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Agricultural nitrogen loss becomes an increasingly important source of water quality deterioration and
eutrophication, even threatens water safety for humanity. Nitrogen dynamic mechanism is still too com-
plicated to be well captured at watershed scale due to its multiple existence forms and instability, distur-
bance of agricultural management practices. Stereoscopic agriculture is a novel agricultural planting
pattern to efficiently use local natural resources (e.g., water, land, sunshine, heat and fertilizer). It is
widely promoted as a high yield system and can obtain considerable economic benefits, particularly in
China. However, its environmental quality implication is not clear. In our study, Qianyanzhou station
is famous for its stereoscopic agriculture pattern of Southern China, and an experimental watershed
was selected as our study area. Regional characteristics of runoff and nitrogen losses were simulated
by an integrated water system model (HEQM) with multi-objective calibration, and multiple agriculture
practices were assessed to find the effective approach for the reduction of diffuse nitrogen losses. Results
showed that daily variations of runoff and nitrogen forms were well reproduced throughout watershed,
i.e., satisfactory performances for ammonium and nitrate nitrogen (NH4-N and NO3-N) loads, good per-
formances for runoff and organic nitrogen (ON) load, and very good performance for total nitrogen
(TN) load. The average loss coefficient was 62.74 kg/ha for NH4-N, 0.98 kg/ha for NO3-N, 0.0004 kg/ha
for ON and 63.80 kg/ha for TN. The dominating form of nitrogen losses was NH4-N due to the applied fer-
tilizers, and the most dramatic zones aggregated in the middle and downstream regions covered by
paddy and orange orchard. In order to control diffuse nitrogen losses, the most effective practices for
Qianyanzhou stereoscopic agriculture pattern were to reduce farmland planting scale in the valley by
afforestation, particularly for orchard in the downstream regions, followed by fertilizer application
optimization.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Applications of chemical fertilizer and pesticide increase the
grain production and improve water use efficiency of crops, which
have significantly enhanced global food safety. However, excessive
nutrients are washed into water bodies by rainfall runoff, resulting
in severe agricultural diffuse pollution. Agricultural nutrient loss is
one of the most critical concerns for global freshwater pollution
(White et al., 2009). Its proportion of total pollution loads even
exceeds that of point source pollution in the USA, the countries
in European Union and some developed regions in China (e.g.,
Yangtze River Delta). For example, agricultural source is estimated
to contribute about 65% of the nitrogen loads entering the Gulf
from the Mississippi Basin in the USA (Ribaudo et al., 2001), and
60% of the total nitrogen emissions to surface water in the Nether-
lands (Boers, 1996). The figure is up to 53% of the total nitrogen
loads into rivers in China (Ongley et al., 2010), and even reaches
64%, 74% in Tai and Chao Lakes, respectively (Shen et al., 2012).
In 2015, the Chinese central government issued an action plan
for prevention and control of water pollution, in which, one of
ten actions of water pollution is to control agricultural diffuse
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pollution and to adjust planting structure (State Council of China,
2015). Therefore, it is one of the most critical and urgent tasks to
reveal the regional characteristics of agricultural nutrient loss
and assess the impact of agricultural practice for environment
improvement and sustainable agricultural management.

As one of three basic elements (nitrogen, phosphorus and potas-
sium) of crop nutrients, nitrogen not only plays a very important
role in crop growth, but also is a primary element of water pollu-
tion. Multiple nitrogen forms exist in crops, soil and water bodies,
including ammonium nitrogen (NH4-N), nitrite nitrogen (NO2-N),
organic nitrogen (ON), nitrate nitrogen (NO3-N), traces of nitrogen
(N2) and ammonia (NH3). Interactions and transformations among
multiple forms in different media result in the complex mecha-
nism of nitrogen cycling. Modelling approach is a hotspot to inte-
grate multidisciplinary knowledge and skills in hydrology,
ecology and agronomy, and to quantify the farmland nitrogen
losses at watershed scale. Several representative models have been
widely applied, including empirical export coefficient model
(Johnes, 1996), process-oriented models based on precipitation-
runoff relationship (e.g., AGNPS, ANSWERS, HSPF, SWAT, HBV-N
and HYPE) (Young et al., 1987; Bouraoui and Dillaha, 1996;
Bicknell et al., 1997; Arheimer and Brandt, 1998; Arnold et al.,
1998; Lindström et al., 2010), and biogeochemical models (e.g.,
SOILN, TEM, DNDC) (Johnsson et al., 1987; Raich et al., 1991; Li
et al., 1992). The determination of export coefficients is challenging
because the coefficients only reflect conditions at particular sites
and are subject to considerable uncertainties through the coeffi-
cient transplantation (Ongley et al., 2010). The process-based mod-
els focus on the relationship between precipitation and runoff, and
link with the nitrogen migration and transformation processes dri-
ven by precipitation-runoff erosivity (Zhang et al., 2016). These
models, however, are deficient in considering the constraints of
other related processes or elements in the nitrogen cycle, such as
soil carbon processes, crop physiological and ecological processes
(Gassman et al., 2007; Deng et al., 2011). The biogeochemical mod-
els have strong advantages in detailing nitrogen processes under
the constraints of microbial biomass, carbon pools, water and veg-
etation uptake in field profiles. Nevertheless, the hydrological
migration features at watershed scale are deficient (Deng et al.,
2011; Zhang, 2016). Therefore, integration of hydrological and bio-
geochemical models becomes a popular approach. Some successful
cases demonstrate that the simulation performances are improved
only for a certain nitrogen forms, such as NO3-N, NH4-N
(Krysanova et al., 1998; Pohlert et al., 2006; Deng et al., 2011;
Zhang, 2016), but the simulation performance of all the nitrogen
forms should be tested further.

Stereoscopic agriculture is a novel agricultural development
and planting pattern, which has been developed to comprehen-
sively use local natural resources (e.g., land, soil, water, sunshine,
heat and biology), and to achieve high efficient agronomic manage-
ment (e.g., fertilization). This concept was proposed in the begin-
ning of 20th century as the comprehensive management of
farming, animal husbandry, processing industry in a certain area
(Zhang et al., 2016). It has been widely accepted all over the world
as a high-yielding system with multi-functions and layers, and can
obtain considerable economic benefits. As a large agricultural
country, China also develops three representative stereoscopic
agriculture patterns, i.e., fish pond-platform field pattern in the
Yellow, Huai and Hai river basins, dike-pond pattern in the
Pearl River Delta and Qianyanzhou pattern in the Yangtze river
basin (Lu, 1993). Traditional agricultural practice assessment is
usually carried out for a single agricultural system to determine
effectiveness of different management strategies by using the
well-calibrated models mentioned above (Hails, 2002; Krause
et al., 2008; Maringanti et al., 2009; Wang et al., 2011). Multiple
scenario analysis is usually implemented by designing potential
management practices (e.g., fertilizer reduction, land use or crop-
ping pattern changes), and determining the suitable agricultural
practices rapidly with the help of human practical experience
(Laurent and Ruelland, 2011). However, due to various crops and
complicated agricultural managements, studies of impact of the
compound system (i.e., stereoscopic agriculture) on diffuse
nitrogen losses have still been deficient so far.

In our study, the agricultural diffuse nitrogen losses are simu-
lated with consideration of multiple existence forms by integrated
hydrological-biogeochemical model, and the impacts of stereo-
scopic agriculture are assessed. The main objectives are to: (1) cap-
ture the diffuse loss characteristics of different nitrogen forms by
integrated water system model (HEQM) with multi-objective cali-
bration in a compound agricultural watershed; (2) identify the crit-
ical nitrogen loss regions of current stereoscopic pattern by
analyzing the temporal and spatial characteristics of diffuse nitro-
gen losses; and (3) assess the impact of multiple agricultural prac-
tices (fertilization, fallow or afforestation) on diffuse nitrogen
losses. All the analysis and results are demonstrated in a small
experimental watershed with the representative planting patterns
in Southern China. This study is expected to further explore the
complicated mechanism of diffuse nitrogen losses, and provide a
scientific support for the promotion of stereoscopic agriculture
pattern, particularly in China.
2. Material and methods

2.1. Study area and data source

2.1.1. Study area
Qianyanzhou station (115�0401300E, 26�4404800N: Fig. 1) is

located in Jitai Basin, Taihe County, Jiangxi Province and is one of
the basic stations of Chinese Ecosystem Research Network (CERN)
(Hao et al., 2017). It is designated as the pilot experimental site of
Integrated Scientific Survey in Mountainous-hilly Region of South
China, and is the Integrated Development Demonstration Base of
stereoscopic agriculture pattern. Qianyanzhou pattern is one of
three basic stereoscopic agriculture patterns of China. That is to
plant forests and grasses at hilltops, and the fruits and the crops
are cultivated at gentle slopes of hillsides or in valleys, while the
fish ponds are constructed among the hills.

The station is situated in the northern part of North Sub-tropic
zone with red earth hills. The annual mean temperature and pre-
cipitation are 17.8� C and 1360 mm. Xiangxi River is one of nine
main tributaries in the Qianyanzhou region and its watershed
(1.00 km2) was selected for the assessment of typical stereoscopic
agriculture patterns on diffuse nitrogen loss. Terrain declines from
the Southwest to the Northeast with elevations from 55 m to
127 m. Main land use types are forest, agricultural land (paddy
and dry farmland) and orange orchard, and main soil types are
red sandstone and mudstone, which are classified as a mix of oxi-
sol, sand, clay, organic matter, nutrient elements (nitrogen: N,
phosphorus: P and potassium: K) and moisture (Gao et al., 2017;
Soil Survey Staff, 2010).
2.1.2. Data source
Basic data of Geographic Information System (GIS) was

collected from the CERN Synthesis Research Center, including
Digital Elevation Model (grid: 20 m � 20 m), rivers, land use
(scale: 1:20,000) and soil (scale: 1:20,000). The meteorological
data series (daily precipitation, minimum and maximum tempera-
tures) were collected from the weather station in the downstream
region.

Three monitoring stations were established along the main
stream of Xiangxi River (Table 1). The main land use types varied



Fig. 1. Location of Qianyanzhou station (a), spatial distribution of land-use (b), sub-watersheds (c) and DEM (d) in the experiment watershed.

Table 1
General characteristics of Xiangxi watershed.

Regions Upstream Middle stream Downstream

Geography Area (ha) 4.52 50.62 21.87
Elevation (m a.s.l) 104.77 96.23 84.68
Mean slope 0.134 0.119 0.131

Land-use/cover (%) Paddy land 0.60 11.78 2.73
Dryland agriculture 3.70 0.94 0.06
Orchard 0.00 5.24 15.65
Forest 86.86 65.42 73.4
Grassland 0.98 12.56 3.32
Water 6.20 2.37 1.80
Residence 1.66 1.69 3.02

Climate(*) Precipitation (mm) 1860 1760 1629
Temperature (oC) 14.6 14.7 14.7

Note: (*) means that the values of precipitations and temperatures are the annual average values from January 1st, 2013 to June 31th, 2016 by using the inverse distance and
elevation weighting method (Daly et al., 2002).
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throughout the space, i.e., forest, water and dryland agriculture in
the upstream region, forest, grass and paddy land in the middle
stream region, orchard and paddy land in the downstream region.
Water samples were collected at each station twice per month and
were taken to the laboratory immediately for water quality test
following the national operation standard (SEPA, 2002a). The con-
centrations of ON, NH4-N, NO3-N and TN were measured by a seg-
mented continuous analyzer (Futura, France) after pretreatment.
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Moreover, continuous daily runoff was gauged at the downstream
station by ISCO 6712 auto samplers (Isco Inc., Lincoln, Nebraska,
USA). The monitoring series were from January 1st, 2013 to June
31th, 2016.

Agricultural practice information was investigated from local
farmers, including crop types and rotations, sowing and harvest
dates, fertilization scheme (rates, dates and types). The main crops
were double cropping rice (early rice and late rice) in the paddy
land, vegetables (i.e., Chinese cabbage and chili) in the dryland
agriculture, and orange in the orchard. The detailed information
was shown in Table 1.

2.2. Integrated water system model

2.2.1. Model framework
HEQM is an integrated water system model by coupling multi-

ple water-related processes in hydrology, biogeochemistry, water
quality, agriculture crop and interference of human activities
(Zhang et al., 2016). The model is proposed for preferable simula-
tions in both hydrological and water quality processes on the
hypothesis that the cycles of water and nutrients are inseparable
Fig. 2. Main modules of HEQM and their interactions (a), interaction
and act as critical linkages among all the coupled water-related
processes. Seven major modules are in HEQM, namely hydrological
cycle module (HCM), soil biochemical module (SBM), crop growth
module (CGM), soil erosion module (SEM), overland water quality
module (OQM), water quality module of water bodies (WQM) and
dam regulation module (DRM). Moreover, the parameter analysis
tool (PAT) is designed for model calibration. The main interactions
among the modules, soil and water nitrogen mechanisms are pre-
sented in Fig. 2. In particular, Time variant gain model (TVGM: Xia,
1991) is adopted to express the complicated nonlinear relationship
between precipitation and runoff (Xia, 1991), and DeNitrification-
DeComposition model (DNDC) is adopted to express detailed bio-
geochemical processes of carbon and nitrogen dynamics in soil lay-
ers (Li et al., 1992). The main equations of runoff and nutrient
processes were given as follows.

2.2.1.1. Runoff yield. Surface runoff (Rs, mm) is mainly affected by
antecedent soil moisture and precipitation (Xia et al., 2005), and
interflow (Rss, mm) and baseflow (Rbs, mm) have linear relation-
ships with soil moistures in the upper and lower soil layers, respec-
tively (Wang et al., 2009). The equations are given as
mechanisms of different nitrogen forms in soil (b) and water (c).
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Rs ¼ g1 � ðSWu=WsatÞg2 � ðP- InÞ
Rss ¼ kss � SWu

Rbs ¼ kbs � SWl

8><
>: ð1Þ

where SWu, SWl and Wsat are the soil moistures (mm) in the upper
and lower soil layers, and saturation moisture (mm), respectively;
the defined depths of the upper and lower soil layers were
1000 mm and 300 mm, respectively in our study; g1 and g2 are the
basic coefficient of surface runoff, and the influence coefficient of soil
moisture, respectively; kss and kbs are the runoff yield coefficients of
interflowandbaseflow, respectively; P and In are the amounts of pre-
cipitation and vegetation interception, respectively (mm).

2.2.1.2. Soil nitrogen processes. The main soil nitrogen processes
include decomposition (e.g., mineralization, immobilization, NH3

volatilization and nitrification), denitrification, leaching and loss.
The soil decomposition and denitrification processes were consid-
ered based on DNDC (Li et al., 1992). For the soil nitrogen decom-
position, the accumulated NH3 volatilization (AM, mol/cm2) and
the NH4 amount (FIXNH4, kg/ha) absorbed by clay and organic mat-
ters are estimated by

AM ¼ 2 � ðNH3Þ � ðD � t=3:14Þ0:5
FIXNH4 ¼ ½0:41� 0:47 � logðNH4Þ� � ðCLAY=CLAYmaxÞ
NH3m ¼ 10flogðNH4Þ�ðlogðKNH4

Þ�logðKH2O
ÞÞþpHg�ðCLAY=CLAYmaxÞ

8><
>: ð2Þ

where NH4 and NH3m are the NH4
+ and NH3 concentrations (mol/L) in

the liquid phase, respectively; D is the NH3 diffusion coefficients
(cm2/d2); CLAY and CLAYmax are the clay content and its maximum
content, respectively; KNH4 and KH2O are the dissociation constants
for NH4

+:NH3 equilibrium and H+: OH- equilibrium, respectively; t
is the time step (s) and pH is the soil pH value.

The nitrification rate (dNNO, kg/ha/day) is a function of the
available NH4

+, soil temperature (T, �C) and moisture; N2O emission
is a function of soil temperature and soil NH4

+ concentration, and
the equations are given as

dNNO ¼ NH4 � ½1� expð�K35 � lt;n � dtÞ� � lSW;n

N2O ¼ ð0:0014 � NH4=30:0Þ � ð0:54þ 0:51 � TÞ=15:8

�
ð3Þ

where K35 is the nitrification rate at 35 �C (mg/kg/ha); lt,n and lsw,n

are the adjusted factors of soil temperature and moisture for nitri-
fication, respectively.

For the soil nitrogen denitrification, the NO3
�, NO2

�, NO and N2O
denitrification rates are calculated as

dNxOy=dt¼ðuNxOy=YNxOy þMNxOy �NxOy=NÞ �BðtÞ �lPHNxOy
�lt;dn

uNxOy ¼uNxOy ;max � ðC=KC;1=2þCÞ � ðNxOy=KNxOy ;1=2þNxOyÞ

(

ð4Þ
where MNxOy and YNxOy are the maintenance coefficient (1/h), maxi-
mum growth yields of NO3

�, NO2
�, NO or N2O (kg/ha/h), respectively;

uNxOy and uNxOy,max are the relative and maximum growth rates of
NO2

�, NO3
� and N2O denitrifiers, respectively; C and B are the carbon

and denitrifier biomass (kg); lDN is the relative growth rate of the
denitrifiers. KC,1/2 and KNxOy,1/2 are the half velocity constants of C
(kg C/m3) and NxOy (kg N/m3), respectively; lPH,NxOy and lt,dn are
the reduction factors of soil pH and temperature, respectively.

Total nitrogen assimilation is calculated on the basis of the
growth rates of denitrifiers and the C: N ratio (CNRD: N) in the bac-
teria, and is given as

ðdN=dtÞass ¼ ðdB=dtÞg � ð1=CNRD:NÞ ð5Þ

where (dN/dt)ass and (dB/dt)g are the nitrogen assimilation
(kg N/ha/day) and the growth rates (kg C/ha/day) of denitrifiers,
respectively.
The emission rates are the functions of adsorption coefficients
of the gases in the soil layers and to the air-filled porosity of the
soil, and are given as

PðN2Þ¼0:017þðð0:025�0:0013 �ADÞ �PA
PðN2OÞ¼ ½30:0 � ð0:0006þ0:0013 �ADÞþð0:013�0:005 �ADÞ� �PA
PðNOÞ¼0:5 � ½ð0:0006þ0:0013 �ADÞþð0:013�0:005 �ADÞ �PA�

8><
>:

ð6Þ
where P(N2), P(NO) and P(N2O) are the emission rates of N2, NO, N2O
during a day, respectively; PA and AD are the air-filled fraction of
the total porosity and adsorption factor depending on clay content
in the soil, respectively.

For the soil nitrate leaching, the NO3
� leaching rate (LeachNO3) is

a function of clay content, organic C content and water infiltration
(Winf, mm) in the soil layer, and is given as

LeachNO3 ¼ Winf � lCLAY � lsoc=SWu ð7Þ
where lCLAY and lsoc are the influence coefficients of clay content
and soil organic C, respectively.

For the nitrogen fixation by crops, the amount (UNl,i: kg/ha) of
NO3

� and NH4
+ uptaken by crops in the lth soil layer on the ith

day is calculated as

UNl;i ¼ min½Ul;i � ðNO3;l;i þ NH4;l;iÞ=SWu;i; cNB;i � Bi�
UNl;i ¼ Etp;t � ½1� expð�K � Z=RZÞ�=½1� expð�KÞ�

�
ð8Þ

where NO3,l,i and NH4,l,i are the NO3
� and NH4

+ amounts in the lth soil
layer on the ith day (kg/ha); cNB is the optimal N concentration of
the crop (kg/ton); B is the daily biomass accumulation (ton/ha),
which is calculated from CGM; Ul,i is water use (mm/day) in the
lth soil layer on the ith day; Z and RZ are the soil depth and root
zone depth (mm), respectively;Kis a water use distribution param-
eter; Etp,i is the plant transpiration on the ith day (mm), which is
calculated from HCM.

For the soil nitrogen loss, the dissolved nitrogen loss is consid-
ered to happen in both upper and lower soil layers, while the insol-
uble organic nitrogen loss only happens in the surface soil
migrated with the sediment. The loss weights of NO3-N, NH4-N
and ON are estimated by

Vsed ON ¼ 0:001 � Vsed � cON � ER
Vsol N ¼ WN up � 1� exp RsþRss

SW

� �� �þWN low � 1� exp Rbs
SW

� �h i(
ð9Þ

where Vsed_ON is the loss of organic N (kg N/ha); cON is the insoluble
nitrogen concentration in the soil layer (g/m3); ER is enrich ratio;
WN_up and WN_low are the dissolved nitrogen weights in the upper
and lower soil layers, respectively (kg/ha); Vsoil_N is the total dis-
solved nitrogen loss (kg N/ha).

2.2.1.3. Nitrogen transformation in water body. The transformation
sequence for nitrogen cycle in degradation is that ON?NH4-N?
NO2-N?NO3-N. The degradation load is calculated as follows.

Vd;orgN ¼ ½Rd;20;orgN �CorgN �AIN �Rd;20;a lg �Ca lg� �1:047ðTwater�20Þ

Vd;NH4
¼ ½Rd;20;NH4

�CNH4 �Rd;20;orgN �CorgN

þAIN �Ga lg �A N �Ca lg� �1:047ðTwater�20Þ

Vd;NO2
¼ ½Rd;20;NO2

�CNO2 �Rd;20;NH4
�CNH4 � �1:047ðTwater�20Þ

Vd;NO3
¼ ½AIN �Ga lg � ð1�A NÞ �Ca lg�Rd;20;NO2

�CNO2 � �1:047ðTwater�20Þ

8>>>>>>><
>>>>>>>:

ð10Þ
where Rd,20 is the degradation coefficient at 20 �C (day�1); AIN and
A_N are the N fraction of algal biomass and the algal preference
factor for NH4-N, respectively; Twater is the water temperature
(�C); Vd,orgN, Vd,NH4, Vd,NO2 and Vd,NO3 are the degradation loads of
ON, NH4-N,NO2-N and NO3-N (mg/day), respectively; CorgN, CNH4,
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CNO2 and CNO3 are the concentrations of ON, NH4-N,NO2-N and NO3-
N (mg/L), respectively.

2.2.2. Model setup
Input data of HEQM for the simulation of diffuse nitrogen loss

include topography, land use, crop, climate, agricultural practice
information, as well as initial values of several state variables
(e.g., moisture, contents of organic matter, different forms of N
and P, pH in the soil layers, water depth and water quality concen-
trations in rivers) at the sub-watershed scale. Twenty three sub-
watersheds and 118 minimum crop units were delineated using
Arc GIS platform according to DEM, the spatial distributions of land
use and monitoring stations. The areas of sub-watersheds and crop
units ranged from 2.36 ha to 11.40 ha, and from 0.007 ha to
8.37 ha, respectively. Seven main land use types were considered,
i.e., paddy, dryland agriculture, orchard, forest, grassland, water
and residence area. The sub-watershed attributes (e.g., longitude,
latitude, elevation, area, land use/cover areas, slopes and their
lengths of both land surface and river) and flow routing relation-
ships between sub-watersheds were obtained during the delin-
eation of sub-watersheds.

Because only one weather station existed in our study area, the
inverse distance and elevation weighting method (Daly et al.,
2002) was adopted to capture the spatial heterogeneity of climate
variables (precipitation, maximum and minimum temperatures)
through the watershed. The station series of daily climate
observations were spatially interpolated for all sub-watersheds
by considering the elevation differences and distances between
the sub-watershed center and the station.

The crop rotations and fertilization schemes were considered
for each sub-watershed by setting the dates of sowing and harvest-
ing, fertilization times and rates. Two fertilization applications
(base and additional fertilization) were considered during the com-
plete growth cycle of a specific crop. The initial contents of organic
matter, different forms of N and P, pH in each soil layer were deter-
mined by averaging the field measurements (Gao et al., 2017) and
the spatial distribution of soil types. The initial values of rest state
variables (e.g., soil moisture, water depth and water quality con-
centrations in rivers) were user-defined, which would approach
the actual conditions after the warm-up period.

In addition, the calibration period was set from January 1st,
2013 to December 31th, 2014, in which the first two months (Jan-
uary and February of 2013) were the warm-up period. The valida-
tion period was from January 1st, 2015 to June 31th, 2016.

2.2.3. Model calibration and validation
Step-by-step procedure was adopted for the calibrations of

hydrological and nitrogen related parameters, i.e., hydrological
parameters were calibrated first and then nitrogen related param-
eters were calibrated by fixing the optimal hydrological parame-
ters. For the calibrations of different nitrogen forms (ON, NH4-N,
NO3-N and TN), it was very difficult to determine the calibration
sequence of these forms due to their complex interaction and
transformation relationships. Thus, the multi-objective calibration
was adopted in simultaneous considering all the interactive objec-
tives of nitrogen forms. Due to comprehensive structure of HEQM,
it was not sensible to calibrate all parameters of hydrological and
nitrogen processes, e.g., runoff yield and routing, nitrogen transfor-
mation and migration, soil erosion, and crop growth. Nine sensitive
hydrological parameters and 35 nitrogen related parameters
were selected for calibration by LH-OAT (Latin hypercube one
factor at a time) in the PAT (Zhang et al., 2016). The rest of param-
eters remained unchanged, which were determined by field
measurements, watershed characteristics and attributes, or related
literatures. For example, the growth parameters of typical crops
were determined according to the parameter database of DNDC
(Li et al., 1992). SCE-UA, as a robust and widely-used auto-
optimization algorithm proposed by Duan et al. (1992), was
adopted for the HEQM calibration. The relative error is straightfor-
ward and also widely accepted to evaluate the model performance
of runoff, water quality variables and others. The objective function
for model auto-optimization was formulated as

Relative error : RE ¼
XN
i¼1

jOi � Sij
Oi

ð11Þ

where N is the number of the series, Oi and Si are the ith observed
and simulated values, respectively. The objective of optimization
is to minimize the RE value and the corresponding values of param-
eter set will be the optimal values.

For the calibration of hydrological parameters, RE between sim-
ulated and observed runoff series was adopted to evaluate the
hydrological simulation performance, and the objective function
was formulated as

f ob�Q ¼ minimizeðREQ Þ
subject to parðQÞmin 6 parðQÞ 6 parðQÞmax

ð12Þ

where fob-Q is the objective function of hydrological simulation; REQ
is the RE of simulated runoff magnitude. par(Q), par(Q)min and par
(Q)max are the hydrological parameter lists, their minimum and
maximum limits, respectively.

For the calibration of nitrogen related parameters, all the REs
between simulated and observed nitrogen loads of different forms
(ON, NH4-N, NO3-N and TN) were adopted. The weighted sum
approach of multi-objectives was employed to aggregate all the
RE objectives into a single objective, and the objective function
was formulated as

f ob�N ¼minimizeðREON;RENH4;RENO3;RETNÞ
¼minimizeðaON �REON þaNH4 �RENH4þaNO3 �RENO3þaTN �RETNÞ
subject to parðNÞmin 6parðNÞ6parðNÞmax

with parðQÞ¼ parðQÞopt
ð13Þ

where fob-N is the objective function of nitrogen simulation; REON,
RENH4, RENO3 and RETN are the REs of simulated ON, NH4-N, NO3-N
and TN loads, respectively; par(Q)opt is the optimal hydrological
parameter list; par(N), par(N)min and par(N)max are the nitrogen
related parameter lists, their minimum and maximum limits,
respectively; aON, aNH4, aNO3 and aTN are the weights of REON, RENH4,
RENO3 and RETN, respectively, and average weights were set in our
study, i.e., 1/4. The calibration was implemented in order, from
the upstream station to the downstream station.

Three other criteria were also adopted to evaluate the model
performance, including normalized bias (Nbias), correlation coeffi-
cient (r) and coefficient of efficiency (NS) (Nash and Sutcliffe,
1970). The equations were given as

Normalized bias : Nbias ¼
PN

i¼1ðOi � SiÞPN
i¼1Oi

ð14Þ

Correlation coefficient : r¼
PN

i¼1ðOi�OÞ � ðSi�SÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ðOi�OÞ2 �PN

i¼1ðSi�SÞ2
q ð15Þ

Coefficient of efficiency : NS ¼ 1�
PN

i¼1ðOi � SiÞ2PN
i¼1ðOi � OÞ2

ð16Þ

where O and S are the average observed and simulated values,
respectively. The model performances of runoff and different nitro-
gen forms were divided into the unsatisfactory, satisfactory, good,
and very good performance ratings, which were determined accord-
ing to the standards recommended byMoriasi et al. (2007) (Table 2).



Fig. 3. Simulated and observed daily runoff in the calibration and validation periods
at the downstream station.
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2.3. Agricultural practice scenarios and assessment

Fertilization, crop cultural sequence and land use were three
main aspects of agricultural practices contributing diffuse nitrogen
losses. Five scenarios were designed to evaluate the load reduction
performance of diffuse nitrogen losses in terms of reduction of fer-
tilizer application, farmland fallow and afforestation. The detailed
scenarios were presented as follows:

(1) Fertilizer application: all the crops were fertilized twice a
year at Qianyanzhou station, and the fertilizer rates and
dates were determined by field investigation (Hao et al.,
2017). Currently, the total rates were 1050–1350 kg/ha/year
for rice, 2812.5–3093.75 kg/ha/year for orange trees, and
750 kg/ha/year for vegetables, which were much greater
than the upper limit of international standard (225 kg/ha)
(Tang et al., 2012). One scenario was designed for the impact
assessment of fertilizer reduction on spatial distribution of
diffuse nitrogen losses. Thus, Scenario 1 was for optimal fer-
tilizer application with a total rate of 225 kg/ha/year for rice,
70 kg/ha/year for vegetables, 1416 kg/ha/year for orange
trees according to the international standard, fertilizer
demand amount of vegetables and orange trees (Qian
et al., 2007; Shen and Liu, 2013).

(2) Farmland fallow: Three main farmlands (paddy, dryland and
orchard) were considered in HEQM, and the crop cultural
sequences were the rotation of early rice and late rice in
the paddy land, Chinese cabbage and chili rotation in the
dryland, and orange in the orchard. For the impact assess-
ment of different farmland fallows on spatial distribution
of diffuse nitrogen losses, three scenarios were designed,
i.e., paddy land, dryland and orchard lay fallow without fer-
tilization, respectively (Scenarios 2–4).

(3) Farmland afforestation: All the farmlands were reforested,
i.e., paddy, dryland and orchard were converted into forests
without fertilizer application. This scenario was designed for
the impact assessment of ecological restoration on spatial
distribution of diffuse nitrogen losses (Scenario 5).

All the scenarios were applied to the entire watershed individu-
ally. The well-calibrated HEQM was driven for each scenario by
changing the fertilizer application amount, crop management or
land use types. The spatial distributions of different forms of nitro-
gen loads were obtained and compared with the actual distribution
(baseline) to find the critical area of nitrogen loss and the potential
efficiency.

3. Results and discussion

3.1. Model calibration and validation

3.1.1. Runoff
In the calibration period, the RE between simulated and

observed daily runoff series at the downstream station was
converged to 0.83 after iterations by SCE-UA optimization. The cor-
responding Nbias, r and NS were 0.00, 0.89 and 0.78, respectively.
Table 2
Simulation performance criteria for runoff, different forms of nitrogen loads.

Simulation performance Nbias

Runoff N

Very good [�0.10,0.10] [
Good (0.10,0.15] or [�0.15,�0.10) (
Satisfactory (0.15,0.25] or [�0.25,�0.15) (
Unsatisfactory (0.25,+1) or (�1,�0.25) (
The calibration performance was at the very good rating. In the val-
idation period, the RE, Nbias, r and NS were 0.56, �0.13, 0.82 and
0.67, respectively. The validation performance was at the good rat-
ing. Therefore, the simulated hydrograph matched well with the
observed hydrograph in both calibration and validation periods
(Fig. 3 and Table 3). The hydrological processes were well captured
by HEQM in the Xiangxi watershed.
3.1.2. Different forms of nitrogen loads
At the upstream station, the weighted sum RE of simulated

NH4-N, NO3-N, ON and TN loads was converged to an optimal value
(0.60) after iterations in the calibration period. For the simulated
NH4-N load, the optimal Nbias (�0.43) and r (0.87) were at the
unsatisfactory and very good performance ratings, but NS was only
�0.01, at the unsatisfactory performance rating in the calibration
period (Fig. 4a). The performance in the validation period was even
worse, except r (0.98) at the very good performance rating. For the
simulated NO3-N load, the optimal criteria were at the very good
rating for Nbias and r, and good rating for NS in the calibration per-
iod, but were all at the unsatisfactory rating in the validation per-
iod. For the simulated ON load, most optimal criteria were at the
very good performance rating in both the calibration and valida-
tion periods, except NS (0.69) at the good rating. For the simulated
TN load, all the optimal criteria were at the very good performance
rating in both the calibration and validation periods. Due to good
forest cover in this region (86.86% of total area), only trace nitrogen
amounts were enriched and lost by precipitation erosion with the
average observations of 0.057 kg/day for NH4-N load, 0.008 kg/day
for NO3-N load, 0.068 kg/day for ON load and 0.195 kg/day for TN
load in the streams. The overestimation and mismatching of peak
loads of NH4-N and NO3-N resulted in the unsatisfactory perfor-
mances of Nbias and NS, but the temporal variation of NH4-N load
was well captured with the r values being over 0.85. Moreover, the
simulation performances of ON, TN loads were at the very good or
good ratings.

At the middle stream station, the weighted sum RE of simulated
NH4-N, NO3-N, ON and TN loads also reached the optimal value
r NS

itrogen load

�0.25,0.25] [0.85,1.00] [0.75,1.00]
0.25,0.40] or [�0.40,0.25) [0.80,0.85) [0.60,0.75)
0.40,0.70] or [�0.70,�0.40) [0.75,0.80) [0.50,0.60)
0.70,+1) or (�1,�0.70) (�1,0.75) (�1,0.50)



Table 3
Simulation results of runoff, nitrogen loads (NH4-N, NO3-N, ON and TN) from upstream to downstream.

Period Calibration Validation

Stations Upstream Middle stream Downstream Upstream Middle stream Downstream

Runoff RE – – 0.83 – – 0.56
Nbias – – 0.00*** – – �0.13**

r – – 0.89*** – – 0.82**

NSCE – – 0.78*** – – 0.67**

NH4-N RE 0.96 0.45 0.34 1.22 0.30 0.53
Nbias �0.43* �0.12*** 0.27* �1.04# �0.21*** �0.12***

r 0.87*** 0.92*** 0.95*** 0.98*** 1.00*** 0.90***

NS �0.01# 0.82*** 0.88*** �1.20# 0.93*** 0.72**

NO3-N RE 0.56 0.24 0.13 0.98 0.50 0.48
Nbias 0.23*** �0.16*** �0.05*** 0.98# 0.16*** �0.06***

r 0.85*** 0.98*** 0.99*** 0.38# 0.89*** 0.94***

NS 0.67** 0.96*** 0.98*** �1.16# 0.77*** 0.74**

ON RE 0.40 0.38 0.40 0.46 0.28 0.48
Nbias �0.09*** 0.27** 0.37* 0.23*** 0.20*** 0.44*

r 0.93*** 0.92*** 0.92*** 0.91*** 0.96*** 0.90***

NS 0.82*** 0.81*** 0.78*** 0.69** 0.89*** 0.60**

TN RE 0.49 0.57 0.40 0.40 0.41 0.35
Nbias �0.21*** �0.28** �0.20*** �0.01*** �0.23*** �0.15***

r 0.91*** 0.91*** 0.93*** 0.97*** 0.96*** 0.99***

NS 0.80*** 0.80*** 0.84*** 0.84*** 0.78*** 0.91***

Note: the values with superscripts ‘‘#”, ‘‘*”, ‘‘**” and ‘‘***” represent the results at the unsatisfactory, satisfactory, good, and very good performance ratings, respectively.
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(0.41) in the calibration period. All the forms of nitrogen loads
were well simulated in both the calibration and validation periods,
and all the optimal criteria were at the very good or good ratings
(Fig. 4b). At the downstream station, the weighted sum RE of
simulated NH4-N, NO3-N, ON and TN loads was converged to the
optimal value (0.32). Most of the optimal criteria were at the very
good and good performance ratings, only except some satisfactory
ratings for Nbias of ON load in the calibration and validation
periods (0.37 and 0.44), and NH4-N load in the calibration period
(0.27) (Fig. 4c). In particular, all the r and NS values were over
0.85 and 0.75, respectively. As the stream flows through the
agricultural land and orchard in the middle and downstream
regions, all the forms of nitrogen loads increased in the stream
and the simulation performances were improved obviously.
The average nitrogen loads were increased to 0.990 kg/day
for NH4-N, 0.879 kg/day for NO3-N, 0.342 kg/day for ON and
3.619 kg/day for TN in the middle stream, and 0.265 kg/day
for ON, 0.556 kg/day for NH4-N, 1.729 kg/day for NO3-N and
5.443 kg/day for TN in the downstream. Moreover, ON and
NH4-N probably changed to NO3-N along the streams. In summary,
HEQM was also able to well capture diffuse losses and stream
dynamic processes of different nitrogen forms, particularly in the
agricultural regions.

3.2. Regional distribution of runoff and diffuse nitrogen losses

The runoff coefficients ranged from 0.251 to 0.329 with an aver-
age of 0.289 (Fig. 5). The regional distribution of runoff coefficients
generally showed a decrease pattern from the upstream region to
the downstream region. The great values appeared in the upstream
sub-watersheds covered by forest and middle stream sub-
watersheds covered by paddy. Despite strong water retention
capacity of forest ecosystem, high intensity of precipitation
increased the nonlinear gain factor between precipitation and run-
off yield (Xia, 1991) resulting in the large runoff coefficients. More-
over, the runoff coefficient in paddy land was usually greater than
that of other agricultural lands because of high soil moisture. The
small values appeared in the downstream regions covered by
orange orchard. The water retention capacity was relatively weak
because the forest coverage rate of orange planting practices was
much less than that of the natural forest in the upstream regions.
By field investigation, the applied fertilizers were mainly urea
and compound fertilizer in our study area, which was easily hydro-
lyzed into ammonium ion (NH4

+). Thus, the dominating form of
total nitrogen loss was NH4-N, and the regional distributions of
NH4-N and TN loads were generally consistent (Fig. 5). The annual
average coefficients ranged from 0.00 to 207.51 kg/ha with an
average of 62.74 kg/ha for NH4-N, and from 0.00 to 207.84 kg/ha
with an average of 63.80 kg/ha for TN. Their regional distributions
were just contrary to those of runoff coefficients, and showed
increase patterns from the upstream region to the downstream
region. The great coefficients were mainly in the downstream
region, followed by the middle stream region, and then the
upstream region. The coefficient distribution was highly related
with the agricultural lands and their fertilizer applications.
Although the runoff coefficients were not very large in the down-
stream region, the fertilizer rate (over 2000 kg/ha) was the largest
in all the agricultural lands. The rate was around 900–1200 kg/ha
in the paddy land and no fertilizer was applied in the natural forest
land in the upstream region.

Small amounts of ON and NO3-N loads were also lost because of
soil background contents, soil nitrogen denitrification and nitrifica-
tion, vegetation and water. For the ON load, the coefficients were
very tiny, which ranged from 0.000 kg/ha to 0.0010 kg/ha with
an average of 0.0004 kg/ha. The great coefficients were mainly in
the middle stream region, followed by the downstream region.
The main explanation was that the denitrification reaction (from
NH4-N to ON) was usually stimulated by denitrifier in the anaero-
bic condition when the paddy filed was filled with water, or in the
high soil moisture condition (Li et al., 1992). For the NO3-N load,
the coefficients ranged from 0.00 kg/ha to 8.04 kg/ha with an aver-
age of 0.98 kg/ha. The great coefficients were also mainly in the
middle stream region, while the coefficients were close to
0.00 kg/ha in the upstream and downstream regions. The NO3-N
load was probably from the nitrification reaction in the aerobic
condition when the rice was ripe or harvested. Therefore, diffuse
nitrogen losses were mainly in the downstream and middle stream
regions where agricultural activities were centralized. Complex
denitrification and nitrification reactions also existed in these
regions, particularly in the paddy fields.

Because NH4-N was the dominating form of TN in Qianyanzhou
station, the rest of this study detailedly reported the reduction



Fig. 4. Simulated and observed daily NH4-N, NO3-N, ON and TN in the calibration and validation periods at the upper (a), middle (b) and down (c) stream stations.
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Fig. 6. Regional distributions of NH4-N and TN loss coefficients for the fertilizer application optimization.

Fig. 5. Regional distributions of runoff coefficients, NH4-N, NO3-N, ON and TN loss coefficients for the stereoscopic agriculture.
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performances of diffuse NH4-N and TN losses in different agricul-
tural practice scenarios.
3.3. Impact assessment of agricultural practices on diffuse nitrogen
losses

3.3.1. Reduction of fertilizer application
Compared with the optimal fertilizer rate, the baseline rate

would be reduced by 80% for paddy land, 91% for dryland
agriculture and 50% for orange orchard. Accordingly, the diffuse
losses of NH4-N and TN loads were reduced remarkably (Fig. 6).
For the NH4-N load, the coefficients ranged from 0.00 kg/ha to
106.89 kg/ha with an average of 30.68 kg/ha, and the reduction
ratios ranged from 0.00 to 64.58% with an average of 43.39%.
The most obvious reductions were in the middle stream region
with the ratios being over 51.27%, followed by the downstream
orchard region with the ratios of nearly 48.00%. The loads were
not changed in the upstream region. For the TN load, the loss
coefficients ranged from 0.00 kg/ha to 107.22 kg/ha with an aver-
age of 31.74 kg/ha, while the reduction ratios ranged from 0.00
to 63.76% with an average of 42.69%. Its regional pattern was quite
similar with that of NH4-N loads because the dominating form of
TN was NH4-N.

3.3.2. Farmland fallow
The paddy land accounted for 6.65% of the total watershed area

and was mainly concentrated in the middle valley region. If the
paddy land lay fallow, a majority of nitrogen losses were reduced
in this region, and no obvious impacts were found in other regions
(Fig. 7a). The average NH4-N coefficient was reduced to 54.63 kg/ha
and the reduction ratios in the middle stream region ranged from
16.70% to 96.61%. The average TN coefficient was reduced to
54.71 kg/ha and the reduction ratios in the middle stream region
ranged from 18.20% to 95.56%.

The dryland only accounted for 0.68% of the total watershed
area and was comparatively distributed near the ponds. If the



Fig. 7. Regional distributions of NH4-N and TN loss coefficients for the paddy land (a), dryland (b) and orchard (c) fallow.
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dryland lay fallow, the nitrogen losses were reduced in a few
regions and the reduction ratios were also quite small (Fig. 7b).
The average coefficients of different nitrogen forms were reduced
to 60.18 kg/ha with the ratio of 4.08% for NH4-N loads, and
61.24 kg/ha with the ratio of 4.01% for TN loads.

The orchard accounted for 14.15% of the total watershed area
and was mainly concentrated in the middle and downstream val-
ley regions. If the orchard lay fallow, a majority of nitrogen losses
were reduced in the middle and downstream regions, and no obvi-
ous impacts were found in the upstream region (Fig. 7c). The aver-
age NH4-N coefficient was reduced to 11.76 kg/ha and the
reduction ratios ranged from 17.81% to 100% in the most dramatic
region. The average TN coefficient was reduced to 12.83 kg/ha and
the reduction ratios ranged from 16.47% to 100% in the most dra-
matic region. Therefore, the most dramatic reductions existed in
NH4-N in the downstream region.



Fig. 8. Regional distributions of NH4-N and TN loss coefficients for the farmland afforestation.
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3.3.3. Farmland afforestation
If all the farmlands (paddy, dryland and orchard) were refor-

ested, the fertilizer applications were halted thoroughly. The dif-
fuse nitrogen losses were reduced drastically throughout the
watershed (Fig. 8). The average coefficients of different nitrogen
forms were reduced to 0.06 kg/ha with the ratio of 99.90% for
NH4-N loads, 0.14 kg/ha with the ratio of 99.78% for TN loads. Only
a tiny of NH4-N and TN loads were lost to the streams. It can also be
deduced that the main TN form was NH4-N and its source was
probably from the atmospheric deposition (Hao et al., 2017). The
most dramatic regions were concentrated in the middle and down-
stream regions covered by paddy and orange orchard.
Fig. 9. Observed daily concentrations of NH4-N and TN at the upper, middle and
down stream stations. Note: Grade III means the water quality standard of slight
pollution according to SEPA (2002b), e.g., concentrations of NH4-N and TN are equal
to 1.0 mg/L, respectively; Grade V means the water quality standard of high
pollution, e.g., concentrations of NH4-N and TN are equal to 2.0 mg/L, respectively.
3.4. Assessment of stereoscopic agriculture

The regional patterns of runoff and nitrogen coefficients
showed that the main runoff yield zone was in the upstream region
covered by forest with steep terrain, and the main nitrogen loss
zone was in the valley along the middle and down streams covered
by paddy, dryland and orange orchard. The main source of nitrogen
losses was the orange orchard in the downstream region due to its
high fertilizer rates and large planting area. In the stereoscopic
agriculture of Qianyanzhou station, the runoff yield in the
upstream forest region routed into the fish ponds between hills.
The slopes were gentle and air temperatures were slightly warm
for agricultural planting in the hillsides and valleys (see Table 1).
All of these conditions would be advantageous for downstream
agricultural irrigation and raising the use efficiency of local water,
land and heat resources. However, the water environment condi-
tion of middle and down streams would be severely threatened
by diffuse nitrogen losses because all the agricultural lands were
along the streams and the agricultural pollutant could be easily
discharged into the streams. As shown in Fig. 9, the observed
NH4-N concentrations exceeded the slight pollution standard of
surface water (GB3838-2002) in the spring and autumn from
2013 to 2016 at the middle and downstream stations. The explana-
tion was that the base fertilizers (urea and compound fertilizer) of
rice, vegetables and orange trees were usually applied in the spring
and autumn. Additionally, most of TN concentrations even
exceeded the high pollution standard at all the three stations. It
was probably caused by the fertilizer application and atmospheric
nitrogen deposition (Hao et al., 2017).

The effective approaches to controlling diffuse nitrogen losses
for Qianyanzhou pattern were to reduce the agricultural fertilizer
application, or reduce the planting scale of orchard by afforestation
in the valley. Some auxiliary measures could be adopted, such as
vegetation buffer strip along the streams, multi-pond system and
wetland system in the streams (Rodriguez et al., 2011).

3.5. Potential uncertainties

Uncertainty issues exist in all environmental modelling.
These uncertainties of the diffuse nitrogen simulation, and the
impact assessment results of agricultural practices result from
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simplification of model structure, initial and boundary conditions,
as well as equifinality of model parameters (Yang et al., 2008;
Li et al., 2010). The parameter sensitivity analysis and autocalibra-
tion are very helpful and commonly implemented to reduce the
uncertainty sources from integrated water system model
(Mantovan and Todini, 2006). Model uncertainties, however, are
still inevitable due to high parameterization and complicated
interactions among different modules (Zhang et al., 2016).
Several statistical techniques should be adopted to quantify the
intervals of different uncertainty sources, such as GLUE (Beven
and Binley, 1992), Bayesian (Yang et al., 2008), and bootstrap
(Shao et al., 2014).

Moreover, the design of multiple potential scenarios also might
result in the uncertainties of agricultural practice assessment. In
our study, several strategies are adopted. For example, the fertilizer
rate is determined according to the international standards (Tang
et al., 2012) and field investigation, and the farmland management
follows the national policy of land use transitions (e.g., Grain for
Green Project) (Lin and Ho, 2003). However, most of these scenar-
ios are to improve the river environment with the sacrifice of eco-
nomic benefit. This tradeoff issue could be further explored by
multiple objective optimization approaches, such as weighted
sum approaches (Madsen, 2000), non-dominated evolutionary
algorithms (Duan et al., 1992; Deb et al., 2002).

4. Conclusions

Stereoscopic agriculture is a complicated and diverse ecosys-
tem. The environmental quality implications of this agricultural
pattern still need to be further investigated due to the multiple
existence forms of nitrogen, various features of underlying surface
and different management practices. In our study, an integrated
water system model (HEQM), multi-objective calibration and sce-
nario analysis were combined to explore the diffuse loss mecha-
nisms of different nitrogen forms, and the effectiveness of
agricultural practice in a representative stereoscopic agriculture
system of Southern China. Results showed that:

(1) The daily variations of runoff and multiple nitrogen forms
were well-reproduced at upper, middle and downstream
stations. For the runoff simulation, the Nbias, r and NS were
0.00, 0.89 and 0.78 in the calibration period, and were 0.56,
�0.13, 0.82 and 0.67 in the validation period, respectively.
For the different nitrogen forms, their simulation perfor-
mances were mostly at the very good ratings, particularly
for the temporal variation with the r values of over 0.85.
However, the simulation performances of ammonium and
nitrate nitrogen were still unsatisfactory at the upstream
station because only trace amounts were observed in this
region.

(2) For the current stereoscopic agriculture system of Qianyanz-
hou station, the average annual runoff coefficients ranged
from 0.251 to 0.329 with an average of 0.289. The great coef-
ficients were in the upstream region covered by forest with
high intensity of precipitation and steep terrain. The nitro-
gen loss coefficients ranged from 0.000 kg/ha to 0.0010 kg/
ha with an average of 0.0004 kg/ha for organic nitrogen,
from 0.00 to 207.51 kg/ha with an average of 62.74 kg/ha
for ammonium nitrogen, from 0.00 kg/ha to 8.04 kg/ha with
an average of 0.98 kg/ha for nitrate nitrogen and from 0.00
to 207.84 kg/ha with an average of 63.80 kg/ha for total
nitrogen. Thus, the main form of nitrogen losses was
NH4-N and the most dramatic loss zones were in the middle
and downstream regions covered by paddy and orange
orchard.
(3) The Qianyanzhou agriculture pattern was advantageous to
raise the use efficiency of local water, land and heat
resources. However, the water environment condition of
middle and down streams was severely threatened by dif-
fuse nitrogen losses because all the agricultural lands were
along the streams. Reduction of fertilizer application, farm-
land fallow and afforestation could reduce the total loads
of diffuse nitrogen losses so as to mitigate water quality
deterioration. The most effective approach was to reduce
the farmland planting scale by afforestation in the valley,
particularly for orchard in the downstream regions, followed
by the optimization of fertilizer application. The impact of
dryland fallow was the least obvious because of its small
proportion in the total watershed area.
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