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a b s t r a c t

Agricultural nonpoint source pollution (NPS) is the main water-use impairment in the upper watershed
of the Miyun Reservoir in Beijing, China. Selection and placement of best management practices (BMPs)
in heterogeneous watersheds, requires a multi-objective optimization framework to identify the most
cost-effective conservation strategy to achieve desired water quality goals. In this paper, a novel opti-
mization methodology was developed, utilizing a BMP database that includes BMP reduction efficiencies
and costs, using a multi-objective sorting genetic algorithm (NSGA-II, nondominated sorting genetic
algorithm-II) combined with the Soil Water and Assessment Tool (SWAT) served as the NPS watershed
model. Cost-effectiveness curves (optimal fronts) between pollutant reduction and total net cost input
were obtained for the upper watershed of Miyun Reservoir. The optimal combination of BMP, which
include a combination of conservation tillage, careful timing of 30% less fertilizer application, contour
planting, and use of a 10-m edge-of-field buffer strip, indicate that the least costly scenario reduced total
nitrogen (TN) and total phosphorus (TP) loads by 33% at a cost of 1.02� 106 China Yuan. The cost-
effective scenario reduced TN and TP loads 44% and 68% at a cost of 2.52� 107 and 5.64� 107China
Yuan. The greatest reduction scenario reduced TN and TP loads 55% and 76%, respectively, at a cost of
2.01� 108 and 2.48� 108 China Yuan. Watershed with poultry operations, required a 30% reduction in
number of birds, along with a 30% reduction in the amount of manure applied was needed to achieve
water quality goals. Use of the coupled BMP optimization model can assist the policy makers achieve a
cost-effective implementation of best management practices to mitigate agricultural nonpoint sources at
a watershed scale.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The First General Survey and Evaluation of Pollution Sources
(SGSEPS, MEP, China) show that over 50% of total nitrogen (TN)
and total phosphorus (TP) to streams and lakes were from agri-
cultural nonpoint sources in China (China, 2010). Agricultural
nonpoint sources of N and P are now one of the major causes of
eutrophication of streams and lakes in China (Ongley et al., 2010).
Best management practices (BMPs) have been shown to be
effective in controlling the movement of N, P, and sediment, into
receiving waters (Giri et al., 2016; Udawatta et al., 2002; Zhuang
et al., 2016). However, the effective mitigation of agricultural
nonpoint TN and TP is difficult because of the spatial and
temporal variability of sources and transport pathways
(Ghebremichael et al., 2013; Jang et al., 2017; Shen et al., 2012).
Some relevant studies indicate that the success of cost-effective
nonpoint source mitigation strategies is greatly enhanced by
use of a watershed-scale BMP selection and placement tool
(Kurkalova, 2015; Noor et al., 2017).

In general, selection and placement of BMPs is constrained by
several factors, which include different transport pathways of N
than P, heterogeneous landscape features, and variable farm/field
management (Cano et al., 2017; Maringanti et al., 2009;
McDowell et al., 2014). In addition, BMPs often adopted at a
farm scale, while desired water quality goals function at a
watershed scale. The targets of BMPs implementation plans is to
achieve the maximum pollutant loads reduction in a watershed
and minimize the financial cost of the infrastructure and
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maintenance (Balana et al., 2011). The success of BMPs placement
is often limited by financial support from farm, local government
and so on (de Roo et al., 2012). Therefore, the placement and
optimization of BMPs for control agricultural nonpoint source
pollution at watershed can be transformed into a multi-objective
optimization problem with spatial attributes (Bouraoui and
Grizzetti, 2013).

For the multi-objective optimize process in any watershed scale,
they are often including many farms that with non-uniform num-
ber and size of fields, as well as multiple BMPs alternatives. There
could be numerous scenarios to achieve the cost-effective pollution
reduction. This creates computational difficulties that increasewith
an increase inwatershed area (Maringanti et al., 2011). For example,
a watershed consisting of 1000 farms with six possible BMPs for
each farm, would 6 1̂000 forms of BMPs and its combinations can
be served as a solution for control the agricultural nonpoint source
pollution. This large number of options makes BMPs targeting and
evaluation impractical based on the current computational tech-
nology (Volk et al., 2017).

An optimization technique that would prioritize selection and
placement of BMPs for more efficient and effective mitigation
planning is needed. Heuristic search algorithms, have been shown
to perform well in solving global search problems, such as genetic
algorithms (GA), tabu search, and simulated annealing (Gitau et al.,
2005; Panagopoulos et al., 2011).

Studies show that successful NPS control efforts depending on a
combination of watershed modeling technique, (e.g., SWAT, HSPF
and AGNPS models), optimization algorithms (e.g., GA, NSGA-II and
tabu search methods) and economic assessment functions
(Chaubey et al., 2010; Gitau et al., 2004, 2006; Hsieh and Yang,
2007; Panagopoulos et al., 2013; Srivastava et al., 2003). The ge-
netic algorithms and economic functions serve as the power engine
for selection and targeted placement of BMPs in a watershed
considering environmental and economic drivers.

Progress has been made using traditional genetic algorithms
combined with a watershed model for the optimization of BMPs
from field to small watershed scales (Gitau et al., 2005; Srivastava
et al., 2003). However, there are remaining challenges include:

1. The objective function is an important part of genetic algorithm,
it is composed by several objective functions that are estimated
separately in the traditional optimization methods that through
place a constraint on one objective function during optimization
of the other. As there are no consensus weighting values for
different objective functions. The potential solutions could be
missed during optimization process in genetic algorithms, it will
lead to the uncertainty and error of the optimization results
(Yang and Best, 2015).

2. Lack of sensitivity analysis of GA parameters, influences solu-
tions from the optimization process (Herman et al., 2015).

3. Computation times to run optimization models which coupled
by GA or NSGA-II and SWAT model (Bekele and Nicklow, 2005;
Maringanti et al., 2009) found computational costs associated
with model runs, limited the size of watersheds that can be
assessed to 3e133 km2. These constraints will increase due to
the need for mitigation strategies to lessen nonpoint-source
water quality degradation in China.

In this paper, a novel multi-objective optimization framework
was developed that incorporates the SWAT model, NSGA-II model
and a BMP cost-effective tool. The overall goal of this study is to
apply the new optimization framework to efficiently optimize se-
lection and placement of BMPs in a watershed and provide alter-
native BMPs measures to achieve desired water quality targets
under cost-effectiveness scenarios.
2. Materials and methodology

The multi-objective optimization technique framework is
comprised of five components:

1. A series of BMPs were selected from the literature according to
the agricultural NPS management needs in Chaohe River
Watershed;

2. Set of empirical economic functions, describing the cost of BMP
implementation and maintenance;

3. ArcSWAT (v2012) model were employed to estimated water-
shed and farm scale loads under baseline scenarios which is a
physically based, spatially-distributed and continuous-time
watershed model that operates on an ArcGIS 10� platform. It
was developed by the United States Department of Agriculture
(USDA) to predict the output of runoff, sediment and nutrients
from watershed scale over long periods of time (Arnold et al.,
1993, 1998). The long-time continued information such as
climate, topography, soil properties, land use and management
were required simulation (Arnold and Fohrer, 2005; Arnold
et al., 2012). The study area will be delineating to two spatial
scale which include the sub-watershed and Hydrological
Response Units (HRUs) based on the Digital Elevation Model
(DEM), land use and soil types. Each HRU is the combination of a
unique land use and soil type which can be served as the
smallest unit for placement the BMPs.

4. A dynamic BMPs database, of compiled nutrient losses and costs
for all hydrologic response units (HRUs) and BMPs was estab-
lished, it will save many times for optimization process because
of the traditional combination of the GA and SWAT model will
be replaced by a dynamic database in the form of a matrix,
which don't need re-running the model every time when the
model parameters are modified; and

5. An optimization engine of NSGA-II was created based on the
MATLAB 2012a platform andwas used to prioritize selection and
placement of BMPs in the watershed, to achieve the maximize
load reduction at the lowest cost.
2.1. Study area

The Chaohe River Watershed is located the upper watershed of
Miyun reservoir, Beijing, China. The watershed area is 4888 km2

and mean precipitation up to 600mm (Fig. 1). The Miyun reservoir
is Beijing's main drinking water source and crucial to the well-
being of its residents. The Chaohe River is one of only two tribu-
taries flowing into the Miyun reservoir which is an important
supplemental water source for the Miyun reservoir that has
become eutrophic in recent years (Jia and Cheng, 2002). About 77%
of annual precipitation occurs between July to September, when
high-intensity, short-duration storms can exacerbate nutrient and
water loss. Elevations in thewatershed range from 150m to 1800m
above sea level. Soils are classified into four major categories:
Cinnamon, Brown, Meadow and Chestnut soils, with Cinnamon the
most dominant soil type in the watershed. Land use types are
cropping, pasture, forest and water which accounting for 80% of the
total area of this watershed.

2.2. Calibration and validation of the ArcSWAT model

ArcSWAT (v2012) was used to divide the Chaohe River Water-
shed into 39 sub-basins, which were further divided into 594 HRU.
Each HRUswas defined as a sub-basinwith similar land use and soil
type. For the analysis, each HRUwas approximated to be a farm and
BMPs were selected for placement in each HRU.



Fig. 1. Location of Chaohe River watershed in Beijing and Hebei province, location of
China.
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The SWAT-CUP model was used to process calibration and
validation data (Arnold et al., 2012; Mehmood et al., 2017; Rusli
et al., 2017; Singh et al., 2013). Runoff, TN, and TP concentrations
and loads for the Chaohe River Watershed data were measured at
the Xiahui hydrological gauging site at the of Chaohe River
Watershed outlet (Fig. 1). The ArcSWAT model was calibrated and
validated for flow, TN, TP and sediment at this gauging station,
Coefficient of determination (R2) and Nash-Sutcliffe efficiency co-
efficient (NS) were used to assess the accuracy of ArcSWAT model.

2.3. Prioritization and cost estimate of BMPs

In order to improve the precision of BMPs placement, a critical
source areas (CSAs) analysis was conducted before prioritization of
targeted-BMPs (Pongpetch et al., 2015; Sharpley et al., 2011). The
detailed description of the CSA analysis in the Chaohe River
Watershed is reported by (Geng et al., 2016). An empirical BMPs
tool developed and used to assess the effectiveness of BMPs based
on soil type and slope in CSAs (Geng et al., 2015a; Gitau et al., 2004;
Mostaghimi et al., 1997; Pionke et al., 2000). A series of BMPs were
selected for the optimization step, which include conservation
tillage, timing of chemical fertilization, contour farming, 10-m filter
strips, 30% reduction in fertilizer application, 30% reduction in
poultry numbers and manure application, as well as poultry
manure storage. Constant weather and land use conditions were
used to estimate the effectiveness of each BMP (Cuttle et al., 2007)
to develop the dynamic database (

BMP costs included construction and maintenance costs for a
15-year operation period, as well as loss of land-based income from
implementation of BMPs based on equations proposed by (Arabi
et al., 2006). The land-income loss represents reduced corn and
wheat yields from each HRU, as well as revenue loss from a
reduction in poultry numbers. Costs for conservation tillage in corn
and wheat were obtained from a field questionnaire on the study
farms conducted between April to September 2015. Other cost in-
formation for the various BMPs were based on published data and
reports for this region (Geng et al., 2015b; Wang, 2011). All cost
estimates were determined on a per unit area basis in China Yuan
which marked by Yuan$ha�1 (Table 1). Details of how costs were
calculated is given in equation (1) (Geng, 2015).

Ctd
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￥ � ha�1 � a�1

�
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#),
td
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where Ctd is the total cost of each BMP (Yuan$ha�1$a�1), C0 is the
construction cost of each BMP (Yuan$ha�1), rm is the maintenance
cost of each BMP, s is the fixed annual interest rates, here we use 6%
as the fixed annual interest rates from the Bank of China, and td is
the operation period of the BMP.

In this study, we assume that all BMPs can be placed singly or in
combination for the same land use type. For example, six BMPs
were selected to reduce runoff, which could be placed singly or in
combination (A1, A1þA2, A1þA2þA3, A1þA2þA3þA4,
A1þA2þA3þA4þA5, A1þA2þA3þA4þA5þA6). The total combi-
nations of BMPs can be calculated, while the cost of each combi-
nations could be estimated as the sum of the costs of single BMPs
(Panagopoulos et al., 2012). Thus, the total number of the potential
combinations of BMPs was 63 which for farm land management
(Equation (2)):
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Similarly, the total number of potential BMPs combinations to
pasture land and orchard were 15 and 7, respectively. All the BMPs
or BMPs combinations were selected as the original input data for
the dynamic database and served as for inclusion to the optimi-
zation framework. There are 89 different BMPs combinations,
which include the baseline scenario, were finally selected and
numbered sequentially in Table 2.
2.4. Development of the dynamic BMP database

The BMP database, developed for use with the BMP optimal
technique framework, stored losses of mean annual TN and TP, as
well as the respective calculated costs arising from the imple-
mentation of each BMP to all HRUs. The database consisted of tables
that contained information concerning the environmental or cost
variables (in this case four tables for three variables (Panagopoulos
et al., 2012): TN, TP and cost) for each HRU. The rows in these tables
represented the HRUs of the catchment and columns represented
the loads and costs that resulted after each BMP has been imple-
mented in the specific HRU. In the case of the Chaohe river
watershed each Table contained 594� 89 cells, whereby 594 was
the number of HRUs in the watershed and 89 was the number of
BMPs totally tested (Table 2). The 89st was not actually a BMP but
was incorporated to facilitate the expression of no interventions in
non-agricultural areas.

The dynamic BMPs database were developed by the MATLAB
and MS Excel platform in this paper, the detailed process was
developed as follows.

1. MATLAB (v2012a, The MathWorks, Inc. U.S) was selected as an
auto-simulated processor. Based on a set of scripts, MATLAB can
active an auto-simulation of ArcSWAT (USDA-ARS) model to iden-
tify and re-writing BMPs representation parameters in each HRUs
through found and opened the input file which with the name
suffix of ‘*.mgt’ in the output folder of ArcSWAT model. Auto-
simulation then occurs to estimate TN and TP loads after BMPs



Table 1
Model parameters/management inputs used for representing BMPs implemented.

BMPs code Scenario Description Representation in ArcSWAT Cost
(Yuan$ha�1$a�1)

Land use

No BMPs Baseline Current farming system, conditions
before management changes

A1 Conservation tillage Reduce soil erosion, N mineralization
and P mobilization

Tillage removal �22.5 Farmland

A2 and O1 Timing change of chemical fertilization Reducing the risk of nutrient transport 4/9 instead of 4/10 No cost Farmland and
orchard

A3 Contour farming Reducing surface runoff and erosion PUSLE¼ 0.9 CNnew¼ CN-3
(Arabi et al., 2006)

3577.9 Farmland

A4 and O2 Filter strips (10m) Delay runoff Trap sediments and
nutrients

10m strip width 40767.7 Farmland and
orchard

A5 Fertilizers reduction 30% Reducing N and P inputs to soil �30% N and P �691.5 Farmland
O3 Fertilizers reduction Reducing N and P inputs to soil �100% N and �50% P �2617.5 Orchard
L1 Poultry numbers reduction 30% Reducing N and P inputs to soil �30% manure deposition 21 600 Pasture land
L2 Storage of poultry manure Reducing manure N content 15% reduction in manure N content 7590 Pasture land
L3 Manure spread during the dry season Reducing the risk of transport Application from April to October No cost Pasture land
A6 and L4 Fence (10m) Reducing the risk of poultry manure

directly into streams
Modeled as a 10m Filter strips
with amorphous fruticose

33442.7 Farmland and
Pasture land

Table 2
BMPs combinations selected for AGRL, ORCD and PAST HRUs of the Chao River watershed.

BMPs number BMPs BMPs number BMPs Land use BMPs number BMPs Land use

1 baseline 31 A1&A4&A6 AGRL 61 A1&A2&A4&A5&A6 AGRL
2 A1 32 A1&A5&A6 AGRL 62 A1&A3&A4&A5&A6 AGRL
3 A2 33 A2&A3&A4 AGRL 63 A2&A3&A4&A5&A6 AGRL
4 A3 34 A2&A3&A5 AGRL 64 A1&A2&A3&A4&A5&A6 AGRL
5 A4 35 A2&A3&A6 AGRL 65 baseline ORCD
6 A5 36 A2&A4&A5 AGRL 66 O1 ORCD
7 A6 37 A2&A4&A6 AGRL 67 O2 ORCD
8 A1&A2 38 A2&A5&A6 AGRL 68 O3 ORCD
9 A1&A3 39 A3&A4&A5 AGRL 69 O1&O2 ORCD
10 A1&A4 40 A3&A4&A6 AGRL 70 O1&O3 ORCD
11 A1&A5 41 A3&A5&A6 AGRL 71 O2&O3 ORCD
12 A1&A6 42 A4&A5&A6 AGRL 72 O1&O2&O3 ORCD
13 A2&A3 43 A1&A2&A3&A4 AGRL 73 baseline PAST
14 A2&A4 44 A1&A2&A3&A5 AGRL 74 L1 PAST
15 A2&A5 45 A1&A2&A3&A6 AGRL 75 L2 PAST
16 A2&A6 46 A1&A2&A4&A5 AGRL 76 L3 PAST
17 A3&A4 47 A1&A2&A4&A6 AGRL 77 L4 PAST
18 A3&A5 48 A1&A2&A5&A6 AGRL 78 L1&L2 PAST
19 A3&A6 49 A1&A3&A4&A5 AGRL 79 L1&L3 PAST
20 A4&A5 50 A1&A3&A4&A6 AGRL 80 L1&L4 PAST
21 A4&A6 51 A1&A3&A5&A6 AGRL 81 L2&L3 PAST
22 A5&A6 52 A1&A4&A5&A6 AGRL 82 L2&L4 PAST
23 A1&A2&A3 53 A2&A3&A4&A5 AGRL 83 L3&L4 PAST
24 A1&A2&A4 54 A2&A3&A4&A6 AGRL 84 L1&L2&L3 PAST
25 A1&A2&A5 55 A2&A3&A5&A6 AGRL 85 L1&L2&L4 PAST
26 A1&A2&A6 56 A2&A4&A5&A6 AGRL 86 L1&L3&L4 PAST
27 A1&A3&A4 57 A3&A4&A5&A6 AGRL 87 L2&L3&L4 PAST
28 A1&A3&A5 58 A1&A2&A3&A4&A5 AGRL 88 L1&L2&L3&L4 PAST
29 A1&A3&A6 59 A1&A2&A3&A4&A6 AGRL 89 NO BMP OTHERS
30 A1&A4&A5 60 A1&A2&A3&A5&A6 AGRL

Note: AGRL is means farm land, Orcd is means orchard and PAST is means pasture land. The representation of A1 to A6, O1 to O3 and L1 to L4 can be find in Table 1.
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implementation (Panagopoulos et al., 2012; Rodriguez et al., 2011).
For example, corn with 10m filter strips (#5 in Table 2) will
placement in the HRUs which with farmland, the script will
executed to identify and re-writing the representation parameters
in ‘*.mgt’ files with farmland as their land use type and re-set the
filter strip value to 10 m instead of 0. Then, re-run the validated-
ArcSWAT model to get the annual TN and TP load after imple-
menting of NO. 5 BMPs from 2000 to 2011 years. After each run, the
mean annual TN and TP loads from each HRUwere obtained, as well
as the respective cost estimates for each BMPs implemented, which
were automatically stored in the BMPs database (Fig. 2).

2. The dynamic database includes mean annual TN and TP loss
after implementation of various BMPs with their cost. For
convenience of computing the difference before and after imple-
ment of BMPs, we transform loads to percentage changes of BMPs
effectiveness (Panagopoulos et al., 2012). The database consisted of
tables that contained 594� 89 cells, where there were 594 HRUs in
the watershed and 89 BMPs evaluated as the basic database to get
the optimized BMPs plans for achieve the minimize of cost and
nutrients loads by the process of NSGA-II (Table 2).

2.5. Multi-objective optimization

To obtain the most cost-effectiveness solutions of BMPs place-
ment in Chaohe river watershed, there are 594 HRUs, for which the
BMPs should to be searched and optimized to satisfy two objective
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functions: minimization of the net cost increase and TN and TP
loads resulting from BMPs placement at the HRU level. Objective
functions that need to be optimized in the MATLAB platform are
mathematically expressed as (Equations (3)e(7):

min

"X564
i¼1

TNði; jÞ∧
X564
i¼1

TPði; jÞ∧
X564
i¼1

Costði; jÞ
#

(3)
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TNði; jÞ; TNðHRUs;BMPsÞ ¼
0
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« 1 «
a564;1 / a564;89

1
A (4)

min ¼
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« 1 «
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1
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X564
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« 1 «
a564;1 / a564;89

1
A

(6)

1 � xAGRLi � 64;65 � xORCDi � 72;73 � xPASTi � 88;89 � xOTHERi

� 89

(7)

where aij, is the element of the matrix, which corresponds to TN
and TP loads and total cost from the ith HRU after the jth BMPs was
implemented. xi, is a set of lower and upper bounds values to
ensure that the NSGA-II created only valid solutions (individuals) of
the optimization process.

The optimization process includes three steps:

1. NSGA-II will randomly initialize the population,
2. HRUs (genes) in the Chaohe river watershed will be created

(Maringanti et al., 2009; Muleta and Nicklow, 2005;
Panagopoulos et al., 2012).
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3. Genotype will be formed by each individual gene value. Thus,
the combination of BMPs in the HRUs will be represented
(phenotype) in Chaohe river watershed.

In this paper, we used a real integer coding to represent this
process, representing the 89 alternative BMPs options will be
placement in Chaohe river watershed (Table 2). Therefore, each
complete, composite solutions for the whole watershed can be
represented by one hypothetical individual (chromosome). The
chromosome string (solutions) corresponding to the optimization
problem consists of 594 HRUs by NSGA-II (Fig. 3).

For optimization of NSGA-II by MATLAB, each individual sample
of the population was evaluated according to fitness functions
under the range of lower and upper values, which includes a dy-
namic database TN and TP loss and implemented BMPs cost. To
ensure that the algorithm created only valid solutions (individuals),
a set of lower and upper bounds was also defined so that the NSGA-
II was driven to select values from the first 64 columns of the BMP
Database for HRUs with farmland, from the following 8 for HRUs
with orchard and the next 16 for pastureland. For non-agricultural
HRUs the NSGA-II was constrained to choose values only from the
last (89th) column so that it would not delay by selecting between
equal values stored in all the 89 columns. The NSGA-II will search
for the best solutions to minimize all possible user defined criteria
and an iterative selection and genetic operations (crossover, mu-
tation) process of population evolution. After evaluation of the
population, the algorithm compared generation number with a
maximum generation counter, defined as the termination criterion.
If the current generation number was equal to the maximum, the
algorithm stopped, otherwise the population underwent the
former process, to form a new population for the next generation
until the best solutions produced.

2.6. Sensitivity analysis of NSGA-II parameters

Many studies show the precision of NSGA-II will be affect by
such factors as population size, generations, mutation, and cross-
over probability (Ahmed and Deb, 2013; Mohapatra et al., 2014;
Panagopoulos et al., 2012; Rodriguez et al., 2011; Shen et al.,
Table 3
Default and other parameters chosen for sensitivity analysis of NSGA-II.

Order of parameters change Population size Generat

1 20 100
2 50 1000
3 100 2000
4 200 5000
5 400 10000
6 800 20000
7 1000 40000
Default parameters 100 1000
2012). To ensure precision of NSGA-II, the sensitivity analysis was
performed on NSGA-II parameters to determine the best-fit pa-
rameters to decrease the influence of these parameters on the
Pareto-optimal front. Here, population size, generations, mutation
and crossover probability were selected as key factors and changed
one parameter at a time to evaluate the influence of each parameter
on the Pareto-front (Rodriguez et al., 2011). The closer the Pareto-
front curve was to the original value indicates the best solutions
to minimize TN and TP loss and total cost simultaneously. There-
fore, the parameter value with the Pareto-front was closest to the
origin values in sensitivity analysis, it was chosen as the best fitted
parameter for the optimization process (Maringanti et al., 2009).
The default and pre-changed NSGA-II parameters are list in Table 3.
The Pareto-optimal fronts were plotted after every run and the
progress in the front was observed.

3. Results

3.1. Calibration and validation of ArcSWAT

The best-fitted parameters of different simulated values are list
in Table 4. First, simulated runoff was compared with measured
runoff for 1975 to 2011 at daily-time intervals, while the calibration
and validation of TN, TP were conducted at monthly time intervals,
based onmonitoring data from 1989 to 2011. And for the calibration
and validation of sediment were conducted from 1979 to 2011. In
order to improve the effectiveness of the validation period and the
comparability of the validation results. We set the period of vali-
dation for all variables which include runoff, sediment, TN and TP
was from 1995 to 2011, however, due to the starting time is
different for measured data, the period of calibration is different for
these variables. The results indicated that the NS of flow, sediment,
TN and TP were 0.95, 0.84, 0.82 and 0.85 in calibration period,
respectively, and the R2 of flow, sediment, TN and TP were 10.8%,
30.2%, 17.6% and 34.5% in calibration period, respectively, and while
the NS of flow, sediment, TN and TP were 0.97, 0.71, 0.71and 0.84 in
validation period, respectively, and the R2 of flow, sediment, TN and
TP were 7.5%, 26.4%, 20.1% and 24.5% in validation period, respec-
tively, (Fig. 4). Therefore, the ArcSWAT model can reliably simulate
ions Mutation probability Crossover probability

0.1 0.0001
0.3 0.0005
0.5 0.001
0.6 0.005
0.7 0.01
0.9 0.1
e e

0.9 0.0001



Table 4
The best fitted parameters of Chaohe River watershed.

Simulated value Process parameters Best value Possible range of value

Minimum Maximum

Flow CN2 �0.0875 �0.1 0.9
ALPHA_BF 0.655 0.5 0.9
GW_DELAY 23.5 20 300
ESCO 0.238 0 1
CH_K2 303.125 150 400
SOL_AWC �0.0406 �0.8 0.01
OV_N 0.0894 0.05 0.2
SLSUBBSN 0.55 0 0.8
SOL_K �0.513 �0.6 0.8
EPCO 0.769 0.5 1
PRF 0.119 �0.5 1
HRU_SLP �0.511 �0.8 �0.1

Sediment SPCON 0.00921 0.0001 0.05
Ch_Cov 0.237 �0.001 1.0
Usle_P 0.867 0 1.0
Spexp 0.142 �0.46 1.0
Ulse_C �0.180 �0.80 0.80

Total nitrogen Nperco 0.293 0 1.0
Sol_No3 2.77 0 100
SLSUBBSN 0.0587 0 0.5
Sol_Orgn 71.5 0 1000

Total phosphorus Pperco 1.569 1.0 7.5
Phoskd 175 100 200
Rchrg_DP 0.797 0 1.0
Sol_Orgp 15.08 0 400

Fig. 4. Calibration and validation of ArcSWAT model.

Fig. 5. Pareto-optimal fronts for the sensitivity analysis of NSGA-II.
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flow sediment, TN and TP in Chaohe river watershed.
Fig. 6. Pareto-optimal front for total nitrogen, total phosphorus and total cost.
3.2. Sensitivity and estimation of NSGA-II operational parameters

Sensitivity analysis shows that the best-fit parameters of pop-
ulation size, generation, mutation and crossover probability are
800, 20 000, 0.6 and 0.01 respectively (Fig. 5). For the population
size, the pareto-optimal front of the model are continues improved
from range of the population size 20 to 800. However, the further
improved were not observed with the increase of population size to
1000, therefore, we selected 800 as the best-fit parameter of pop-
ulation size.

A significant improvement of pareto-optimal front was
observed when generations were increased from 100 to 20 000,
and in this range of generations, the better spread of the solutions
were observed. However, there was no further improvement when
we increased generations to 40 000. Thus, 20 000 generations were
selected as the best fit for NSGA-II in Chaohe river watershed.
For the crossover, the pareto front will constantly close to the

original points with the increased of the crossover from 0.1 to 0.6.
However, there was a reverse movement of pareto front when the
crossover continuously increases to 0.9, indicating that the cross-
over 0.6 should serve as the best parameter selection for the opti-
mization process.

Increasing mutation probability from 0.0001 to 0.005, signifi-
cantly improved outcomes, although the improvement was not
significant when mutation probability was increase to 0.01, even
though the pareto-optimal were closer to the original point
compared with other solutions. A value 0.01 was served as a mu-
tation probability for further optimization process.
3.3. Cost-effectiveness analysis between total nitrogen and total
cost

The optimization process of NSGA-II run with a set of best pa-
rameters such as population of 800 and generations of 20 000 were
complete on a Inter Dual Core (TM) i5-4210 CPU @ 2.60 GHz com-
puter. For the TN reduction effectiveness and total cost, the NSGA-II
has generated a set of near optimal solutions through the selecting
and placement BMPs combinations which the minimized total cost
and TN loads were achieved at the whole watershed scale.

We selected three solutions (chromosomes) at different sce-
nario from generation 20 000 (Fig. 6). In the first scenario, the TN
load was reduced 33%, while the stakeholders get a return of
1.02� 106 China Yuan. Here, cost is a main objective, where the
decision-maker hopes to minimize total cost, while controlling
NPSs to a certain extent.

In the second scenario, TN load was reduced 44%, while the total
cost was 2.52� 107 China Yuan. Here the marginal benefit
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(reduction of TN) did not increase along with an increase in mar-
ginal total cost. Therefore, this scenario serves as the most cost-
effectiveness for control of TN loss in the Chaohe River Watershed.

In the third scenario, the main object was to minimize TN load
by BMPs implementation. Here, a 55% reduction of TN load was
realized at a cost of 2.01� 108 China Yuan.

3.4. Cost-effectiveness analysis between total phosphorus and total
cost

As for TN, a significantly decrease of TP loads was observed after
the optimization process. We also obtained a set of options to
achieve TP control. Three scenarios were chosen from generations
20 000 after the termination of the NSGA-II optimization process,
and are shown in Fig. 6. In the first scenario, TP was reduced 33%,
while stakeholder income will be increased by 1.02� 106 China
Yuan.

In the second scenario, TP loads reduced 68%, while total was
5.64� 107 China Yuan, which serves as the cost-effective scenario
for NPS TP control. In the third scenario, the greatest reduction in TP
of 76% was achieved, while total cost increased to 2.48� 108 China
Yuan.

3.5. The relationship of the effective between TN and TP

Many studies have shown that particulate phosphorus and ni-
trogen is the main form of TP and TN losses in Chaohe river
watershed and accounts for more than 80% of the total losses
(Wang, 2011; Yin et al., 2009). A general overview of particulate
phosphorus loss mainly occur in surface runoff, as opposed to ni-
trogen loss are mainly groundwater driven and the leaching pro-
cess (Sharpley et al., 2017). Nitrogen transport is dominated by
subsurface flow of water and less in surface runoff, Best manage-
ment practices that can decrease the import of TP on to farms,
however, Sharpley founded that there may have some of the par-
adoxes or conflicts/tradeoffs of agricultural conservation manage-
ment, such as conservation tillage or reduced tillage will encourage
more hydraulic retention time and then decrease the particulate
phosphorus losses, however, it willincrease leaching in soil where
nitrogen might be lost (Sharpley, 2015). Therefore, the correlation
analysis was conducted to test the relationship between TN and TP
loads losses after BMPs implementation by the Spearman and
Pearson model. The correlation coefficients were 0.901 and 0.790
for TN and TP, respectively (Fig. 7). The results show that the
optimized BMPs plans can effectively avoid the mutual exclusion
Fig. 7. Relationship between Total Cost, TN and TP on optimal trade-off frontiers.
effect of the TN and TP co-control, and the selected BMPs can
effectively achieve the surface and subsurface runoff control and
then to decrease the losses of nutrients.

4. Discussion

4.1. Frequency analysis of TN control solutions

For all BMP cost implementation scenarios, TN loads were
reduced by at least 30%. Fig. 8 shows implementation frequency of
BMPs in the Chaohe River Watershed for the lowest-, the medium-
and the highest-cost scenarios, respectively. BMPs scenarios 25 and
76 were low cost (Table 2), in which conservation tillage, timing of
fertilizer application and a 30% reduction in fertilizer and manure
spread during the dry season were major components. These four
BMPs can be classified as source management practices for TN
control. Constructed BMPs were not selected as low-cost options,
due to higher investment and maintenance costs. However, there
are may produce some uncertainties when the sourcemanagement
BMPs such as the conservation tillage, timing of fertilizer applica-
tion was conducted, the major reasons can come down to human
and social factors influencing the acceptance of BMPs adoption in
many areas of theworldwide (Cherry et al., 2008; Meng et al., 2013;
Merriman et al., 2009; Ongley et al., 2010; Sun et al., 2012).
Therefore, the BMPs with the low-cost scenario would not be
selected as the best recommended BMPs scenario for imple-
mentation in the Chaohe River Watershed.

For the medium cost scenario, the optimal BMPs combinations
were 25 (composed by conservation tillage, timing change of
chemical fertilization, fertilizers reduction 30%), 28 (composed by
conservation tillage, contour farming, fertilizers reduction 30%), 76
(manure spread during the dry season) and 81 (composed by
storage of poultry manure and manure spread during the dry sea-
son), inwhich contour farming and storage of poultry manure were
used in thewatershed TN control program, andwhich served as key
components compared with the low cost scenario. In this scenario,
TN loads were reduced 12.6% while total cost increase by 2.0� 107

Yuan. The results revealed that conservation tillage combined with
contour farming would lead a significant reduction of TN load.
Similarly, when manure is only spread during the dry season
combined with storage of poultry manure the effectiveness of TN
loss reduction from pastureland will increase.

For the high cost solution, the highest implementation fre-
quency of BMPs combinations were 28 (composed by conservation
tillage, contour farming, fertilizers reduction 30%), 81 (composed
by storage of poultry manure and manure spread during the dry
season) and 87 (composed by storage of poultry manure, manure
spread during the dry season and Fence with 10m), these were
account for 28%, 22% and 17%, respectively, for TN control.
Fig. 8. Implementation frequency of BMPs under different scenario.
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Conservation tillage, contour farming, fertilizereuse reduction of
30%, a 30% reduction in poultry numbers, storage of poultry
manure, manure spread during the dry season, and stream fencing
(10m from the stream), were recommended as the starting prac-
tices for TN control from farm land and pasture land. In this sce-
nario, constructed BMPs increased. The high TN reductions could be
explained by the fact that the three major BMPs combinations
mentioned above (28, 81 and 87), recommend implementing a
fence (10m from the stream). Several studies conducted in north-
west Arkansas (Chaubey et al., 1995; Srivastava et al., 1996) have
shown the effectiveness of fencing to reduce nutrient runoff from
land areas treated with animal manure. In addition, BMPs combi-
nations including a 30% reduction in poultry numbers were rec-
ommended for the pasture HRUs for the highest-cost solutions.

4.2. Frequency analysis of TP control solutions

Fig. 8 shows the percent frequency distributions of BMPs com-
binations selected for each of the cost solutions analyzed in Chaohe
River Watershed. TP loads were reduced at least 30% under all cost
implementation solutions. The NSGA-II assigned nine BMPs com-
binations that included conservation tillage, timing of chemical
fertilization, 30% reduction in fertilizer use, and manure spread
during the dry season for TP control under the low-cost program.
Similar to TN, the non-constructed BMPs were the main alterna-
tives. Manure spread during the dry season was placed on 50.2% of
the HRUs for the lowest cost option, as livestock is the major source
of TP loss. Conservation tillage offering permanent ground cover
while reducing runoff, is preferred because producers need to
maintain a maximum return during corn and wheat production.

The most common optimal BMPs combinations were 25
(composed by conservation tillage, timing change of chemical
fertilization, fertilizers reduction 30%), 28 (composed by conser-
vation tillage, contour farming, fertilizers reduction 30%), 76
(manure spread during the dry season) and 81 (composed by
storage of poultry manure and manure spread during the dry sea-
son) (Fig. 8). These BMPs combinations were placed on 34 and 47%
of the cropped and pasture HRUs, respectively, in the medium-cost
scenario. Conservation tillage, timing of chemical fertilization,
contour farming, 30% fertilizer reduction, 30% poultry number
reduction, and storage of poultry manure, manure spread during
the dry seasonwere the preferred practices for cropped and pasture
land and orchard. Constructed BMPs, such as the contour farming
and storage of poultry manure resulted a significant reduction in TP
loss up to 67.7% (Fig. 8), however, total costs were increased by
5.0� 107 China Yuan.

Not surprisingly, high TP loading reductions were obtained
when fence (10m) and buffer strips (10m) were used. Fences (10m
from the stream) were placed on at least 80% of the pastureland
HRUs for highest levels of costs (Fig. 8). The highest-cost population
placed a buffer zone in almost all of farmland HRUs. However, the
total cost was four times greater than the medium cost scenario.
Therefore, considering economic constraints but with a high TP
reduction, the high cost solution would not be selected as a
preferred program for TP control.

4.3. Spatial distribution of the BMPs plans

The spatial distribution of the most cost-effectiveness BMPs
were depicted to demonstrate the spatial position of different BMPs
included in the plans (Fig. 9 and Fig. 10). For farmland and orchard
in Chaohe River Watershed, cost-effective solutions include the
buffer strip with 10m, fence within 10m of a stream, and a set of
alternative BMPs 32 (composed by conservation tillage, fertilizer
reduction 30%, Fencewith 10m), 33 (composed by timing change of
chemical fertilization, contour farming and filter strips with 10m),
46 (composed by timing change of chemical fertilization, contour
farming, filter strips with 10m and fertilizer reduction 30%), 48
(composed by conservation tillage, timing change of chemical
fertilization, filter strips with 10m and fence with 10m), 51
(composed by conservation tillage, contour farming, fertilizer
reduction 30% and fence with 10m), 55 (composed by timing
change of chemical fertilization, contour farming, fertilizers
reduction 30% and fence with 10m), 56 (composed by timing
change of chemical fertilization, filter strips with 10m, fertilizers
reduction 30% and fence with 10m), 60 (composed by conservation
tillage, timing change of chemical fertilization, contour farming,
fertilizers reduction 30% and fence with 10m), 63 (composed by
timing change of chemical fertilization, contour farming, filter
strips with 10m, fertilizers reduction 30% and fence with 10m) and
64 (composed by conservation tillage, timing change of chemical
fertilization, contour farming, filter strips with 10m, fertilizers
reduction 30% and fence with 10m).

Buffer strips and reduction in fertilizer application can effec-
tively decrease TP runoff (Sharpley et al., 2009) and were included
in most of the BMPs scenarios (Fig. 10), and were chosen in HRUs
with larger area in crops on the northwestern regions of the Chaohe
River Watershed. The results show that fertilizer consumption of
450e510 kg ha�1 was twice the standard fertilizer consumption
according to the Food and Agriculture Organization. The brown soil
with a low field water capacity (about 0.12 cm cm�1) and perme-
ability (the Hydrologic Soil Group is C), facilitates the nutrient
runoff (Schoumans et al., 2013).

A wide range of possible BMPs (storage of poultry manure,
manure spread during the dry season, Fence with 10m) were
applied on the HRUs with larger area pastures across thewatershed
andweremainly located on either side of the river. This is a flat area
with large population density, with a relatively low permeability
soil, where surface runoff frequently enters the Chaohe River.
Reduction in livestock numbers and establishment of fencing 10m
from a stream or river will thus, decrease TN and TP runoff loss. It
should be noted, however, that as these two BMPs for pastures are
costly, there adoptionwill result in an increase in total remediation
cost for the Chaohe River Watershed.

5. Conclusions and future research

In this study, a novel optimization frameworkwas developed for
selection and placement of BMPs at a watershed scale, which
allowed TN, TP, and total cost to be minimized, producing and the
most cost-effectiveness BMPs scenarios. There are three major
conclusions as follows:

1. The dynamic linkage between the BMPs database, ArcSWAT, and
NSGA-II significantly improves computation efficiency and has a
robust ability to search and identify optimal BMPs scenarios that
minimize nutrients loss and total cost, which can improve the
precision and ease of development than previous methods.

2. The most cost-effectiveness of BMPs plans for the Chaohe River
Watershed, which includes the conservation tillage, timing of
fertilizer application, reduction in fertilizer application, contour
farming, and buffer strip with 10m, reduction in poultry
numbers, and manure spread during the dry season combined
with storage of poultry manure.

3. At the least cost scenario, TN and TP loads were reduced by 33%.
At the cost-effectiveness scenario, TN and TP reductions of 44
and 68%, At the highest cost scenario, TN and TP reductions of 55
and 76%, respectively.

4. The methodology developed in this study can be extended to
other watersheds to prioritize BMPs for NPS control. However,



Fig. 10. Best BMPs allocation for TN control under cost-effectiveness scenario.
Note: The BMPs number can be find in Table 2.
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Fig. 9. Best BMPs allocation for TN control under cost-effectiveness scenario.
Note: The BMPs number can be find in Table 2.
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future research also required, which incorporates new criteria
and more efficient optimization techniques, as well as incor-
porate the stakeholder's interests index in the optimization
process at the field scale.

Acknowledgments

This work was supported by National Natural Science Founda-
tion of China (NO.41601551), The project of the Second national
census of pollution sources (NO.2110399). The project of the Min-
istry of Environmental Protection, P.R.China (NO.2110105) Overseas
training project in 2017 of State Administration of Foreign Experts
Affairs P.R.China (NO. P173016005). The authors would like to thank
Professor Wang Xiaoyan from Capital Normal University for their
helpful suggestions in this paper.

References

Ahmed, F., Deb, K., 2013. Multi-objective optimal path planning using elitist non-
dominated sorting genetic algorithms. Soft Comput. 17 (7), 1283e1299.

Arabi, M., Govindaraju, R.S., Hantush, M.M., 2006. Cost-effective allocation of
watershed management practices using a genetic algorithm. Water Resour. Res.
42 (10) https://doi.org/10.1029/2006WR004931.

Arnold, J.G., Allen, P.M., Bernhardt, G., 1993. A comprehensive surface-groundwater
flow model. J. Hydrol. 142 (1), 47e69.

Arnold, J.G., Fohrer, N., 2005. SWAT2000: current capabilities and research oppor-
tunities in applied watershed modelling. Hydrol. Process. 19 (3), 563e572.

Arnold, J.G., Moriasi, D.N., Gassman, P.W., Abbaspour, K.C., White, M.J., Srinivasan, R.,
Santhi, C., Harmel, R., Van Griensven, A., Van Liew, M.W., 2012. SWAT: model
use, calibration, and validation. Trans. ASABE 55 (4), 1491e1508.

Arnold, J.G., Srinivasan, R., Muttiah, R.S., Williams, J.R., 1998. Large area hydrologic

http://refhub.elsevier.com/S0959-6526(19)30516-5/sref1
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref1
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref1
https://doi.org/10.1029/2006WR004931
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref3
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref3
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref3
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref4
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref4
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref4
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref5
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref5
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref5
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref5
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref6


R. Geng et al. / Journal of Cleaner Production 220 (2019) 581e592 591
modeling and assessment part I: model development. JAWRA J. Am. Water Res.
Assoc. 34 (1), 73e89.

Balana, B.B., Vinten, A., Slee, B., 2011. A review on cost-effectiveness analysis of agri-
environmental measures related to the EU WFD: key issues, methods, and
applications. Ecol. Econ. 70 (6), 1021e1031.

Bekele, E.G., Nicklow, J.W., 2005. Multiobjective management of ecosystem services
by integrative watershed modeling and evolutionary algorithms. Water Resour.
Res. 41 (10) https://doi.org/10.1029/2005WR004090.

Bouraoui, F., Grizzetti, B., 2013. Modelling mitigation options to reduce diffuse ni-
trogen water pollution from agriculture. Sci. Total Environ. 468e469 (15),
1267e1277.

Cano, O.M., D, B., Barkdoll, F.A., 2017. Multiobjective, socioeconomic, boundary-
emanating, nearest distance algorithm for stormwater low-impact BMP selec-
tion and placement. J. Water Resour. Plann. Manag. 143 (1) https://doi.org/
10.1061/(ASCE)WR.1943-5452.0000726.

Chaubey, I., Chiang, L., Gitau, M.W., Mohamed, S., 2010. Effectiveness of best man-
agement practices in improving water quality in a pasture-dominated water-
shed. J. Soil Water Conserv. 65 (6), 424e437.

Chaubey, I., Edwards, D., Daniel, T., Moore, P., Nichols, D., 1995. Effectiveness of
vegetative filter strips in controlling losses of surface-applied poultry litter
constituents. Trans. ASAE 38 (6), 1687e1692.

Cherry, K., Shepherd, M., Withers, P., Mooney, S., 2008. Assessing the effectiveness
of actions to mitigate nutrient loss from agriculture: a review of methods. Sci.
Total Environ. 406 (1), 1e23.

Cuttle, S., Macleod, C., Chadwick, D., Scholefield, D., Haygarth, P., Newell-Price, P.,
Harris, D., Shepherd, M., Chambers, B., Humphrey, R., 2007. An Inventory of
Methods to Control Diffuse Water Pollution from Agriculture (DWPA). User
Manual (DEFRA Project ES0203), UK, p. 113.

de Roo, A., Burek, P., Gentile, A., Udias, A., Bouraoui, F., Aloe, A., 2012. A Multi-
Criteria Optimisation of Scenarios for the Protection of Water Resources in
Europe. Joint Research Centre, Via Enrico Fermi, Italy.

Geng, R., 2015. Optimizing Best Management Practices Using a Multi-Objective
Optimization Tool to Improve Water Quality Goals under Different Spatial
Scales. Capital Normal University, Beijing.

Geng, R., Wang, X., Sharpley, A., 2015a. Developing and testing a best management
practices tool for estimating effectiveness of nonpoint source pollution control.
Environ. Earth Sci. 74 (4), 3645e3659.

Geng, R., Wang, X., Sharpley, A.N., Meng, F., 2015b. Spatially-distributed
costeeffectiveness analysis framework to control phosphorus from agricultural
diffuse pollution. PLoS One 10 (8). https://doi.org/10.1371/journal.pone.0130607.

Geng, R.Z., Wang, X., Pang, S., Yin, P., 2016. Identification of key factors and zonation
for nonpoint source pollution controlin Chaohe River watershed. China Environ.
Sci. 36 (4), 1258e1267 (In chinese with english abstract).

Ghebremichael, L.T., Veith, T.L., Hamlett, J.M., 2013. Integrated watershed-and farm-
scale modeling framework for targeting critical source areas while maintaining
farm economic viability. J. Environ. Manag. 114, 381e394.

Giri, S., Qiu, Z., Prato, T., Luo, B., 2016. An integrated approach for targeting critical
source areas to control nonpoint source pollution in watersheds. Water Resour.
Manag. 30 (14), 5087e5100.

Gitau, M., Gburek, W., Jarrett, A., 2005. A tool for estimating best management
practice effectiveness for phosphorus pollution control. J. Soil Water Conserv.
60 (1), 1e10.

Gitau, M., Veith, T., Gburek, W., 2004. Farm-level optimization of BMP placement for
cost-effective pollution reduction. Trans. ASAE 47 (6), 1923e1931.

Gitau, M.W., Veith, T.L., Gburek, W.J., Jarrett, A.R., 2006. Watershed level best
management practice selection and placement in the Town Brook watershed,
New York. JAWRA J. Am. Water Res. Assoc. 42 (6), 1565e1581.

Herman, M.R., Nejadhashemi, A.P., Daneshvar, F., Ross, D.M., Woznicki, S.A.,
Zhang, Z., Esfahanian, A.-H., 2015. Optimization of conservation practice
implementation strategies in the context of stream health. Ecol. Eng. 84, 1e12.

Hsieh, C.-D., Yang, W.-F., 2007. Optimal nonpoint source pollution control strategies
for a reservoir watershed in Taiwan. J. Environ. Manag. 85 (4), 908e917.

Jang, S.S., Ahn, S.R., Kim, S.J., 2017. Evaluation of executable best management
practices in Haean highland agricultural catchment of South Korea using SWAT.
Agric. Water Manag. 180, 224e234.

Jia, H., Cheng, S., 2002. Spatial and dynamic simulation for Miyun reservoir waters
in beijing. Water Sci. Technol. 46 (11e12), 473e479.

Kurkalova, L.A., 2015. Cost-effective placement of best management practices in a
watershed: lessons learned from conservation effects assessment project.
JAWRA J. Am. Water Res. Assoc. 51 (2), 359e372.

Maringanti, C., Chaubey, I., Arabi, M., Engel, B., 2011. Application of a multi-objective
optimization method to provide least cost alternatives for NPS pollution con-
trol. Environ. Manag. 48 (3), 448e461.

Maringanti, C., Chaubey, I., Popp, J., 2009. Development of a multiobjective opti-
mization tool for the selection and placement of best management practices for
nonpoint source pollution control. Water Resour. Res. 45 (6) https://doi.org/
10.1029/2008WR007094.

McDowell, R., Cosgrove, G., Orchiston, T., Chrystal, J., 2014. A cost-effective man-
agement practice to decrease phosphorus loss from dairy farms. J. Environ.
Qual. 43 (6), 2044e2052.

Mehmood, A., Ahmed, M., Fayyaz-ul-Hassan, Akmal, M., Rehman, O.U., 2017. Soil
and water assessment tool (SWAT) for rainfed wheat water productivity.
Quantificat. Climate Variabil., Adaptat. Mitigat. Agric. Sustain. https://doi.org/
10.1007/978-3-319-32059-5_7.

Meng, F.D., Geng, R.Z., Wang, X., Ou, Y., 2013. A review for evaluating the
effectiveness of BMPs to mitigate non-point source pollution from agriculture.
Acta Ecol. Sin. 33 (5), 1357e1366.

Merriman, K., Gitau, M., Chaubey, I., 2009. A tool for estimating best management
practice effectiveness in Arkansas. Appl. Eng. Agric. 25 (2), 199.

Mohapatra, P., Nayak, A., Kumar, S., Tiwari, M., 2014. Multi-objective process
planning and scheduling using controlled elitist non-dominated sorting genetic
algorithm. Int. J. Prod. Res. 1e24 (ahead-of-print).

Mostaghimi, S., Park, S., Cooke, R., Wang, S., 1997. Assessment of management al-
ternatives on a small agricultural watershed. Water Res. 31 (8), 1867e1878.

Muleta, M.K., Nicklow, J.W., 2005. Decision support for watershed management
using evolutionary algorithms. J. Water Resour. Plann. Manag. 131 (1), 35e44.

Noor, H., Fazli, S., Rostami, M., Kalat, A.B., 2017. Cost-effectiveness analysis of
different watershed management scenarios developed by
simulationeoptimization model. Water Sci. Technol. Water Supply 17 (5),
1316e1324.

Ongley, E.D., Xiaolan, Z., Tao, Y., 2010. Current status of agricultural and rural non-
point source pollution assessment in China. Environ. Pollut. 158 (5), 1159e1168.

Panagopoulos, Y., Makropoulos, C., Mimikou, M., 2011. Reducing surface water
pollution through the assessment of the cost-effectiveness of BMPs at different
spatial scales. J. Environ. Manag. 92 (10), 2823e2835.

Panagopoulos, Y., Makropoulos, C., Mimikou, M., 2012. Decision support for diffuse
pollution management. Environ. Model. Softw 30, 57e70.

Panagopoulos, Y., Makropoulos, C., Mimikou, M., 2013. Multi-objective optimization
for diffuse pollution control at zero cost. Soil Use Manag. 29, 83e93.

Pionke, H.B., Gburek, W.J., Sharpley, A.N., 2000. Critical source area controls on
water quality in an agricultural watershed located in the Chesapeake Basin.
Ecol. Eng. 14 (4), 325e335.

Pongpetch, N., Suwanwaree, P., Yossapol, C., Dasananda, S., Thongplew, K., 2015.
Using SWAT to assess the critical areas and nonpoint source pollution reduction
best management practices in lam takong river basin, Thailand. Environment
(Wash. D C) 8 (1), 41e52.

Rodriguez, H.G., Popp, J., Maringanti, C., Chaubey, I., 2011. Selection and placement
of best management practices used to reduce water quality degradation in
Lincoln Lake watershed. Water Resour. Res. 47 (1) https://doi.org/10.1029/
2009WR008549.

Rusli, N., Majid, M.R., Yusop, Z., Mou, L.T., Hashim, S., Bohari, S.N., 2017. Integrating
manual calibration and auto-calibration of SWAT model in muar watershed,
johor, control & system graduate research colloquium. In: 7th IEEE Control and
System Graduate Research Colloquium (ICSGRC). https://doi.org/10.1109/
ICSGRC.2016.7813327.

Schoumans, O., Chardon, W., Bechmann, M., Gascuel-Odoux, C., Hofman, G.,
Kronvang, B., Rubæk, G.H., Ulen, B., Dorioz, J.-M., 2013. Mitigation options to
reduce phosphorus losses from the agricultural sector and improve surface
water quality: a review. Sci. Total Environ. 468e469 (15), 1255e1266.

Sharpley, A., Kleinman, P., Baffaut, C., Beegle, D., Bolster, C., Collick, A., Easton, Z.,
Lory, J., Nelson, N., Osmond, D., 2017. Evaluation of phosphorus site assessment
tools: lessons from the USA. J. Environ. Qual. 46 (6), 1250e1256.

Sharpley, A.N., 2015. The phosphorus paradox: Productive agricultural and water
quality. In: 1st Conference on Watershed Management and Diffuse Pollution
Control, Beijing, China.

Sharpley, A.N., Kleinman, P.J., Flaten, D.N., Buda, A.R., 2011. Critical source area
management of agricultural phosphorus: experiences, challenges and oppor-
tunities. Water Sci. Technol. 64 (4), 945e952.

Sharpley, A.N., Kleinman, P.J., Jordan, P., Bergstrom, L., Allen, A.L., 2009. Evaluating
the success of phosphorus management from field to watershed. J. Environ.
Qual. 38 (5), 1981e1988.

Shen, Z., Liao, Q., Hong, Q., Gong, Y., 2012. An overview of research on agricultural
non-point source pollution modelling in China. Separ. Purif. Technol. 84,
104e111.

Singh, V., Bankar, N., Salunkhe, S.S., Bera, A.K., Sharma, J.R., 2013. Hydrological
stream flow modeling on Tungabhadra catchment: parameterization and un-
certainty analysis using SWAT CUP. Curr. Sci. 104 (9), 1187e1199.

Srivastava, P., Edwards, D., Daniel, T., Moore, P., Costello, T., 1996. Performance of
vegetative filter strips with varying pollutant source and filter strip lengths.
Trans. ASAE 39 (6), 2231e2239.

Srivastava, P., Hamlett, J.M., Robillard, P.D., 2003. Watershed optimization of agri-
cultural best management practices: continuous simulation versus design
storms. JAWRA J. Am. Water Res. Assoc. 39 (5), 1043e1054.

Sun, B., Zhang, L., Yang, L., Zhang, F., Norse, D., Zhu, Z., 2012. Agricultural non-point
source pollution in China: causes and mitigation measures. Ambio 41 (4),
370e379.

Udawatta, R.P., Krstansky, J.J., Henderson, G.S., Garrett, H.E., 2002. Agroforestry
practices, runoff, and nutrient loss. J. Environ. Qual. 31 (4), 1214e1225.

Volk, M., Bosch, D., Nangia, V., Narasimhan, B., 2017. SWAT: Agricultural Water and
Nonpoint Source Pollution Management at a Watershed ScaledPart II. Elsevier.

Wang, X., 2011. Study for the Non-point Source Pollution Mechanism and its
Mitigation Management: a Case of Minyun Reservoir Watershed. Science Press,
Beijing.

Yang, G., Best, E.P., 2015. Spatial optimization of watershed management practices
for nitrogen load reduction using a modeling-optimization framework.
J. Environ. Manag. 161, 252e260.

Yin, J., YuTao, Z., XiaoYan, W., 2009. Discharge features of rural domestic wastewater
from different types of villages in water source protection area in Miyun
reservoir of Beijing. RDA J. Agro-Environ. Sci. 28 (6), 1200e1207.

Zhuang, Y., Zhang, L., Du, Y., Chen, G., 2016. Current patterns and future perspectives

http://refhub.elsevier.com/S0959-6526(19)30516-5/sref6
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref6
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref6
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref7
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref7
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref7
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref7
https://doi.org/10.1029/2005WR004090
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref9
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref9
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref9
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref9
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref9
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000726
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000726
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref11
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref11
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref11
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref11
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref12
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref12
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref12
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref12
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref13
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref13
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref13
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref13
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref14
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref14
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref14
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref14
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref15
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref15
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref15
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref16
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref16
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref16
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref17
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref17
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref17
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref17
https://doi.org/10.1371/journal.pone.0130607
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref19
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref19
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref19
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref19
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref20
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref20
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref20
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref20
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref21
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref21
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref21
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref21
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref22
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref22
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref22
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref22
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref23
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref23
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref23
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref24
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref24
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref24
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref24
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref25
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref25
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref25
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref25
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref26
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref26
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref26
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref27
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref27
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref27
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref27
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref28
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref28
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref28
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref28
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref29
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref29
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref29
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref29
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref30
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref30
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref30
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref30
https://doi.org/10.1029/2008WR007094
https://doi.org/10.1029/2008WR007094
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref32
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref32
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref32
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref32
https://doi.org/10.1007/978-3-319-32059-5_7
https://doi.org/10.1007/978-3-319-32059-5_7
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref34
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref34
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref34
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref34
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref35
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref35
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref36
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref36
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref36
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref36
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref37
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref37
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref37
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref38
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref38
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref38
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref40
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref40
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref40
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref40
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref40
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref40
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref41
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref41
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref41
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref42
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref42
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref42
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref42
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref43
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref43
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref43
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref44
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref44
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref44
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref45
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref45
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref45
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref45
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref46
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref46
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref46
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref46
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref46
https://doi.org/10.1029/2009WR008549
https://doi.org/10.1029/2009WR008549
https://doi.org/10.1109/ICSGRC.2016.7813327
https://doi.org/10.1109/ICSGRC.2016.7813327
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref49
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref49
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref49
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref49
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref49
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref49
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref50
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref50
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref50
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref50
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref51
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref51
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref51
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref52
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref52
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref52
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref52
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref53
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref53
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref53
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref53
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref54
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref54
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref54
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref54
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref55
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref55
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref55
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref55
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref56
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref56
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref56
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref56
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref57
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref57
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref57
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref57
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref58
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref58
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref58
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref58
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref59
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref59
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref59
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref60
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref60
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref60
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref61
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref61
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref61
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref62
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref62
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref62
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref62
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref63
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref63
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref63
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref63
http://refhub.elsevier.com/S0959-6526(19)30516-5/sref64


R. Geng et al. / Journal of Cleaner Production 220 (2019) 581e592592
of best management practices research: a bibliometric analysis. J. Soil Water
Conserv. 71 (4), 98Ae104A.

Abbreviations

AnnAGNPS: Annualized Agricultural Non-Point Source Pollution Model)
BMPs: best management practices
CSAs: critical source areas
GA: genetic algorithm
HRUs: hydrologic response units
HSPF: Hydrological Simulation Program-Fortran
N: nitrogen
P: phosphorus
NPS: nonpoint source pollution
NSGA-II: nondominated sorting genetic algorithm-II
SWAT: Soil Water and Assessment Tool
TN: total nitrogen
TP: total phosphorus
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