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  HIGHLIGHTS
● Agricultural non-point source pollution was
quantified in Erhai Lake Basin.

● NH3-N, TN, TP, and COD discharged reached
72.9, 264.1, 29.2, and 1453.3 t·yr−1,
respectively.

● Maize, vegetables, and beans dominated crop-
related pollutant contributions.

● Dairy cattle and pigs were primary
contributors to livestock pollutant discharges.

● Shangguan Town was identified as the key
control area for pollutant mitigation.
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  GRAPHICAL ABSTRACT
 

  ABSTRACT
Human  activities  are  the  main  contributors  to  non-point  source  pollution.
Understanding  the  relative  contributions  of  various  sources  to  pollutant
discharge  is  essential  for  effective  water  quality  management.  This  study
aimed  to  quantify  ammonia  nitrogen  (NH3-N),  total  nitrogen  (TN),  total
phosphorus (TP) and chemical oxygen demand (COD) to the environment from
crop  and  livestock  production,  and  residential  sewage  in  the  Haixi  Region  of
the  Erhai  Lake  Basin,  south-west  China,  using  integrated  data  from  farmer
surveys,  literature  reviews  and  statistical  data.  The  results  revealed  that  the
NH3-N,  TN,  TP  and COD discharges  were  72.9,  264.1,  29.2,  and  1453.3  t·yr−1,
respectively, in 2022 in Haixi Region. Shangguan township, as a high-intensity
discharge  area,  accounted  for  21%–44%  of  the  total  discharges  of  four
pollutants. Maize, vegetables and beans crops were the largest contributors to
water  pollution  in  Haixi  Region,  which  are  responsible  for  6.3,  94.1,  and
5.5 t·yr−1 of NH3-N, TN, and TP, respectively. Dairy cattle and pig rearing were
the  main  contributors  in  the  livestock  production.  Compared  to  crop  and
livestock  production,  NH3-N  discharged  from  residential  sewage  were  186%
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higher, while the other three pollutants were 59%–71% lower. These findings
support  the  refined  management  of  agricultural  activities  in  accordance  with
water quality protection policies of Erhai Lake Basin.

© The Author(s) 2025. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

  

1    Introduction
 
Agricultural  non-point  source  pollution  control  is  an
important  task  in  global  water  pollution  control[1].  Also,
ensuring  food  safety  and  improving  water  quality  are
important  challenges  for  water  pollution  control[2].
Agricultural  non-point  source  pollution  is  primarily
attributable  to  agricultural  activities  and  residential  sewage
(which  means  the  proportion  of  sewage  from  administrative
villages is untreated). According to the First National Pollution
Source Census Bulletin[3], 40% of the major water pollutants in
China  originates  from  agricultural  sources  in  2007.  In
particular,  the discharges of  chemical  oxygen demand (COD),
total  nitrogen  (TN)  and  total  phosphorus  (TP)  have  reached
1.2,  2.7  and  0.3  Mt·yr−1,  respectively[4].  The Second  National
Pollution  Source  Census  Bulletin noted  that  agricultural
(22%–67%)  and  residential  activities  (30%–73%)  are  major
contributors  of  these  pollutants  (TN,  TP,  NH3-N,  and
COD)[5,6]. From 1998 to 2017, the pollution loads of COD, TN
and  TP  increased  by  91%,  196%  and  244%,  respectively[7,8].
These  pollutants  (TN,  TP,  NH3-N,  and  COD)  enter  water
bodies  through  various  pathways[9,10],  disrupting  aquatic
environments and lake ecosystems[11], posing risks to the safety
of drinking water and human health[12].

The  water  pollutant  emission  from  agricultural  source  has  an
increasing  trend  in  China.  Notably,  in  2007,  the  TN  and  TP
discharges into water bodies from crop production reached 1.6
and  0.11  Mt·yr−1,  respectively[13,14].  In  addition,  from 2008  to
2020,  the  discharges  of  TN,  TP  and  COD  to  water  from
agricultural  non-point  sources  gradually  increased  in  China,
with  annual  growth  rates  of  5.6,  10.3  and  3.9%,  respectively.
Livestock production constituted over 40% of the total national
discharges for these three key pollutants[4].

The  Erhai  Lake,  as  the  primary  surface  water  resource  in  the
western  region  of  Yunnan  Province[15–17],  faces  the  issue  of
pollutant discharge water from agricultural activities[18]. Before
2010, the primary source of pollutants in the Erhai Lake Basin
was agricultural activities[19]. Additionally, the dam area of the
lake has a high population density,  reaching 256 people km−2,
serving  as  an  important  discharge  source  of  local  non-point
source  pollution[20].  However,  the  contributions  of  residential

and  agricultural  activities  remain  unclear.  Also,  relevant
research  is  lacking  in  pollutant  discharge  from  agricultural
activities  and  residential  sewage  in  recent  years.  About
10 kt·yr−1 of TN and TP are estimated to enter Erhai Lake each
year, with point source pollution accounting for only 2.9% and
7.5%,  respectively[21].  The  Haixi  Region  is  a  large  intensive
agricultural  area  within  the  Erhai  Lake  Basin[15].  The  Haixi
Region  also  is  directly  connected  to  Erhai  Lake,  which  is  the
confluence  of  the  18  streams  of  Cangshan  Mountain.  Due  to
geographic location characterized by higher terrain in the east
and lower terrain in the west, the pollutants discharged in this
region  directly  flow  into  the  Erhai  Lake[16].  Therefore,
identifying  the  contributions  of  different  pollution  sources  in
the  Haixi  Region  of  the  Erhai  Lake  Basin  is  essential  for
pollution control efforts.

Many  modeling  approaches  have  been  adopted  to  estimate
non-point  source  pollution  in  China’s  lakes[4,22,23].  For
example, MARINA has been used to distinguish diffuse sources
(mineral fertilizer application) of nitrogen in water from point
sources (direct discharge of animal manure) in the Erhai Lake
Basin[22].  The  NUFER  model  has  been  used  to  estimate  the
relative contributions of N and P emissions from the crop and
livestock  system  in  the  Erhai  Lake  Basin[23].  However,  these
models do not consider the discharge of NH3-N and COD. The
Chinese  government  published  the Manual  of  the  Second
Pollution Census Correlation Coefficients: Handbook of Methods
and  Coefficients  for  Statistical  Surveys  of  Emission  Sources,
which can help in quantifying the contributions of agricultural
activities  and residential  sewage to  the  discharge of  four  types
of pollutants (NH3-N, TN, TP and COD) to the environment.
However,  researchers  have  not  applied  this  approach  to  the
Erhai  Lake  Basin  or  accounted  for  the  local  characteristics  of
agricultural management. As a result, the contributions of crop
production, livestock production, and residential sewage to the
discharge of the four types of pollutants to the environment in
watersheds like the Haixi Region remain unclear. An approach
to  quantify  these  contributions  of  agricultural  activities  and
residential sewage to the discharge of these pollutants is needed
for effective water quality management.

In  this  study,  we  applied  the  approach  of  the Manual  of  the
Second  Pollution  Census  Correlation  Coefficients:  Handbook  of
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Methods  and  Coefficients  for  Statistical  Surveys  of  Emission
Sources to  quantify  the  contributions  of  crop  production,
livestock production, and residential sewage to the discharge of
these  four  types  of  pollutants  to  the  environment.  The
approach was updated based on local data from farmer surveys,
literature reviews, and statistical data in the Haixi Region of the
Erhai Lake Basin. The findings are expected to support precise
management of  agricultural  non-point  source pollution in the
Erhai Lake Basin.
 

2    Materials and methods
  

2.1    Study area
The  Haixi  Region  of  the  Erhai  Lake  Basin  is  in  Yunnan
Province  in  Southwest  China[23].  The  Haixi  Region  is  located
on  the  west  side  of  the  Erhai  Lake  and  the  east  side  of
Cangshan Mountain[23,24]. It covers an area of 670 km2 and has
a  population  of  450,000  people.  The  administrative  area  and
population  represent  26%  and  63%  of  the  entire  Erhai  Lake
Basin  (Fig.  S1  and  Table  S1).  The  Haixi  Region  encompasses
the main agricultural production areas in the Erhai Lake Basin.
The  crop  sown  area  and  livestock  number  account  for  about
28% and 16% of the Erhai Lake Basin,  respectively (Table S1).
The  area  of  crops  is  14.1  kha,  and  the  area  of  all  economic
crops is 815 ha. The major crops include vegetables, maize and
rice,  with  a  total  area  of  9.80  kha  (Fig.  S2).  Livestock
production includes laying hens, dairy cattle and pigs. Also, the
N losses from crop and livestock to air and water were 1.9 and
0.13 kt, respectively. There are 19 townships in the Erhai Lake
Basin,  of  which  seven  are  in  the  Haixi  Region.  The  area
includes  Shangguan,  Xizhou,  Wanqiao,  Yinqiao,  Dali,  Taihe,
and Xiaguan towns[23,24].
 

2.2    Calculation of pollutant discharge
In this  study,  we quantified the  discharges  of  NH3-N,  TN,  TP
and  COD  from  crop  production,  livestock  production  and
rural  residential  sewage  in  the  Haixi  Region  in  2022,
respectively. The approach was adopted from the Manual of the
Second  Pollution  Census  Correlation  Coefficients:  Handbook  of
Methods  and  Coefficients  for  Statistical  Surveys  of  Discharge
Sources published in June 2021. We applied the approach to the
Haixi  Region  by  integrating  data  from  farmer  surveys,
literature  review,  and  statistical  data.  Specifically,  over  300
farmer  surveys  were  conducted,  in  which  more  than  30
government  agencies  and  wastewater  treatment  plants  were
visited  and  the  status  of  sewer  systems  pipe  connection  in  21
type administrative villages was investigated. Choosing three or

more  administrative  villages  in  each  town  as  the  object  of
research  to  get  sewer  systems  pipe  connection  rate.  It  is
noteworthy  that  three  administrative  villages  were  randomly
selected  in  each  township  to  conduct  a  survey  on  the  damage
rate  of  the  sewage  pipeline  network.  Locations  are  chosen  to
ensure  coverage  of  all  aspects  of  the  village.  Agricultural
production data (such as  fertilizer  applications)  and the sewer
systems  pipe  connection  rate  of  each  township  were  obtained
from the  farmer  surveys  (Figs.  S2  and  S3).  The  farmer  survey
data  were  used  are  divided  into  2021  and  2022,  with  2021
fertilizer  application  data  used  as  background  data  for  the
calculations. Data for rural population, types of local crops and
production areas, and livestock production were obtained from
the Dali City Statistical Yearbook in 2022. Relevant coefficients
were  derived  from  field  investigation  and  the Handbook  of
Methods  and  Coefficients  for  Statistical  Surveys  of  Discharge
Sources.  Some  of  the  coefficients  are  given  in  Table  S2.  The
details of the calculation are described below.
 

2.2.1    Crop production
We  quantified  the  contribution  of  crop  production  to  the
discharge of the four pollutants (NH3-N, TN, TP and COD) to
water  in  the  Haixi  Region  of  the  Erhai  Lake  Basin.  For  crop
production,  eight  crop  types  were  considered,  namely  maize,
vegetables,  beans,  rice,  tobacco,  potato,  cereals  and fruit  trees.
The  discharge  of  pollutants  from  crop  production  was
calculated as:
 

Q j = (Ag × eg j +Ay × ey j)×
q j

q0

×10−3 (1)

Q j

Ag

eg j

Ay ey j

q j

q0

where,  is the discharge of pollutant j from crop production
to  water  (t·yr−1),  is  the  total  planting  area  of  crops  except
fruit  trees  (ha),  is  the  loss  coefficient  of  pollution j during
crop production (kg·ha−1),  is the area of fruit trees (ha), 
is the loss coefficient of water pollution j in fruit trees (kg·ha−1),

 is  the  amount  of  nitrogen  or  phosphate  fertilizer  per  unit
area used for crop production in the survey year (kg·ha−1), and

 is  the  amount  of  nitrogen  or  phosphate  fertilizer  per  unit
area  used for  crop production in  the  year  2021 (kg·ha−1).  The
amount  of  nitrogen  and  phosphate  fertilizers  used  in  crop
production was determined based on data from farmer surveys
(Fig. S3).
 

2.2.2    Livestock production
In  this  study,  five  categories  of  livestock  animals  (dairy  cattle,
pig,  laying  hens,  broilers  and  beef  cattle)  were  considered  for
estimating  the  contribution  of  livestock  production  to  the
discharge  of  the  four  pollutants  to  the  environment.  The
equation  for  calculating  the  discharge  of  pollutants  from
livestock production was:
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Qi jLivestockdischarge = (qiIntensiveLivestock × ei jIntensiveLivestock

+qi f ree−rangelivestock × ei j f ree−rangelivestock)×10−3 (2)
 

Q jLivestockdischarge =

∑n

j
Qi jLivestockdischarge (3)

Qi jLivestockdischarge

qiIntensiveLivestock

ei jlIntensiveLivestock

qi f ree−rangelivestock

ei j f ree−rangelivestock

Q jLivestockdischarge

where,  is  the  discharge  of  pollutant j from
category i livestock  production  (t·yr−1),  is  the
stocking/turnover amount of category i livestock production in
intensive  livestock  farms  (head),  is  the
discharge  coefficient  of  pollutant j from  intensive  livestock  of
category i livestock  (kg  per  head),  is  the
stocking (turnover) amount of  category i livestock production
in free-range livestock (head),  is the discharge
coefficient  of  pollutant j from free-range  livestock  of  category
ilivestock  and  poultry  (head),  and  is  the
discharge of pollutant j from livestock production (head).
 

2.2.3    Residential sewage
The residential sewage to the discharge of the four pollutants to
the environment was quantified as:
 

Gn = N ×Fn (4)
Gn

N Fn

where,  is  the  amount  of  rural  residential  sewage discharge
(kt·yr−1);  is the population (thousand people), and  is the
rural residential  sewage discharge coefficient,  which was 30.34
(L per person per day) (Table S2).

Gpn

The  amount  of  pollutant  discharge  from  rural  residential
sewage  was calculated as:
 

Gpn =Gcn × (1− θ×ηn) (5)
Gpn Gcn

θ

ηn

where,  is  the  pollutant  discharge  (t·yr−1),  is  the
pollutant  production  (t·yr−1),  is  the  proportion  of
administrative  villages  where  sewage  is  treated,  and  is  the
comprehensive pollutant removal rate.

Site  visits  to  the  wastewater  treatment  plants  revealed  that
treated wastewater is  discharged directly downstream of Erhai
Lake  Basin,  bypassing  the  lake  entirely.  Therefore,  the  sewage
treatment  rate  considered  to  be  100%.  However,  untreated
sewage  is  discharged directly  into  Erhai  Lake  due  to  damaged
pipelines (Fig. S4).
 

3    Results
  

3.1    Situation of pollutants discharging in the Haixi
Region
The  total  NH3-N,  TN,  TP  and  COD  from  all  sources  (crop

production,  livestock production and residential  sewage)  were
72.9,  264.1,  29.2,  and  1,453.3  t·yr−1,  respectively,  in  the  Haixi
Region  in  2022  (Fig. 1).  For  NH3-N  pollution,  residential
sewage  is  the  largest  contributor,  accounting  for  74%  of  the
three  sources(crop  production,  livestock  production  and
residential sewage)of discharge. The second-largest contributor
is livestock production, accounting for 15% of the total NH3-N
discharge  (Fig. 1(a)).  For  TN  pollutant,  crop  production
accounted  for  45%  of  total  TN  discharges  at  120.1  t·yr−1 and
livestock  production  accounted  for  25%  at  66.5  t·yr−1

(Fig. 1(b)). For TP pollutants, livestock production is the main
source  of  TP  discharge  accounting  for  52%  of  the  total  TP
discharge  at  15.1  t·yr−1 (Fig. 1(c)).  For  COD  discharge,  the
largest contributor was livestock production, which accounted
for 71% of the total COD discharge at 1.03 kt·yr−1, followed by
residential sewage at 423 t·yr−1 (Fig. 1(d)).
 

3.2    Spatial distribution characteristics of different
types of pollutants in the Haixi Region
Pollutant  discharges  differed  between  towns  in  the  Haixi
Region in 2022 (Table 1). For NH3-N pollutants, the township
with  the  highest  discharge  was  Dali,  with  16.2  t·yr−1,  followed

 

 
Fig. 1    Amounts  of  NH3-N  (a),  TN  (b),  TP  (c),  and  COD  (d)
discharges  from  residential  sewage,  crop  production  and
livestock production.
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by Shangguan and Taihe, with 15.1 and 14.3 t·yr−1, respectively.
The lowest  discharge was observed in Yinqiao,  with 3.5 t·yr−1.
For  TN discharge,  the  second-largest  discharge  area  was  Dali,
with  46.1  t·yr−1.  The  secondary  source  of  TP  and  COD
discharge was Xizhou, with 4.6 and 231 t·yr−1, respectively. The
town with the lowest TN and TP discharges was Xiaguan, with
12.9  and  1.5  t·yr−1,  respectively.  The  town  with  the  smallest
COD  discharge  was  Yinqiao,  with  59.7  t·yr−1.  For  the  four
pollutant  discharges,  the  greatest  discharge  was  from
Shangguan,  which  is  likely  related  to  its  developed  livestock
industry (Fig. S2).

The  discharge  of  the  four  pollutants  differed  between  various
sources  in  the  towns  (Table 1).  For  NH3-N  pollutants,
residential  sewage  was  the  largest  contributor  in  all  towns
except  Shangguan in  2022.  Although Taihe  and Xiaguan have
higher  levels  of  residential  activity,  the  low  rate  of  sewer
systems pipe damage results in low discharges from residential
sewage  (Fig.  S4).  The  primary  source  of  discharges  for  the
remaining three pollutants (TN, TP and COD) was Shangguan.
For  TN  pollutant,  crop  production  was  the  main  source  in
Xizhou,  Wanqiao,  Yinqiao  and  Dali.  The  main  sources  of  TP
and  TN  were  similar  in  Wanqiao  and  Yinqiao.  In  Taihe  and
Xiaguan,  the  predominant  discharge  sources  of  TN  and  TP
were residential sewage in 2022. In Xizhou and Dali, the main
TP discharge sources were livestock production and residential
sewage, respectively. For COD pollutants, the main source was
livestock production in all towns, except Dali and Taihe.
 

3.3    Pollutant discharges from different crop and
livestock types
Pollutant  discharge  differed  between  crop  types  (Fig. 2).  The

NH3-N,  TN and  TP from crop  production  were  8.1,  120,  and
7.5  t·yr−1 in  the  Haixi  Region  in  2022  (Fig. 1).  In  particular,
maize,  vegetables  and  beans  production  accounted  for  over
75%  of  the  TN  discharge  from  crop  production.  Maize  and
vegetables  production  led  to  NH3-N  discharges  of  2.7  and
2.6 t·yr−1, respectively. This may be due to the high amount of
nitrogen fertilizer applied in maize and vegetables production,
with  619  and  448  kg·ha−1,  respectively  (Fig.  S3).  Vegetables,
maize, beans and rice accounted for over three-quarters of the
TP discharge in 2022 (Fig. 2(c)). The application of phosphorus
fertilizer  to  these  four  crops  decreases  in  sequence  (Fig.  S3).
Additionally,  the  significant  areas  of  maize,  vegetables  and
beans production in the Haixi Region contribute to these three
crop types having the highest discharges (Fig. S2)

Pollutant discharge also differed between animal types (Fig. 2).
NH3-N, TN, TP and COD from livestock production were 10.8,
66.5,  15.1 and 1030 t·yr−1,  respectively,  in the Haixi  Region in
2022  (Fig. 1).  Dairy  cattle  farming  was  the  largest  contributor
among  livestock  production,  with  NH3-N,  TN,  TP  and  COD
discharges  of  7.6,  42.1,  11.1,  and  641  t·yr−1,  respectively.
Additionally,  pig  farming  contributed  a  significant  portion,
accounting  for  13%–21%,  while  the  contributions  of  laying
hens,  broilers  and beef  were smaller.  Pollutant discharge from
the farming of these three animals accounted for 10%–25%.

Differences  in  pollutant  discharge  from  different  crops  were
investigated  between  towns  (Fig. 3).  The  largest  NH3-N
discharge  from  crop  production  was  observed  in  Wanqiao,
with 1.7 t·yr−1 (Fig. 3(a)).  The largest  TN discharge from crop
production  was  observed  in  Wanqiao,  with  25.3  t·yr−1

(Fig. 3(b)).  The  highest  pollutant  discharge  from  crop
production occurred in Wanqiao due to the high level of crop

 

Table 1    Pollutant discharge by towns and proportions of different discharge sources (unit: t·yr−1)

Discharge source Pollution Xiaguan Taihe Dali Xizhou Wanqiao Yinqiao Shangguan Total

Crop production NH3-N 0.2 0.5 1.6 1.4 1.7 1.1 1.6 8.1

TN 2.7 8 23.7 21.4 25.3 15.7 23.3 120.1

TP 0.2 0.5 1.5 1.4 1.7 1 1.3 7.5

Livestock production COD 58.9 87.5 29 155.1 66.8 42.2 591 1030

NH3-N 0.6 0.7 0.2 1.4 0.5 0.2 7 10.8

TN 4 4.8 1.7 9.7 3.8 1.9 40.6 66.5

TP 0.8 1.1 0.3 2.1 0.7 0.4 9.7 15.1

Residential sewage COD 33.8 102 112.8 75.5 30.4 17.4 51.2 423.1

NH3-N 4.3 13 14.4 9.6 3.9 2.2 6.5 54

TN 6.2 18.7 20.6 13.8 5.6 3.2 9.4 77.5

TP 0.5 1.6 1.8 1.2 0.5 0.3 0.8 6.6
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production.  It  is  possible  that  the  sown  area  of  Wanqiao
reached 3.42 kha, which was the largest percentage of the sown
area  of  all  the  towns  in  the  Haixi  Region.  Wanqiao  had  the
highest TP discharge, with 1.7 t·yr−1, with beans and vegetables
production accounting for about 50%. Maize planting was the
primary contributor to pollutant discharge in the north of  the
Haixi  Region,  and  vegetables  planting  was  the  primary
contributor in the south. The main crop in Xiaguan Town was
fruit  trees.  Although  the  amount  of  fertilizer  applied  was  the
highest, the area of the fruit tree production is small (Fig. S3).

Differences in pollutant discharge from different animals were
investigated  between  towns  (Fig. 4).  The  largest  pollutant
discharge  from  livestock  production  was  observed  in
Shangguan  (Fig. 4),  which  is  closely  related  to  the  level  of
livestock  production.  NH3-N,  TN,  TP  and  COD  discharge
from livestock production in this  town amounted to 7.0,  40.6,
9.7,  and  591  t·yr−1,  respectively.  The  main  source  of  NH3-N
discharge  in  Shangguan,  Xizhou  and  Taihe  was  dairy  cattle.
The  main  source  of  NH3-N  discharge  in  Xiaguan,  Dali  and
Wanqiao was pig production, accounting for 41%–45% in each
town.  The  main  source  of  NH3-N  discharge  in  Yinqiao  was
broiler production, accounting for over 32%. The main source
of TN discharge from livestock production was similar to that
of  NH3-N.  The  primary  source  of  TP  discharge  in  Dali  and
Wanqiao  was  laying  hens,  accounting  for  31%  and  44%,

respectively.  The  primary  source  of  TP  discharge  in  Yinqiao
was  broilers,  accounting  for  48%.  In  other  towns,  the  main
source was dairy cattle. The COD discharge pattern was similar
to that  of  TP,  except  for  Taihe,  where the primary source was
layer hens.
 

4    Discussion
  

4.1    Comparison with other studies
We calculated the discharge of the four pollutants following the
approach  prescribed  by  the Handbook  of  Methods  and
Coefficients  for  Statistical  Surveys  of  Discharge  Sources.  This
approach  provided  critical  insights  into  the  discharge  amount
of  different  pollutants  and  their  spatial  distribution,  focusing
on  main  crop  and  animal  types  to  propose  strategies  for
reducing  pollutant  discharge.  Meanwhile,  the  results  of  this
study are reliable for the following reasons:

First,  by  focusing  on  the  spatial  characteristics  of  pollutant
discharge,  we  compared  the  spatial  distribution  of  pollutant
discharge  in  the  Haixi  Region  with  existing  research  findings.
In  terms  of  the  spatial  patterns  of  pollutant  discharge,
Shangguan  was  identified  as  most  problematic  area  for
pollutant  discharge.  These  findings  are  consistent  with  results
reported in previous studies[25].  The northern part  of  the area

 

 
Fig. 2    Proportion of pollutant discharge by different crops and animal types.
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has  higher  pollutant  loads  compared  to  the  south,  which  is
similar  to  the  findings  of  Xu et  al.[26] and Gong et  al.[27].  The
Dali Water Environment Monitoring Center also indicates that
northern rivers discharge more pollutants than southern rivers.
This  may  be  related  to  the  higher  prevalence  of  livestock
production  in  northern  towns,  such  as  Shangguan.  This  is
primarily  because,  in  the  northern part  of  the  basin,  pollutant
discharge  from  crop  and  livestock  production  are  the  main
factors  affecting  water  quality,  whereas  in  the  southern  part,
economic development and rapid urbanization are the primary
factors (Fig. 4).

Second,  we compared pollutant  discharge data  obtained using
different  methods  over  the  last  two  years.  The  results  of  this
study indicate that vegetables,  maize and beans were the main
contributors  to  pollutant  discharge  from  crop  production,

whereas dairy cattle and pigs were the primary contributors to
pollutant  discharge  from  livestock  production.  These  findings
are consistent  with the results  of  studies  by Peng et  al.[28] and
Wang et al.[29]. Also, damaged sewage treatment facilities were
identified  in  residential  areas  through  our  farmer  surveys,
potentially  leading  to  increased  pollution  discharge.  The
change of NH3-N may also be related to this.

Third,  our  study  is  generally  consistent  with  that  of  Zou
et  al.[23],  but  there  are  some  subtle  differences.  For  example,
using a substance flow model output results it was shown that
TN output is the highest in Dali within the crop and livestock
system.  This  may  be  attributed  to  their  consideration  of
meteorological  factors,  soil  types,  geological  conditions  and
other  factors  influencing  the  quantification  of  pollutant
processes.

 

 
Fig. 3    Distribution of NH3-N (a), TN (b), and TP (c) discharges from cultivated land in towns and proportion of pollutant discharge by different
crop types.
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Fig. 4    Distribution  of  NH3-N  (a),  TN  (b),  TP  (c),  and  COD  (d)  discharges  from  livestock  production  in  towns  and  proportion  of  pollutant
discharge by different animals.
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It  should be noted that our study involves some uncertainties.
For example, the discharge coefficients for pollutant discharge
from crop and livestock production are still based on empirical
data  from  Yunnan  Province.  Additionally,  the  government
notice, “Regarding  Further  Strengthening  of  Erhai  Lake
Protection  Measures” of  2017,  explicitly  prohibits  aquaculture
in  Erhai  Lake  and its  surrounding  lakes.  Therefore,  this  study
did not consider discharge from aquaculture. Nonetheless, this
should  not  result  in  significant  deviations,  as  the  primary
factors, such as crop types, fertilizer application rates, livestock
numbers  and  rural  resident  population  were  collected  from
field data specific to the Haixi Region of the Erhai Lake Basin.
 

4.2    Outlook on pollutant discharge control
The  water  quality  of  Erhai  Lake  is  closely  related  to  human
activities  and  water  quality  policy[15].  Taking  Haixi  Region  of
Erhai  Lake  Basin  as  an  example,  this  study  calculated  the
environmental  discharge  of  pollutants  from  production
activities  related  to  different  crops  and  livestock  types.  Based
on the analysis of relevant policies in the Erhai Lake Basin and
the  calculation  of  pollutant  discharge  from  different  sources,
management  measures  are  proposed  to  reduce  non-point
source pollution. These suggestions would provide support for
the  three-year  action  plan  to  combat  agricultural  non-point
source pollution in the Erhai Lake Basin.

First, based on the spatial distribution, the northern part of the
Haixi  Region  is  significantly  affected  by  livestock  production,
especially Shangguan, where the level of livestock production is
relatively  high.  In  addition,  the  nutrient  flow  into  the  aquatic
ecosystem  is  directly  related  to  the  density  of  animal
stocking[30].  Various types of pollutants discharged from dairy
cattle,  as  the  main  source  of  discharge  from  livestock
production,  account  for  more  than half  of  the  total  discharge.
Therefore,  farming  management  should  be  a  key  focus.
Measures such as comprehensive ammonia treatment[31,32] and
improved  dairy  cattle  feed[33,34] should  be  implemented  to
reduce  pollutant  discharge.  Crop  production  is  more
prominent  in  the  northern  and  central  parts  of  the  Haixi
Region.  According  to  the  results  of  pollutant  discharge  from
different  crops  (Fig. 4)  and  fertilizer  application  practices
(Fig.  S3),  management  measures  should  be  prioritized  for
maize, vegetables and beans. Previous studies have shown that
the rice-wheat rotation systems reduce N and P runoff losses in
Taihu  Lake  Basin[35].  Similarly,  pollutant  entry  into  water
bodies can be reduced by optimizing planting structures in the
Erhai Lake Basin. Husain et al.[36] found that yields of rice-fava
beans  rotations  can  be  increased  and  environmental  nutrient
losses  can  be  decreased  by  reducing  urea  inputs  and  using

refined  organic  fertilizers  in  combination.  Therefore,
appropriate  fertilizer  application  practices  can  reduce
environmental  nutrient  losses[37].  Similarly,  rational
improvement  of  fertilizer  application  practices  for  vegetables,
maize  and  beans  and  use  of  suitable  planting  practices  in  the
Erhai  Lake  Basin  can  help  reduce  pollutant  discharge  from
crop  production.  In  the  southern  part  of  the  Haixi  Region,
pollutant  discharge  is  significantly  affected  by  residential
sewage. In the Erhai Lake Basin, the direct discharge of sewage
into  the  lake  is  prohibited.  However,  NH3-N  discharge  from
residential  sources  remains  the  highest.  The  water  quality  of
the  lake  is  closely  related  to  the  population  density  in  the
surrounding areas[38] and residential discharge sources are the
primary  contributors  to  non-point  source  pollution  in  the
Erhai  Lake  Basin.  Therefore,  the  prevention  and  control  of
non-point  source  pollution  remains  a  priority[39].  During  our
farmer  surveys,  we  found  that  although  all  towns  have
implemented  separate  sewage  systems  and  interceptors,  some
pipeline  networks  are  still  damaged  (Fig.  S4).  Therefore,
regular  strengthening  of  municipal  pipeline  inspections  and
repairs are necessary to reduce sewage discharge into the lake.
Although the causes of resident sewage discharge are complex,
strengthening  the  process  of  urbanization  and  improving
education  levels  can  help  reduce  sewage  discharge  from  rural
residents[40].

Second,  our  study  approach  is  helpful  for  comprehensively
analyze  emissions  of  various  pollutants  for  more  precise
control.  A  comparison  of  different  literature  sources  reveals
that while hydrological models such as HEC-HMS can be used
to  estimate  the  hydrological  responses  of  lake  basins,  they  do
not  directly  simulate  pollutant  loads.  Conversely,  specialized
models  for  non-point  source  pollution  calculation  (e.g.,
SWAT)  can  accurately  quantify  pollutant  discharges  but
require  numerous  parameter  updates[41].  Additionally,  many
studies  focus  on  the  calculation  of  nitrogen  and  phosphorus
pollution[42],  neglecting  the  estimation  of  NH3-N  and  COD.
The  method  prescribed  by  the Handbook  of  Statistical  Survey
Methods  and  Coefficients  for  Discharge  Sources is  a  parameter
calculation  method.  Through  surveys  on  local  agricultural
activity  levels  and the implementation of  relevant policies,  the
parameters  were  updated  to  simultaneously  quantify  multiple
pollutants.  This  study identified key areas  for  management by
analyzing the discharge of various pollutants together, allowing
for more precise control.

Third, this methodology can be used as an assessment tool for
pollutant  abatement  measures  related  to  crop  production,
livestock production and residential activities in the Erhai Lake
Basin.  By  simultaneously  quantifying  multiple  pollutants,
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pollutant emissions can be effectively reduced through regional
management and control  of  different  pollution sources.  These
strategies  deserve  attention  and  policy  support  from  the  local
government.  This  will  significantly  improve  the  water
environment  of  Erhai  Lake  and  provide  the  local  government
with effective strategies for the prevention and control of non-
point source pollution. For crop production, the Haixi Region
and  the  Erhai  Lake  Basin  continue  to  develop  the  rice-faba
beans  rotation  model,  and  slow-release  bulk  mixed  fertilizers
designed  specifically  for  target  crops  and  soils[43–45].  These
methods  can  effectively  reduce  nitrogen  and  phosphorus
runoff  losses,  with  studies  showing  a  reduction  in  nitrogen
runoff by up to 30% and phosphorus by 25% under optimized
crop  rotation  and  fertilizer  application  practices[43].  For
livestock  production,  except  the  need  to  give  attention  to
nitrogen and phosphorus emissions from livestock and poultry
manure,  there  is  also  a  need  to  give  attention  to  antibiotic
pollution. Research indicates that antibiotic resistance genes in
livestock  waste  can  increase  by  up  to  50%  without  proper
management,  highlighting  the  importance  of  integrated  waste
management  strategies[46].  Therefore,  it  is  possible  to  reduce
the impact of various types of pollution on the environment by
adjusting  livestock  feed.  In  addition,  it  is  a  method  to  reduce
pollutants discharge to water that realized the scientific return
of  livestock  and  poultry  manure  to  the  field.  Finally,  the
implementation  of  tail  drain  water  treatment  can  effectively
reduce  the  discharge  of  pollutants,  but  attention  needs  to  be
paid  to  improve  the  utilization  rate  of  wastewater  treatment
facilities, regular inspection of pipeline network equipment and
other operating conditions[47].
 

5    Conclusions
 
This  study  focused  on  agricultural  problem  areas  and  critical

locations  for  pollutant  entry  into  the  lake  in  the  analysis  of
three  major  discharge  sources,  while  comprehensively
quantifying  the  discharge  of  various  pollutants,  and  proposes
relevant  pollution  control  strategies  based  on  the  accounting
results.  In  different  pollutant  discharge  contexts,  NH3-N  load
was  found  to  range  from  3.5  to  15.1  t·yr−1 in  various  towns.
The largest contributor was found to be residential sewage. The
TN load in the Haixi Region ranges from 12.9 to 73.3 t·yr−1 in
various towns, with crop production as the largest contributor.
The  TP  load  ranged  from  1.5  to  11.7  t·yr−1 in  various  towns.
Livestock production was the main contributor to TP discharge
in  the  Haixi  Region.  The  main  contributor  to  COD discharge
was  also  livestock  production.  Spatially,  Shangguan  is  a  key
area  for  the  control  of  all  pollutants,  primarily  considering  its
developed  livestock  industry.  In  addition,  analyzing  pollutant
discharge by different crop and animal types, vegetables, maize
and beans were identified as the main contributors to discharge
by  crop  production  and  dairy  cattle  and  pigs  were  the  main
contributors  to  discharge  by  livestock  production.  Therefore,
sustainable  production  practices  should  be  examined  and
optimized for these crop and livestock types.

In  the  future,  the  following  issues  require  further  exploration:
strengthening  the  supervision  of  fertilizer  application,
prioritizing  the  improvement  of  the  production  of  maize,
vegetables and beans; and developing suitable planting models.
Pollutant  discharge  can  be  reduced  by  optimizing  the  free-
range farming system. Additionally, special attention should be
given  to  improving  dairy  cattle  farming.  The  inspection  and
repair  of  wastewater  treatment  facilities  should  be
strengthened.  Discharge  can  be  reduced  by  increasing  the
education  and  knowledge  of  residents,  thereby  raising
awareness and achieving emission reduction.
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