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Abstract: According to China’s second national survey of pollution sources, the contribution of agricultural non-point sources (ANS) to
water pollution is still  high. Risk prevention and control are the main means to control costs and improve the efficiency of ANS, but
most studies directly take pollution load as the risk standard, leading to a considerable misjudgment of the actual pollution risk. To ob-
jectively reflect the risk of agricultural non-point source pollution (ANSP) in Chongqing, China, we investigated the influences of initial
source input, intermediate transformation, and terminal absorption of pollutants via literature research and the Delphi method and built a
PTA (pressure kinetic energy, transformation kinetic energy, and absorption kinetic energy) model that covers 12 factors, with the sup-
port  of  geographical  information  system  (GIS)  technology.  The  terrain  factor  calculation  results  and  the  calculation  results  of  other
factors were optimized by Python tools to reduce human error and workload. Via centroid migration analysis and Kernel density analys-
is, the risk level, spatial aggregation degree, and key prevention and control regions could be accurately determined. There was a posit-
ive correlation between the water quality of the rivers in Chongqing and the risk assessment results of different periods, indirectly re-
flecting the reliability of the assessment results by the proposed model. There was an obvious tendency for the low-risk regions trans-
forming into high-risk regions. The proportion of high-risk regions and extremely high-risk regions increased from 17.82% and 16.63%
in 2000 to 18.10% and 16.76% in 2015, respectively. And the risk level in the main urban areas was significantly higher than that in the
southeastern and northeastern areas  of  Chongqing.  The centroids  of  all  grades of  risky areas  presented a  successive distribution from
west to east, and the centroids of high-risk and extremely high-risk regions shifted eastward. From 2000 to 2015, the centroids of high-
risk and extremely high-risk regions moved 4.63 km (1.68°) and 4.48 km (12.08°) east by north, respectively. The kernel density analys-
is results showed that the high-risk regions were mainly concentrated in the main urban areas and that the distribution of agglomeration
areas overall displayed a transition trend from contiguous distribution to decentralized concentration. The risk levels of the regions with
a high proportion of cultivated land and artificial surface were significantly increased, and the occupation of cultivated land in the pro-
cess  of  urbanization  promoted  the  movement  of  the  centroids  of  high-risk  and  extremely  high-risk  regions.  The  identification  of  key
areas for risk prevention and control provides data scientific basis for the development of prevention and control strategies.
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1　Introduction

Agricultural  non-point  source  pollution  (ANSP)  refers
to  water  pollution  caused  by  nitrogen,  phosphorus,
pesticides, and other pollutants through farmland runoff
and leachate (Smith and Siciliano, 2015). In the preven-
tion  and  control  of  water  pollution  in  China,  point
sources  are  mainly  considered,  whereas  non-point
sources  have  long  been  ignored  (Liu  et  al.,  2005).
However, with the effective control of point source pol-
lution, increasing attention has been paid to ANSP. Ac-
cording  to  the  results  of  the  second  general  survey  of
pollution sources in China (Liu et al., 2020; Wang et al.,
2020), the total discharge of water pollutants decreased
significantly  from  2007  to  2017,  the  chemical  oxygen
demand (COD), total nitrogen (TN), and total phosphor-
us (TP) in 2007 and 2017 were 3028.96, 472.89, 42.32
and 2143.98,  304.14,  31.54  million  t,  respectively.
While  the  proportions  of  agricultural  sources  in  COD,
TN,  and  TP  emissions  from  43.71%,  41.88%,  and
67.27%  to  49.77%,  40.73%,  and  67.22%,  respectively,
indicating that the contribution of ANSP to water pollu-
tion  is  still  high.  Chongqing,  China  is  characterized  by
hilly and mountainous landforms, fractured landforms, a
high  proportion  of  rural  areas  in  the  urban-rural  dual
structure, hot rainy seasons, and concentrated precipita-
tion, resulting in a large potential threat, wide coverage,
and large  driving energy of  ANSP in  this  region (Li  et
al.,  2018; Zhou  et  al.,  2019).  According  to  the
Chongqing data system (http://www.cqdata.gov.cn/), the
application amount  of  chemical  fertilizers  and  pesti-
cides  in  Chongqing is  relatively  high,  reaching  278.24,
and  18.45  kg/ha,  respectively,  in  2018.  These  values
largely  exceed  the  international  safety  thresholds.  The
multiple  cropping  index  of  agricultural  land  in
Chongqing  is  high  (Sun  et  al.,  2017).  In  addition,  the
impacts  of  topography  and  climate  on  soil  erosion  are
also nonnegligible. Chongqing is located in the center of
the Three Gorges Reservoir area and represents the con-
necting  point  between  ‘One  Belt  And  One  Road’ and
the Yangtze River economic belt and therefore holds an
important position in the national regional development
pattern;  it  is  also  an  important  ecological  barrier  in  the
upper reaches of the Yangtze River. In this sense, strict
water resource management strategies are indispensable.
To ensure  the  ecological  security  of  the  Yangtze  River

basin, the problem of ANSP needs to be solved.
The premise to effectively solve the problem of AN-

SP is to accurately assess the distribution of risk status,
the  risk  level,  and  the  risk  evolution  of  such  pollution.
In particular, the integration of various technologies and
methods,  such  as  the  ANSP calculation  model  (Hou  et
al., 2014), the universal soil loss equation (USLE) (Shen
et al., 2009), and GIS technology (Basnyat et al., 2000),
have  greatly  promoted  research  on  ANSP  in  China
(Wang  et  al.,  2019).  At  present,  the  measurement  of
ANSP  risks  is  afflicted  with  the  following  issues:
1) many studies have confused the risk measurement of
ANSP  with  load  measurement  or  have  even  equated
these  two  approaches.  Generally,  the  pollution  load  is
the  result  of  theoretical  calculations  based  on  pollution
discharge, while the pollution risk is the result of actual
estimations  based  on  comprehensive  consideration  of
pollutant transmission means. If the load calculation res-
ult is simply viewed as the risk level result, there will be
misjudgment  of  the  risk  degree  of  ANSP (Wang et  al.,
2017). Therefore, it is necessary to construct a measure-
ment method that can objectively reflect the risk degree
of  regional  non-point  source  pollution  (NSP);  2)  there
are few studies on the spatio-temporal evolution of AN-
SP risk.  In  terms  of  risk  assessment,  the  most  com-
monly used technical methods include the output coeffi-
cient  method  (Cai  et  al.,  2018),  the  pollution  index
method  (phosphorus  index  method)  (Ouyang  et  al.,
2012), the multi-factor index evaluation method (Mao et
al.,  2002),  and  the  NSP  model  evaluation  method
(Strehmel et al., 2016), but there are few studies on the
combination  of  agricultural  and  geographical  methods;
3) in  the  risk  assessment  of  ANSP,  many  studies  con-
sider  source  input  and  terminal  absorption  (Xu  et  al.,
2018), but  few  studies  consider  the  intermediate  trans-
formation dimensions.  For  example, Jiang et  al.  (2018)
carried  out  the  environmental  risk  analysis  of  farmland
nutrient balance, which was focused on the input intens-
ity of nitrogen and phosphorus and nutrient  absorption.
Scholars  have  carried  out  some  researches  on  these
problems. Wu  et  al.  (2020) used  the  phosphorus  index
model  to  calculate  the  risk  of  phosphorus  loss  from
farmland in Haihe River Basin, China, and took the soil
erosion modulus,  annual  runoff  depth,  normalized  dis-
tance index between farmland and water body involved
in  the  process  of  phosphorus  loss  as  migration  factors.
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Kang  et  al.  (2018) assessed  the  risk  of  nitrogen  and
phosphorus loss  from  farmland  surface  runoff  com-
bined with GIS, and analyzed the rainfall and river net-
work density. De Oliveira et al. (2017) proposed to use
land cover pollution index combined with water quality
data to simulate non-point source pollution in Brazilian
watershed.  All  of  these  studies  integrated  geographical
methods  into  agronomic  analysis,  and  considered  the
transformation process of pollutants to a certain extent.
These studies provide a good reference for our research.

Based on  the  above  problems  and  the  existing  re-
searches, in order to accurately identify the distribution,
evolution  and  key  areas  of  ANSP  risk  in  Chongqing,
firstly, considering the impact of pollutant source input,
process  conversion  and  terminal  absorption,  a  model
was constructed  based  on  GIS  technology,  which  in-
cluded  pressure  kinetic  energy,  transformation  kinetic
energy,  and  absorption  kinetic  energy  (PTA  model).
Secondly, the  movement  trend  of  high-risk  and  ex-
tremely high-risk  regions  of  ANSP  was  studied  by  us-
ing the method of centroid analysis. Thirdly, the kernel
density  analysis  method  was  used  to  identify  the  high-
risk and extremely high-risk regions in different periods.
Finally,  the  accuracy  of  risk  assessment,  influencing
factors  and  prevention-control  suggestions  of  ANSP
were  discussed.  We  hope  to  provide  reference  for  risk
identification and risk prevention-control of ANSP, and
solve the problem that ANSP covers a wide range while
difficult to accurately identify high-risk areas. 

2　Research methods
 

2.1　Study area
Chongqing  is  the  only  municipality  directly  under  the
Central Government in the western China. According to
the Chongqing data system in 2018 (http://www.cqdata.
gov.cn/), there  are  27  counties  with  fertilizer  applica-
tion intensity over 225 kg/ha and 31 counties with pesti-
cide application intensity over  2.5 kg/ha in Chongqing.
Therefore,  the  current  level  of  fertilizer  application  in
Chongqing is  far  higher  than  the  internationally  recog-
nized  safe  upper  limit.  And  the  livestock  and  poultry
stocking rates  are  greatly  increasing.  The proportion of
mountainous  and  hilly  landforms  in  Chongqing’s ad-
ministrative  area  is  75.8%  and  15.2%,  respectively
(Zhang  et  al.,  2019).  Precipitation  in  Chongqing  is

heavy  and  concentrated,  and  the  area  subjected  to  soil
erosion accounts for 48.6% of the total area (Sun et al.,
2017). According to the analysis of land use changes in
Chongqing  from  2000  to  2015,  the  land  use  areas  of
various  land  types  have  changed  significantly  (Fig.  1).
Construction land, forest land, grassland, and water area
have  been  in  a  state  of  continuous  increase,  while  the
cultivated  land  has  continuously  decreased;  other  land
use types show a fluctuating trend. In 2000, 2005, 2010,
and  2015,  the  area  percentages  of  the  land  use  types
(construction  land,  forest  land,  grassland,  water  area,
cultivated  land,  and  other  land)  in  total  land  area  were
shown in Table 1. Based on land use change data,  urb-
anization and  environmental  protection  have  been  pro-
moted in  a  coordinated  way  in  the  past.  From the  per-
spective of spatial distribution, there is a relatively obvi-
ous trend  of  the  expansion  and  concentration  of  con-
struction  land  and  the  gradual  increase  in  the  coverage
rates of forest land and grassland. The construction land
area  is  mainly  expanded  and  concentrated  in  the  main
urban  areas,  while  construction  land  expands  relatively
slowly in the northeastern and southeastern Chongqing,
where the focus is on ecological protection. To sum up,
the  combination of  land use  types,  topography,  climate
conditions, fertilizer and pesticide applications, and oth-
er regional conditions leads to the intensification of AN-
SP in Chongqing. 

2.2　Methods
In  this  context,  considering  previous  research  results
and the regional characteristics of Chongqing (Wang et
al.,  2016; Zhou et al.,  2019), we combined the conven-
tional methods in the field of ANSP with a geographic-
al  approach,  referring  to  the  local  standard  of
Chongqing, i.e., ‘Technical Specification for Chongqing
Agricultural Non-point  Source  Pollution  Risk  Assess-
ment’ (DB50/T 931−2019, Chongqing Market  Supervi-
sion  and  Administration  Bureau,  2019. http://dbba.sac-
info.org.cn/stdDetail/7096b8466aef373cc71ee926072d7
6f7cd7c5e16a3612a1f2d5c67b09aef4790), and  employ-
ing  the  quantitative  method  and  the  Delphi  method  for
rounds  of  soliciting  experts’ suggestions  to  determine
the risk measure index (Strand et  al.,  2017). To object-
ively reflect  the risk level  of  ANSP, we considered the
influences of pollutant source input,  intermediate trans-
formation,  and  terminal  absorption  and  constructed  the
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model covering 12 factors  in  three  dimensions  of  pres-
sure  kinetic  energy,  transformation  kinetic  energy,  and
absorption kinetic energy, with the support of GIS tech-
nology.  The  pressure  kinetic  energy  mainly  considers
the source  input,  such  as  the  conventional  fertilizer  in-
tensity index, the pesticide intensity index, and the live-

stock and poultry breeding intensity index. At the same
time, considering the actual situation of ANSP, the pres-
sure  kinetic  energy  introduces  the  aquaculture  index,
which  is  usually  ignored,  and  the  residential  intensity,
which reflects the degree of human interference. Kinet-
ic  energy  transformation  mainly  considers  the  impacts
of  the  natural  environment  on  pollutant  transportation,
including the rainfall  erodibility index, the slope length
and gradient index, the sloping farmland index, the soil
erodibility index, and the water area distance index. Ab-
sorption kinetic energy mainly considers the terminal in-
terception and absorption, including the forest and grass
retention index, which reflects the interception capacity
of forest and grass land to pollutants, and the water ca-
pacity index, reflecting the capacity of waterbodies.

Based on the construction of the PTA model, this re-
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Fig. 1    Distribution of land use types from 2000 to 2015 in Chongqing, China. The land use data were derived from the Chinese Ecolo-
gical Environment Remote Sensing Assessment Project (Ouyang et al., 2014; 2016)
 
Table 1    The area percentages (%) of the land use types in total
land area from 2000 to 2015 in Chongqing, China
 

Land use types 2000 2005 2010 2015

Construction land 1.05 1.41 1.71 3.18

Forest land 54.2 55.03 56.07 57.94

Grassland 2.52 2.57 2.85 3.85

Water area 1.4 1.59 1.79 1.96

Cultivated land 40.74 39.35 37.71 33.03

Other land 0.09 0.05 0.02 0.04
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search optimizes the algorithms of relevant indices. The
involved pressure  kinetic  energy  indices  were  spatial-
ized according  to  the  land  use  type  distribution  to  re-
flect the spatial  differences; the slope length and gradi-
ent  index  was  calculated  to  obtain  the  optimal  window
by Python programming; the soil  erodibility was meas-
ured  using  the  EPIC  model  rather  than  the  commonly
used direct  assignment method based on soil  types;  the
absorption  kinetic  energy  index  was  calibrated  by  the
calculation results  of  kernel  density.  Our  research  res-
ults have the advantages of high visibility of risk assess-
ment results, identifiable risk levels, and analyzable risk
variation. Via centroid motion analysis and kernel dens-
ity analysis, the results can be well analyzed to better re-
flect  the  spatial  differences.  Thus,  the  problem of  wide
coverage ranges  of  ANSP  but  high  difficulty  in  accur-
ate identification of the high-risk regions can be solved
(Rabotyagov  et  al.,  2014; Karandish  and  Šimůnek,
2017). 

2.2.1　Construction  of  the  PTA  Model  to  determine
the ANSP risk
To  ensure  the  scientificity  of  the  subjective  weighting
method, the Delphi method was used to solicit opinions
on  the  selected  factors  and  their  weights.  The  essential
meaning of the weight is the influence degree of a cer-
tain assessment index on the assessment results and the
degree  of  people’s  attention  to  the  index,  of  which  the
former reflects the objectivity of the weight and the lat-
ter the subjectivity of the weight. The questionnaire was
designed  according  to  the  actual  circumstances  of  the
study area. We solicited opinions from 72 experts of ag-
riculture and  rural  departments,  environmental  depart-
ments, natural  resources departments,  colleges and uni-
versities,  and  research  institutes.  After  two  rounds  of
opinion solicitation,  we used related formulas to obtain
the  selection  frequency  of  different  importance  values
and  the  weight  of  each  index  (Table  2).  According  to
20%, 40%, 60% and 80% of the total comprehensive in-
dex, the  risk  measurement  results  of  ANSP  can  be  di-
vided  into  five  grades:  no  risk,  low  risk,  medium  risk,
high risk and extremely high risk.

To calculate the weight of the assigned score for each
index from each expert, we used the following equation:

ai =
qi

m∑
i=1

qi

(1)

where ai is the weight of the assigned score for a certain
index from a certain expert; qi is  the score assigned by
an  expert  to  this  index; m is  the  number  of  the  indices
for ANSP risk assessment.

We used  the  following  formula  to  calculate  the  pro-
portion  of  each  index  and  the  difference  degree  of  the
assigned scores for each index by the experts:

p =

n∑
i=1

qi

n
(2)

g =

n∑
i=1

(qi− p)2

n
(3)

where p is the  weight  of  each  assessment  index  as-
signed by the  experts; g is  the  difference degree  of  the
scores assigned by experts to various indices (the smal-
ler the value of g, the closer the assigned score); qi is the
score assigned by a certain expert to this index; n is the
number of experts participating in the assignment of the
assessment index. 

2.2.2　Centroids of high-risk regions

∆

The  high-risk  region  centroid  (X, Y)  is  defined  as  the
centroid  position  of  high-risk  areas  of  ANSP.  The
centroid theory has been well applied in population, en-
ergy,  economy,  industry,  and  tourism  sciences,  among
others, and  the  change  of  the  centroid  position  can  re-
flect  the  changes  of  the  spatial  distribution  of  ANSP
risks  (Wu  et  al.,  2014; Liu  et  al.,  2017).  The  centroid
offset distance t refers to the movement distance of the
ANSP risk during a certain research period, and the off-
set  angle αt refers  to  the  included  angle  between  the
movement direction of the centroid of different levels of
risk areas and the due east direction during the research
period. The average offset velocity Vt refers to the aver-
age  movement  speed  of  centroid  of  different  levels  of
risk areas during the research period. The equation is as
follows:

∆t =

√
(Xt −Xt−1)2+ (Yt −Yt−1)2 (4)

αt = nπ+ arctan
(

Yt −Yt−1

Xt −Xt−1

)
, (n = 0,1,2) (5)

Vt = ∆t/T (6)

where (Xt, Yt) and (Xt−1, Yt−1) are the coordinates of the
centroids of different levels of risk areas of ANSP in the
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tth and (t−1)th year respectively, and T is the time inter-
val.  Due  to  the  range  of  arctangent  function  is  (−π/2,
π/2), the value needs to be converted to 0−360°, and n is
the conversion coefficient. 

2.2.3　Kernel density
Kernel density  is  a  spatial  analysis  tool  based  on  non-
parametric testing (Wang and Zambom, 2019). The ba-
sic idea of element-oriented kernel density estimation is
to assume that  there is  an element density at  any given
arbitrary  location  within  a  particular  region.  Then,  the
density intensity  of  geographical  elements  in  a  particu-
lar region can be estimated by measuring the number of
elements per unit area, and the relative concentration de-
gree of the spatial distribution of elements and the distri-
bution of  hotspot  regions  can be depicted by determin-
ing  the  element  density  at  different  locations  and  the
spatial  difference  (Okabe  et  al.,  2009; Kristan and  Le-
onardis, 2014). The kernel density analysis tool in Arc-
GIS software is used to analyze the grids with high and
extremely  high  risk  levels  to  explore  the  limit  position
of ANSP risk in Chongqing. 

2.3　Data sources
The data  types  are  mainly  divided  into  panel  data,  re-
mote sensing data, and statistical data. The remote sens-
ing data include land use data, soil type and texture data,
digital  elevation  model  (DEM)  topographic  data,  slope
data, river data, and road data for 2000, 2005, 2010, and
2015.  Land  use  data  were  derived  from  the  Chinese
Ecological  Environment  Remote  Sensing  Assessment
Project  (Ouyang  et  al.,  2014; 2016)  and  the  latest  data
was in 2015. DEM data were from the resources and en-
vironmental data cloud platform (http://www.resdc.cn/).
By using DEM data in the GIS software, the slope data
can  be  calculated.  River  and  road  data,  with  a  unified
data resolution of 30 m, were extracted from high-resol-
ution  remote  sensing  images.  Statistical  data  included
fertilizer use data, pesticide use data, crop planting area
data, livestock  and  poultry  breeding  data,  and  aquacul-
ture data. Fertilizer use data, pesticide use data, and crop
planting  area  data  were  derived  from  the  Chongqing
data  system  (http://www.cqdata.gov.cn/),  livestock  and
poultry  breeding  data  from  the  Chongqing  Agriculture
and  Rural  Committee  (http://nyncw.cq.gov.cn/),  and
aquaculture  data  from  the  statistical  results  of  the
Chongqing Aquatic Product Station. 

3　Results
 

3.1　Measured ANSP risks in Chongqing
According to  the  risk  measurement  results  provided by
the  PTA  model,  the  ‘no  risk’ proportions  of  ANSP  in
Chongqing  in  2000,  2005,  2010,  and  2015  were
26.06%,  26.11%,  25.42%,  and  24.86%,  respectively.
The  ‘low  risk’ proportions  were  20.52,  20.58,  20.61,
and 20.87,  respectively,  and the ‘medium risk’ propor-
tions were  18.97%,  19.01%,  19.34%,  and  19.41%,  re-
spectively.  The  ‘high  risk ”  proportions  were  17.82%,
17.81%, 17.98%, and 18.10%, respectively, and the ‘ex-
tremely  high  risk’ proportions  were  16.63%,  16.49%,
16.65%,  and  16.76%,  respectively.  Overall,  except  for
the decreasing proportion of the ‘low risk’ area, the pro-
portions  of  other  risk  levels  all  presented an increasing
trend, indicating that there is a relatively obvious trans-
formation trend from low to high risk. Spatially, the risk
level  in  the  main  urban  areas  was  considerably  higher
than  that  in  the  southeast  and  northeast  of  Chongqing.
The overall trend for different years was consistent, but
there were differences in some districts and counties. In
general, the proportions of high- risk and extremely high-
risk areas in Tongliang, Yongchuan, Bishan, Shapingba,
Beibei,  North  of  Jiangjin,  Fuling,  Nanchuan,  Qijiang
and Fengdu were large, and the distribution of high-risk
and extremely  high-risk  areas  was  relatively  concen-
trated; the  risk  levels  of  Liangping,  Kaizhou,  Qianjian-
gand Pengshui increased significantly in 2015 (Fig. 2). 

3.2　Changes in the centroids of risk areas
By  measuring  the  centroids  of  all  risk  levels  and
their  movement  status  in  different  periods,  we  found
that the centroids of extremely high-risk, high-risk, me-
dium-risk,  low-risk,  and  no-risk  areas  of  ANSP  in
Chongqing  presented  a  successive  distribution  from
west to east. From the perspectives of movement speed
and migration angle, from 2000 to 2015 (in which peri-
ods A, B, and C represent 2000−2005, 2005−2010, and
2010−2015),  the  distribution  of  no-risk  areas  showed a
fluctuating westward  migration,  and  the  fastest  move-
ment  speed  of  the  no-risk  level  appeared  in  period  B.
The  distribution  of  low-risk  areas  showed  a  westward
migration, and the fastest movement speed of such areas
occurred in period B. Medium-risk areas showed a fluc-
tuating  westward  migration,  with  the  fastest  movement
in period B. The distribution of high-risk areas showed
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an obvious  eastward  migration,  and  the  fastest  move-
ment speed of such areas was found for period A. Areas
with an extremely high risk migrated eastward, and the
fastest movement  occurred  in  period  C.  Overall,  medi-
um-  and  low-risk  areas  showed  a  westward  migration,
and high- and extremely-high areas showed an eastward
migration  (Table  3, Table  4).  From  2000  to  2015,  the

centroids  of  high-risk  and  extremely  high-risk  regions
moved  4.63  km  (1.68°)  and  4.48  km  (12.08°)  east  by
north, respectively (Table 3, Table 4). 

3.3　Kernel density of high risk and extremely high
risk area
Kernel  density  analysis  was  mainly  conducted for  high
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Fig. 2    Measurement results of risk of agricultural non-point source pollution (ANSP) from 2000 to 2015 in Chongqing, China

 
Table 3    Centroid coordinates of different risk levels in different periods of Chongqing (Unit: m)
 

Risk level
2000 2005 2010 2015

X Y X Y X Y X Y

No risk 36603421 3434380 36598076 3440050 36604896 3391193 36584755 3422907

Low risk 36530127 3288016 36515514 3290823 36506810 3329510 36493427 3305019

Medium risk 36469415 3305356 36471970 3287238 36462930 3311908 36460792 3301214

High risk 36390317 3286472 36414422 3286700 36427717 3296636 36436579 3287826

Extremely high risk 36374127 3269800 36370296 3277248 36373569 3271017 36417973 3279184

Note: In order to calculate the offset direction and offset angle, the centroid coordinates are measured by projection coordinates
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risk and extremely high risk levels, with the purpose to
spatially  identify  the  concentration  locations  and  the
concentration  degrees  of  high  risk  and  extremely  high
risk levels (Fig. 3). According to the kernel density res-
ults, high-risk level areas were mainly distributed in the

main  urban  areas,  of  which  the  north  of  Chongqing
showed a relatively low risk concentration degree in dif-
ferent  periods,  while  the  risk  concentration  degrees  of
Tongnan,  Hechuan,  and  Banan  gradually  decreased.
Northeastern  and  Southeastern  of  Chongqing  had  a

 
Table 4    Movement status of different agricultural non-point source pollution (ANSP) risk levels in different periods in Chongqing in
2000−2015
 

Risk level

2000−2005 2005−2010 2010−2015

Average
movement

speed / (m/yr)
Offset direction

Offset
angle / (°)

Average
movement

speed / (m/yr)
Offset direction

Offset
angle / (°)

Average
movement

speed / (m/yr)
Offset direction

Offset
angle / (°)

No risk 1558.24 West by north 46.69 9865.97 East by south 82.05 7513.68 West by north 57.58

Low risk 2976.09 West by north 10.87 7930.85 West by north 77.32 5581.94 West by south 61.35

Medium risk 3659.36 East by south 81.97 5254.83 West by north 69.88 2181.13 West by south 78.70

High risk 4821.34 East by north 0.54 3319.33 East by north 36.77 2499.21 East by south 44.83
Extremely high
risk

1675.09 West by north 62.78 1407.59 East by south 62.29 9029.69 East by north 10.42
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Fig. 3    Kernel density distribution of high- and extremely high-risk areas of ANSP in different periods in Chongqing, China
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lower risk  concentration degree,  albeit  with  an increas-
ing trend. We observed the concentrated distribution of
high-risk  areas  in  Dianjiang,  Fengdu,  and  Wanzhou,
with a  particularly  high  concentration  in  Pengshui,  Qi-
anjiang,  Kaizhou,  and  Liangping  in  2015.  In  addition,
overall, the spatial integrity of the concentrated distribu-
tion areas decreased while the fragmentation degree increased,
showing a trend of gradual decentralized concentration. 

3.4　 Identification  of  key  areas  for  risk  prevention
and control
According  to  the  risk  measurement  process,  the  key
areas for  risk  prevention  and  control  should  be  under-
stood as the key prevention areas (those areas with high
risk  intensity  but  good water  quality,  of  which  the  risk
level of ANSP is high or extremely high, and the water
quality  level  is  I-III)  and  the  key  control  areas  (areas
with high risk intensity but poor water quality, of which
the  risk  level  of  ANSP  is  high  or  extremely  high,  and
the water quality level is IV, V and inferior V). The res-
ults  for  2015  were  taken  as  an  example  to  identify  the
key areas for risk prevention and control, which mainly
include urban areas, but some are also distributed in oth-
er  areas  (Fig.  4). The  key  control  areas  are  mainly  in-
clude  Yongchuan,  Bishan,  Shapingba,  Jiulongpo  and
Beibei, etc.  The  key  prevention  areas  are  mainly  loc-
ated in Dazu, Rongchang, Nanchuan, Pengshui and Qi-
anjiang,  etc.  And involve the  Apeng River,  Bixi  River,
Chengbei  River,  Yutan  Reservoir  and  Yujiang  River,
etc. The  key  control  areas  are  mainly  located  in  Ji-
ulongpo, Middle  of  Yongchuan,  East  of  Bishan,  Shap-

ingba  and  Liangping,  etc.  And  involve  the  Liangtan
River, Qijian River, Tiaodeng River, Xiaosha River and
Yuanyi River, etc. 

4　Discussion

In  terms  of  model  measurement  analysis,  the  accuracy
of measurement  results  is  highly  important  and  repres-
ents the basis of measurement model generalization. We
conducted  a  lateral  assessment  from  the  perspective  of
river water quality and explored the influences of differ-
ent  land  use  types  on  the  risk  intensity  of  ANSP  from
different  rivers,  as  well  as  the  possible  causes  of
centroid  movement  in  risk  regions.  We  also  identified
the  key  areas  of  risk  prevention  and  control  to  provide
data support for the development of risk prevention and
control strategies. 

4.1　 Accuracy  of  the  risk  measurement  results  by
the proposed model
At  present, Basnyat  et  al.  (2000), Rabotyagov  et  al.
(2014), Strehmel  et  al.  (2016), WANG  et  al.  (2016),
KANG  et  al.  (2018) and WU  et  al.  (2020) have  done
some model research on the risk measurement of ANSP,
while on  the  whole,  the  pollution  process  and  influen-
cing factors of ANSP are not fully considered. The AN-
SP  risk  assessment  model  we  built  comprehensively
considers  the  three  processes  of  pollutant  source  input,
intermediate transformation, and terminal absorption, as
well as  the  key  factors  that  affect  the  ANSP  risk.  Al-
though  the  risk  measurement  results  are  based  on  the
analysis  of  potential  threats,  theoretically,  there  is  an
overall  positive  correlation  between  water  quality,  area
of source land and the risk intensity of ANSP (Chen et
al., 2018). This has been confirmed by Heiderscheidt et
al.  (2015), De  Oliveira  et  al.  (2017),  and Tahmasebi
Nasab et al. (2018). Hence, to reflect the accuracy of the
risk  measurement  model  constructed  by  this  study,  the
regions  within  1  km  on  both  sides  of  the  river  were
taken  as  the  model  accuracy  assessment  area,  and  the
spatial correlation between the risk measurement results
of the assessment area and the water quality standards of
water  environment  functional  area  in  different  periods
was  analyzed.  If  there  was  a  positive  correlation  in  all
periods, the model was considered effective for reflect-
ing the risk of regional ANSP. In this study, the wave-
band set statistical tool of the ArcGIS software was used
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to conduct spatial correlation analysis on the water qual-
ity standards of each river and the risk measurement res-
ults for different periods. In all cases, we found a posit-
ive  correlation,  with  correlation  coefficients  of  0.28,
0.30, 0.25, and 0.29 for 2000, 2005, 2010, and 2015, re-
spectively. Therefore, the measurement results provided
by the constructed model can well reflect the risk of re-
gional ANSP.

The  study  further  discusses  the  relationship  between
the area of source land and the risk measurement results.
Combined with the research of Wang et al. (2016), Jing
and Zhang (2019) and others, it is considered that there
was a greater impact of the source land area on the risk
measurement results. Therefore, three rivers were selec-
ted to analyze the relationship between source area (land
use  type)  and  risk  intensity.  In  this  study,  we  selected
the risk measurement results and land use types for 2000
of the  main  urban  areas,  northeastern  Chongqing,  Li-
angtan River of southeastern Chongqing, Wanzhou sec-
tion  of  Ruxi  River,  and  Apeng  River  for  analysis.  The
regions with higher proportions of  high- and extremely
high-risk  areas  had  relatively  high  proportions  of  river
cultivated land and construction land.  For  example,  for
the  Liangtan  River,  the  proportion  of  extremely  high-
risk areas  was  78.23%,  and  the  corresponding  propor-
tions  of  cultivated  land  and  construction  land  were
63.05% and  14.63%,  respectively.  The  regions  domin-
ated by medium-risk areas had close proportions of river
cultivated  land  and  forest  land.  For  example,  in  the
Wanzhou section of the Ruxi River,  medium-risk areas
accounted for  45.53%,  and  the  corresponding  propor-

tions of cultivated land and forest land were 45.02% and
52.50%, respectively.  The  regions  with  higher  propor-
tions  of  low-risk  areas  showed  significantly  increased
proportions of  river  forestland  and  wetland.  For  ex-
ample,  in  the  Apeng  River,  the  proportion  of  low-risk
areas was 62.28%, and the corresponding proportions of
forestland and  wetland  were  57.07%  and  4.55%,  re-
spectively  (Table  5).  These  results  lead  us  to  infer  that
the composition of land use types has an obvious influ-
ence on the risk intensity of ANSP, and it  was consist-
ent with the result of model calculation. 

4.2　 Urbanization  promotes  the  movement  of  the
centroid of risk regions
The results  show that  the  centroid  of  the  high-risk,  ex-
tremely high-risk regions and cultivated land have obvi-
ous  eastward  migration  (Fig.  5),  and  cultivated  land  is
the most  obvious spatial  feature of  urbanization expan-
sion  (Jing  and  Zhang,  2019).  By  acquiring  the  spatio-
temporal  changes  in  cultivated  land  occupation  (the
most  obvious  characteristic  of  urbanization)  for  each
period,  the  relationships  between  the  spatio-temporal
changes in cultivated land occupation and the eastward
shift of  centroids  of  high-  and  extremely  high-risk  re-
gions  were  analyzed.  By  measuring  the  changes  in  the
centroid of cultivated land in each period, we found that
the centroid coordinates in 2000, 2005, 2010, and 2015
were (36 456 059, 3 318 275), (36 456 954, 3 316 935),
(36 456 433, 33 19 095), and (36 457 998, 3 319 991),
respectively.  The  movement  directions  of  the  centroids
in 2000−2005, 2005−2010, and 2010−2015 were 56.24°

 
Table 5    Influences of land use types on ANSP risk intensity in Chongqing, China / %
 

Type River Liangtan River Wanzhou section of Ruxi River Apeng River

Proportion of each level of risk No risk 0 0.05 2.63

Low risk 0 43.66 62.28

Medium risk 0 45.53 33.58

High risk 21.77 10.47 1.5

Extremely high risk 78.23 0.29 0.01

Proportion of land use types Grassland 0 0.33 1.56

Cultivated land 63.05 45.02 36.08

Forest land 18.79 52.5 57.07

Other land 0 0 0.62

Construction land 14.63 0.57 0.12

Wetland 3.53 1.58 4.55
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east  by  south,  76.44°  west  by  north,  and  29.83°  east
by north,  respectively,  and  the  movement  velocity  val-
ues  of  the  centroids  in  2000−2005,  2005−2010,  and
2010−2015  were  322.24  m/yr,  444.27  m/yr,  and
360.64  m/yr,  respectively.  In  the  entire  period  from
2000 to 2015, there was an obvious eastward shift,  and
the centroid of cultivated land moved to the northeast at
a  speed  of  172.67  m/yr,  with  a  total  distance  of
2590 m.  These  results  indicate  that  there  is  an  obvious
correlation  between  cultivated  land  occupation  in  the
course  of  urbanization  and  the  eastward  shift  of  the
centroid of risk areas, reflecting the decrease in agricul-
tural  activity  intensity  in  the  main  urban  areas.  This  is
consistent  with  the  research  conclusion  of Cheng  et  al.
(2019),  which shows that  the change of  cultivated land
area has a  greater  impact  on the spatial  change of  AN-
SP risk. 

4.3　Proposal 

4.3.1　Urban planning  should  focus  on  internal  up-
grading to avoid waste of cultivated land resources
In the  process  of  urbanization,  cultivated  land  is  occu-
pied  a  lot.  This  situation  will  undoubtedly  increase  the
regional  safety  risk  of  total  grain  production  and  the
transportation costs of grain. In recent years, China has
carried out some protection measures to prevent cultiv-
ated land  from  blind  occupation,  such  as  the  designa-
tion  of  permanent  basic  farmland,  the  reclamation  of
abandoned land use, etc. (Cheng et al., 2017). However,
in the practical survey, there were few permanent delim-
itated  zones  of  basic  farmland  surrounding  most  urban
built-up areas, which means that the cultivated land sur-

rounding these areas is likely to be occupied for urban-
ization in the future. In view of the cultivated land occu-
pied  will  have  an  impact  on  the  quality  of  cultivated
land  and  food  security.  Our  study  suggests  that  urban
development in  the  future  should  focus  on  the  upgrad-
ing  of  aged  and  old  urban  areas  rather  than  on  blindly
carrying out  spatial  expansion.  This  thought  is  consist-
ent with the idea of green city renewal, proposed by Lin
et al. (2019). Similarly, in the urban renewal of the Xigu
region of  Tianjin, Dong et  al.  (2016) proposed that  the
original urban  structure  should  be  retained  through  or-
ganic  renewal  and  that  the  parts  not  suitable  for  urban
development  should  be  removed,  thus  creating  a  more
suitable environment  for  modern  life.  In  the  urban  or-
ganic renewal of Wenzhou, Zhou et al. (2015) proposed
to reuse the stock land and renovate the old villages, old
factories,  and  old  urban  areas  based  on  the  perspective
of organic renewal and the combination of comprehens-
ive renovation and improvement. The idea of urban or-
ganic  renewal  in  these  different  regions  indicates  that
the thought of strengthening internal upgrading and im-
provement  in  prospective  urban  development  has  been
gradually put into practice, which is conducive to the ef-
fective  protection  and  preservation  of  cultivated  land
around urban areas. 

4.3.2　 Risk  prevention  and  control  should  focus  on
the agricultural production mode of high-risk and ex-
tremelyhigh-risk agglomeration area
High-risk  and  extremely  high-risk  concentration  areas
are the  key  areas  that  need  to  be  prevented  and  con-
trolled from the policy level, especially for chemical fer-
tilizers, pesticides, aquaculture and other aspects, which
need  to  put  forward  higher  requirements  to  ensure  that
the ANSP risk is controlled. According to the Chongqing
data  system  (http://www.cqdata.gov.cn/),  the  amount
of  chemical  fertilizer  and  pesticide  would  reach
278.24  kg/ha  and  18.45  kg/ha respectively  in  2018.
Therefore, local government departments should strictly
control the increase of fertilizer and pesticide consump-
tion in accordance according to the requirement of “zero
growth of fertilizer and pesticide” of the Ministry of Ag-
riculture  of  China.  At  the  same  time,  considering  that
the area of cultivated land is also decreasing, we should
ensure that the actual use intensity is not increased while
the amount  of  chemical  fertilizer  and  pesticide  is  de-
creased. In addition, the technical promotion and finan-
cial  support  of  large-scale  breeding  should  be  streng-
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thened,  and  the  pollution  risk  of  retail  breeding  should
be gradually reduced. 

4.3.3　The reduction  ability  of  ANSP  should  be  en-
hanced in key regions of prevention and control
The key regions for prevention and control are the areas
with  high  or  extremely  high  ANSP  risk,  which  pose  a
high threat to local water quality. At present, many stud-
ies have proved that the risk of ANSP can be alleviated
effectively  through  constructing  vegetation  buffer  zone
and  wetland  around  the  water  area  or  watershed  outlet
(Zhu et al., 2020). At the same time, in the construction
of  vegetation  buffer  zone  and  constructed  wetland,  the
plants  with  good  economic  value  and  landscape  value
can be  selected  according  to  the  local  natural  environ-
ment. These  plants  can  not  only  retain  and  absorb  pol-
lutants, but also provide more value for human beings. 

4.4　Further research plan
Because our  model  integrates  panel  data,  remote  sens-
ing data,  and  statistical  data,  the  research  mainly  fo-
cuses on the existing data, which makes the research un-
able to well analyze the future risk situation. Therefore,
future  research  will  combine  CLUE-S  (Kucsicsa  et  al.,
2019), CA (Nouri et al., 2014) and other models to sim-
ulate future land use types. We will combine the simula-
tion results of land use types with PTA model for future
ANSP  risk  analysis,  and  to  maximize  the  value  of  our
research. 

5　Conclusions

We  have  established  the  PTA  model  of  ANSP  risk
measurement based  on  the  process  of  “pressure,  trans-
formation and absorption”, which provides a new meth-
od for ANSP risk measurement and is conducive to bet-
ter carry out the prevention and control of ANSP. Mean-
while,  we  provide  the  analysis  methods  of  spatial-tem-
poral  evolution  for  other  studies.  Based  on  the  water
quality  status  of  all  rivers,  it  can  be  indirectly  deduced
that  the  accuracy  of  the  PTA model  is  in  line  with  the
research  requirements.  This  study  found  that  there  was
an obvious transformation tendency of ANSP risk from
low risk to high-risk, and that the risk level in the main
urban areas was considerably higher than that in south-
eastern and northeastern Chongqing, China (The propor-
tion of high-risk and extremely high-risk increased from
17.82% and 16.63% in 2000 to 18.10% and 16.76% in

2015,  respectively).  The  centroids  of  extremely  high-
risk, high-risk, medium-risk, low-risk, and no-risk areas
all  presented a spatial  feature of successive distribution
from west to east, and the high- and extremely high-risk
areas showed an eastward shift (From 2000 to 2015, the
centroids  of  high-risk  and  extremely  high-risk  regions
moved  4.63  km  (1.68°)  and  4.48  km  (12.08°)  east  by
north, respectively). Kernel density analysis showed that
the high-risk level was mainly concentrated in the main
urban  areas;  the  overall  risk  concentration  degree  of
northeastern and  southeastern  Chongqing  was  low,  al-
beit with an increasing trend. In the concentrated distri-
bution  high-  and  extremely  high-risk  areas,  on  the
whole,  the spatial  fragmentation degree increased,  with
a tendency  to  decentralized  concentration.  The  risk  in-
tensity was significantly affected by the composition of
land use types (area of source land), and the risk level in
the  regions  with  higher  proportions  of  cultivated  land
and artificial surface was significantly increased. In the
process  of  urbanization,  the  occupation  of  cultivated
land  promoted  the  centroid  movement  of  high-risk  and
high-risk regions.

Based on the results, it was believed that the decrease
of cultivated  land  reduced  the  risk  of  ANSP  in  metro-
politan areas, and the change of cultivated land quantity
in  high-risk  areas  should  be  focused  in  the  future.  The
government  should  give  priority  to  the  conversion  of
cultivated land in  high-risk areas  into woodland,  grass-
land and other types, try to avoid occupying the cultiv-
ated land in low-risk areas,  and reduce the risk of  AN-
SP from the perspective of optimal layout of cultivated
land.  In  addition,  in  the  risk  prevention  and  control  of
ANSP,  the  focus  should  be  on  the  regions  with  higher
risk concentration degrees and on the key areas for pre-
vention  and  control.  At  the  same  time,  we  should  pay
significant  attention  to  the  construction  of  ecological
corridors in certain scopes of rivers to improve the pro-
portion  of  forest  areas.  In  the  process  of  urbanization,
we should give priority to internal upgrading and trans-
formation rather than blind surface expansion, and avoid
occupation of cultivated land in low-risk areas of ANSP.
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