 4 Start growth season
1 6 4 Apply compound fertilizers (750 kg/ha)
1 6 4 Apply urea (187.5 kg/ha)
1 7 6 Apply urea (150 kg/ha)
1 9 30 Harvest

Wheat 1 10 7 Start growth season
1 10 7 Apply compound fertilizers (750 kg/ha)
1 10 7 Apply urea (93.75 kg/ha)
2 2 10 Apply urea (93.75 kg/ha)

2 6 1 Harvest




Table 3. Comparison of parameter values between the dadyhaurly SWAT

models for discharge simulation

Calibrated Values

Parameter Description Range i
Daily Model  Hourly Model
SURLAG Surface runoff lag coefficient 1-10 7.8 8.7
ALPHA BF Baseflow alpha factor 0.03-0.1 0.06 0.06
GW_DELAY Groundwater delay 10-300 13.8 265.1
GWQMN Threshold depth of water in the
shallow aquifer required for return ~ 10-150 26.7 72.8
flow to occur
REVAPMN Threshold depth of water in the
. 10-200 134.2 18.6
shallow aquifer for "revap" to occur
GW_REVAP Groundwater "revap" coefficient 0.02-0.2 .0D 0.15
CANMX_AGRR Maximum canopy storage of
) 1-10 1.4 1.3
agricultural land
CANMX_URML Maximum canopy storage of
medium/low density residential 1-10 0.3 2.4
areas
EPCO Plant uptake compensation factor 0.85-1 0.90 910
ESCO Soil evaporation compensation factor 0.85-1 870. 1.00
CN2_AGRR Moisture condition Il curve number
) 67-99 69-91 76-98
for agricultural land
CN2_URML Moisture condition Il curve number
for medium/low density residential ~ 62-92 60-73 75-90
areas
CH_N2 Manning's "n" value for the main  0.035-0.04
0.045 0.042
channel 9
CH_K2 Effective hydraulic conductivity in
, , 0-50 6.6 4.9
main channel alluvium
SOL_AWC Available water capacity of the soil
0.12-0.36 0.15-0.35 0.15-0.35
layer
SOL_K Saturated hydraulic conductivity of
) 1.6-901.3 1.9-862'8 1.9-864.0
the soil layer
CH_N1 Manning's "n" value for the tributary
0.19-0.32 0.27 0.24
channels
CH_K1 Effective hydraulic conductivity in
0-50 3.7 0.9

tributary channel alluvium

#Show the range of the calibrated values for diffeteydrological groups.

® Show the range of the calibrated values for diffiesoil types and soil layers.



Table 4. Comparison of parameter values and sensitivitdwéen the daily and

sub-daily SWAT models

Calibrated Values

Parameter Description Range i
Daily Model  Hourly Model
CDN Denitrification exponential
o -3 2.38 2.22
rate coefficient
CMN Rate factor for humus
mineralization of active 0.001-0.003 0.0018 0.0013
organic nitrogen
NPERCO Nitrogen percolation
o 0-1 0.1 0.1
coefficient
RSDCO Residue decomposition
o 0.02-0.1 0.08 0.06
coefficient
ERORGN Organic N enrichment ratio 0-5 0.28 0.69
COEFF_DENITR Denitrification rate coefficient 0.1-50 14.2 37.9
COEFF_NITR Nitrification rate coefficient 0.1-300 20.4 83.5
BC1 Rate constant for biological
oxidation of NH4 to NO2 in 0.1-1 0.81 0.98
the reach at 20°C
BC3 Rate constant for hydrolysis of
organic N to NH4 in the 0.02-0.4 0.33 0.27
reach at 20°C
RS1 Local algal settling rate in the
0.15-1.82 0.99 0.60
reach at 20°C
RS4 Rate coefficient for organic N
/N 0.001-0.1 0.08 0.07
settling in the reach at 20°C
AlO Ratio of chlorophyll-a to algal
) 10-100 52.66 55.40
biomass
K_N Michaelis-Menton
half-saturation constant for  0.01-0.3 0.09 0.17
nitrogen
MUMAX Maximum specific algal
1-3 2.27 2.88
growth rate at 20°C
P_N Algal preference factor for
) 0-1 0.88 0.59
ammonia
RHOQ Algal respiration rate at 20°C 0.05-0.5 0.10 0.37




Table 5. Comparison of model evaluation statistics between the daily and hourly

SWAT modelsfor discharge and N load simulations

NSE R®
Station Calibration Validation Calibration Validation
Daily Hourly Daily Hourly Daily Hourly Daily Hourly

Discharge

Lixin 0.92 0.86 0.84 0.94 0.92 0.89 0.93 0.97

Luzhuang 0.85 0.82 0.84 0.83 0.89 0.94 0.87 0.87

Shakou 0.98 0.93 0.95 0.98 0.99 0.96 0.98 0.98
TN load

Shakou 0.63 0.82 -- -- 0.77 0.87 -- --
NH;-N load

Shakou 0.58 0.82 -- -- 0.80 0.84 --
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Fig. 1 - The map of the study region. Out of 55 sub-basins, 21 of them have point sources of N.
The location of the administrative boundary of the Zhumadian City overlapped on the map of
adjacent provinces is shown in the upper right panel.
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Fig. 2. The observed and simulated amount of monthly N loads by the daily and

hourly SWAT models for the period 2006-2011 at the Shakou station: (a) TN; (b)

NH4-N
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D Distance (km) | Area (km?)
1 20 333
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Fig. 3 - Locations of nine sub-basin outlets along the main reach of the Ru River

for comparing TN and NH4-N loads
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Fig. 6- Monthly TN and NH4-N concentrations at the outlet of the Ru River Basin



Highlights

1) The SWAT models ssimulate N loads from al known anthropogenic pollution
SOurces.

2) The SWAT models with daily and hourly rainfal are compared in N load
simulation.

3) TN load from crop production is the largest followed by septic tanksin the basin.

4) NH4-N load from concentrated feedlot operationsis the largest in the basin.



