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Summary
Lake Dianchi is an important source of fresh water for human needs in Yunnan province of
China. However, the water quality of the lake is poor, and the lake is highly eutrophic. Algal
blooms happen frequently due to high concentrations of phosphorus (P) and nitrogen (N). This
is because rivers export increasing amounts of N and P to the lake. As a result, the clean water
availability for cities and agriculture has declined. High concentrations of N and P in the lake
are largely related to intensive human activities on land. These are agriculture, urbanization
and mining that add N and P to rivers which further export these nutrients to the lake. The
local government has tried to reduce nutrient-related problems in the lake. However, the
efforts do not work so well. Therefore, there is a need to better understand the effects of the
environmental policies and technologies to reduce future river export of N and P to the lake
and thus to reduce eutrophication problems.
The objective of this thesis is to analyse the effects of environmental policies and technologies
on reducing future river export of nutrients from sub-basins to Lake Dianchi. To reach the main
objective, three research questions are formulated below:
1. What environmental policies and technologies exist to reduce nutrient pollution in
Lake Dianchi?
2. What is the river export of nutrients to Lake Dianchi in the future?
3. What are the effects of environmental policies and technologies on reducing future
river export of nutrients to Lake Dianchi?
The first research question was answered through a literature review. Recent environmental
policies and technologies to reduce water pollution of Lake Dianchi were reviewed. I
implemented the MARINA-Lake model to answer the second and third research questions.
MARINA stands for a Model to Assess River Inputs of Nutrients to seAs. The model was
developed for China. This model has been recently implemented to Lake Dianchi for 2012 by
Li et al., (2019). I used the version of Li et al., (2019) to quantify river export of dissolved
inorganic (DIN, DIP) and organic (DON, DOP) N and P to the lake for 2050. For the second
research question, SSP3 (the Shared Socio-economic Pathway 3) was used to reflect the worstcase conditions in the lake catchment. For the third research question, I developed four
alternative scenarios relative to SSP3. The first alternative scenario assumes implementation
of the current environmental policies in agriculture and sewage (CP). The second and third
alternative scenarios assume implementation of advanced technologies to treat wastewater
in sewage systems (AS1) and improved nutrient management in agriculture and mining (AS2),
respectively. The fourth alternative scenario (AS3) combines AS1 and AS2.

Environmental policies aim at reducing water pollution problems from agriculture, mining and
sewage systems. Environmental technologies aim largely at increasing nutrient removal
efficiencies of wastewater treatment in sewage systems. Two main directions of the
environmental policies are identified: policies for improving nutrient management on land and
policies for improving water quality. National environmental policies form the basis of the local
policies for reducing nutrient pollution in Lake Dianchi. “Zero growth in synthetic fertilizer use
after 2020” is an example of the national environmental policy for improving nutrient
management on land. This policy sets targets for manure recycling (60% in 2020) and for zero
growth in fertilizer use after 2020. An example of the local policy is “Lake Dianchi protection
and management in 2018”. This policy sets water quality improving targets by 2020. There are
local policies aiming to eliminate mining activities around the Lake Dianchi. In general, the
local government aims to increase the number of people with sewage connections and
thereby improve nutrient removal efficiencies. Current removal efficiencies (mostly are
primary or secondary technologies) in the existing wastewater treatment plants do not match
the requirement of recent policies (tertiary technology).
According to SSP3, river export of nutrients to Lake Dianchi is projected to increase by 1.4-4.4
times between 2012-2050. Point sources are responsible for over half of the nutrients in the
lake, except for river export of DIN where the use of synthetic fertilizers is also important. Over
half of DON and 80% of DIP in the lake is expected to result from sewage systems in 2050.
Direct discharges of manure and human waste is simulated to remain important sources of
DOP in the lake. In general, agricultural-related sources are projected to be an important cause
of DIN (synthetic fertilizers) and DOP (direct discharges of manure) in rivers of the middle and
southern sub-basins. Mining is expected to contribute to DIP in the southern rivers. Sewage
systems may contribute to DIN, DON, DIP and DOP in rivers of the northern sub-basins.
Current policies are projected to reduce river export of nutrients to the lake by 2050 compared
to SSP3, but not to below the level of 2012 (the CP scenario). This CP scenario assumes
implementation of the following current policies: “Zero growth in synthetic fertilizer use after
2020”; “National urban sewage treatment and recycling planning in 13th Five-Year”; “Notice
on closure, management and restoration of stone and sand quarries in Lake Dianchi valley and
Xishan key protected areas”. The CP scenario projects lower river export of nutrients than SSP3
for three reasons. First, current policies are expected to increase the manure recycling rate
and reduce direct discharges of manure to rivers in 2050. Second, the use of synthetic
fertilizers is projected to reduce by 2020 and stay at the level of 2020 in 2050. This is different
in SSP3 where the use of synthetic fertilizers is projected to increase by 26% from 2012 to 2050.
Third, more people are projected to be connected to sewage systems, but with slightly
improved nutrient removal efficiencies in 2050 compared to 2012 according to the CP scenario.
In SSP3, nutrient removal efficiencies are assumed to be lower than in CP.

It is possible to reduce future river export of dissolved inorganic and organic N and P to below
the level of 2012 in the alternative AS3 scenario, because AS3 assumes implementation of
both improved nutrient management in agriculture and best available technologies for
wastewater treatment. This is different for AS1 (effects of best available technologies) and AS2
(effects of improved nutrient management in agriculture) where the reduction effects vary
among nutrient forms and sub-basins. Improving treatment of the wastewater (AS1) is
effective to reduce future river export of DIP and DON, especially in the northern part of the
lake. Implementing improved nutrient management in agriculture (AS2) is effective to reduce
future river export of DIN and DOP from the middle and southern sub-basins. Forbidding
mining activities (AS2) is simulated to reduce river export of DIP from individual sub-basins in
the south.
The results of this thesis show the effects of the improved nutrient management in agriculture
and improved technologies for reducing future river export of nutrients to Lake Dianchi.
Implementing both policies and improved technologies projects to reduce nutrient pollution
of the lake to below the level of 2012. This is promising. Results show that it is possible to
reduce 41% of the gap between the nutrient pollution in 2050 and the critical nutrient level to
avoid eutrophication. These insights are useful for policy-makers to formulate effective policies
to reduce eutrophication of the lake.
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CHAPTER 1: Introduction
1.1 Background
Lake Dianchi is located in Yunnan province, China. It is the eighth largest lake in China and the
largest freshwater lake in Yunnan. The lake plays an important role for the cities. This is
because water from the lake was mainly used for human needs such as drinking, industrial
purposes and agriculture (Gu et al., 2016). However, the water quality of the lake has been
deteriorating since the 1970s (Liu and Qiu, 2007). As a result, the lake has been suffering from
serious eutrophication problems such as harmful algal blooms over the past years. Algal
blooms happen frequently in this lake area due to a relatively high concentration of
phosphorus (P) and nitrogen (N) (Tong et al., 2017).
High concentrations of N and P in the lake is largely related to intensive human activities on
land. These human activities include residential and industrial sewage, fertilizers usage for
agriculture and phosphate mining (Huang et al., 2014; Li et al., 2019). These activities
discharge large amounts of nutrients to rivers (more information in section 1.2). Rivers export
the nutrients to the lake. However, large amounts of nutrients stay in the lake because of
limited number of outflows. This has contributed largely to eutrophication of the lake (Huang
et al., 2014; Wang et al., 2016; Gao et al., 2015; Zhou et al., 2014).
Many studies have been carried out for Lake Dianchi. They mainly focus on monitoring and
modelling water quality as well as lake management (Liu et al., 2009; Gao et al., 2014; Liu,
Chen and Mol, 2004; Zhou et al., 2015; Liu& Qiu, 2007). However, a few studies exist on how
river export of nutrients from sub-basins influence water quality of the lake in the future. Li et
al., (2019) quantified river export of nutrients by source from sub-basins to Lake Dianchi for
the year 2012. However, future trends in river export of nutrients are not well studied. In
addition, the effects of implementing environmental policies and technologies on lake quality
in the future are not well understood. Therefore, knowledge is lacking on a better
understanding of the future trends in river export of nutrients to Lake Dianchi, and the effects
of the environmental policies and technologies to reduce lake pollution in the future.

1.2 Nutrient sources
According to Li et al (2019), in 2012, the main sources of nutrients in Lake Dianchi are from
cities (north), agriculture (south) and mining (south). In the northern sub-basins, human
excretion from sewage systems in cities is the main pollution source of nutrients in rivers
draining into the lake. In the southern part, most of the nutrients in rivers come from
agricultural activities such as use of synthetic fertilizers. Mining and its processing are
important sources of phosphorus in the rivers located in the south part. Only in the year 2012,
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fertilizer usage generated approximately 1473 tons dissolved inorganic nitrogen (DIN) and 17
tons dissolved inorganic phosphate (DIP), sewage systems produced 2543 tons of dissolved
nitrogen, mining added 63 tons of DIP to Lake Dianchi (Li et al., 2019). Therefore, it is important
to improve sewage treatment systems, increase the efficiency of nutrient use in agriculture
and improve manning activities to reduce nutrient export from sub-basins to the lake. The
effects of these improvements are not well studied for Lake Dianchi.

1.3 Policies and technologies
The national and local government have spent a lot of efforts to solve the eutrophication
problem of the lake over the past decades. The lake is included in a national environmental
project called “Three rivers and three lakes” since 1996. National plans are published every
five years. These plans set goals to improve the water quality of the lake to meet the national
standard of Water quality for Surface Water (GB3838-2002) (Liu &Wang, 2016). In 1999, local
policy “Zero o’clock action” was published to control wastewater emission from companies
around the lake watershed (Zhang et al., 2014). Since 2006, projects such as wastewater
collection and treatment, sediments dredging have been introduced to improve the water
quality of the lake. These projects have spent about 2.8 billion USD (Liu and Wang, 2016).
Recently, the Chinese government has already realized the importance of controlling nutrient
inputs to water systems from agriculture. For example, in 2015, the Ministry of Agriculture
published a policy “Zero growth action plan for fertilizer use by 2020” to help with the
sustainable development of agriculture (Ministry of Agriculture of the People’s republic of
China, 2015). One of the principles of the plan is reducing unreasonable fertilizer usage and
improve the efficiency of the nutrient use in synthetic fertilizers. However, according to Wang
et al. (2016), this national policy is not very effective in reducing nutrient losses from
agriculture to the environment. Besides, this year (2018), Kunming City introduced a local
policy named “The implementation plan of the three-year action on protection and
management of Lake Dianchi”. This plan is valid from 2018 to 2020. Approximately 2.05 billion
USD are planned to be invested in the plan in three years. To assess how effective these policies
are, a better understanding of the environmental policies for Lake Dianchi is in need (See
chapter 2 for details).
Sewage systems management is also important in urban area to reduce future nutrient
pollution in Yangtze River to the levels below 2000 (Strokal et al., 2017). According to the
Dianchi Bureau of Kunming city, the local government has already realized the importance of
sewage system management, as the number of wastewater treatment plants has increased
over last years. In Kunming, 20 sewage treatment plants (water purification plants) treated
more than 52 million cubic meters of sewage in 2017 (Xinhua, 2018). According to the Dianchi
Bureau of Kunming city, these sewage treatments consist of three levels of treatment. The first
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level of the treatment removes the suspended solid pollutants in the sewage. The second level
of the treatment removes the colloids and dissolved organic pollutants (BOD, COD) in the
sewage. The third stage of the treatment further deals with the in-degradable organics
(nitrogen, phosphate, in-biodegradable organic, minerals and pathogens etc.), nitrogen and
phosphorus which can lead to the eutrophication of water. However, the nutrients removal
was ineffective, for example, the removal rate of ammonia nitrogen was only 37% in 2012
(Ministry of Housing and Urban-Rural Development of the People's Republic of China, 2013).
Therefore, it is highly needed to develop and implement new technologies to remove nitrogen
and phosphorous (Jin et al., 2014).

1.4 Modelling nutrient export
Several models exist to quantify nutrient flows from land to rivers and lakes in China (Lewis et
al., 2007; Gao et al., 2014; Strokal et al., 2016, b; Ma et al., 2010). Water quality models exist
with different spatial and temporal level of detail (e.g., SWAT, SPARROW, IMAGE-GNM) (Parton,
1998; Buesen et al., 2015). The Global NEWS-2 model is one of them and calculates river
export of N and P by source for over 6000 rivers in the world (Mayorga et al., 2010, Seitzinger
et al., 2010). Global NEWS-2 stands for Global Nutrient Export from Water Sheds. A
downscaled version of Global NEWS-2, the MARINA model, was developed for China with
better modelling of animal and human waste (Strokal et al., 2016). MARINA stands for Model
to Assess River Inputs of Nutrients to seAs. The MARINA model provides the possibilities of
studying on the environmental effects of agriculture industrialization of livestock and
urbanization in a quantitative and spatial explicit way (Strokal et al., 2016). Strokal et al., (2017)
studied the future trends in river export of nutrients to the Chinese seas. They explored
optimistic scenarios to reduce nutrient pollution in six large rivers in China and thus coastal
eutrophication.
Recently the MARINA-Lake model has been implemented to Lake Dianchi for the year 2012 (Li
et al., 2019). They linked the ecosystem PCLake model with the nutrient MARINA-Lake model
to better understand the impact of nutrient loadings on the lake. This research opens an
opportunity to analyse the future trends for Lake Dianchi with MARINA-Lake.

1.5 Research objective and questions
The objective of this thesis is to analyse the effects of environmental policies and technologies
on reducing future river export of nutrients from sub-basins to Lake Dianchi. To reach the main
objective, three research questions are formulated below:
1. What environmental policies and technologies exist to reduce nutrient pollution in Lake
Dianchi?
2.

What is the river export of nutrients to Lake Dianchi in the future?
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3. What are the effects of environmental policies and technologies on reducing future river
export of nutrients to Lake Dianchi?

1.6 Study area
Lake Dianchi located in Yunnan province, southwest of China. The lake is surrounded by high
urbanized, intensive agriculture and mining processing areas. The surface area of the lake is
about 309 km2, with 39 km of length and 13.5 km of width. Annual average depth of the lake
is 4.9m, the maximum depth is 10.1 m, and the volume of the lake is around 13.9 m3 of water
(Li et al., 2019). The watershed area of the lake consists 15 sub-basins (Gao et al., 2014).

Figure 1.1 Lake Dianchi and the sub-basins. Source: Li et al. (2019)

1.7 Structure of the thesis
The thesis is structured as follows. In Chapter 2, I answer Research Question 1: “What
environmental policies and technologies exist to reduce nutrient pollution in Lake Dianchi?”.
In Chapter 3, I answer Research Question 2: “What is the river export of nutrients to Lake
Dianchi in the future?” and Research Question 3: “What are the effects of environmental
policies and technologies on reducing future river export of nutrients to Lake Dianchi?”. Finally,
in Chapter 4, I discuss the results of this study and present the main conclusions.
4

CHAPTER 2: Environmental policies and technologies to
reduce lake pollution
2.1 Introduction
In this chapter, I answer Research Question 1:

Research Question 1: What environmental policies and technologies exist to reduce
nutrient pollution in Lake Dianchi?
The literature review mainly focuses on recent environmental policies and technologies which
can help to reduce the water pollution of Lake Dianchi. These policies include local and
national policies in China and Yunnan province. These policies focus on different aspects that
are related to agricultural activities, mining activities and urbanization. Technologies are from
wastewater treatment processes in cities and manure treatment in rural areas. These
technologies can improve the removal efficiencies of nutrients during treatment. In my
literature review, I focus on the environmental policies and technologies to reduce nitrogen
(N) and phosphorus (P) in rivers draining into Lake Dianchi.
This chapter is structured as follows. First, I present the methodology (section 2.2). Next, I
illustrate the characteristics of the environmental policies and technologies (section 2.3).
Finally, I give answers to RQ1 (section 2.4).

2.2 Methodology
This chapter is written based on literature review. The information sources of these
environmental policies and technologies come from papers and relevant websites. These
papers including research on Chinese agriculture and wastewater treatment technologies. I
collected the information on the technologies in combination with help of the experts. The
relevant websites include the Chinese national and local governmental websites and official
news websites.

2.3 Environmental policies and technologies
2.3.1 Environmental policies
According to the State Council of the People's Republic of China (2016), Chinese government
plans to build up a healthy China till 2030. Under this context, a series of policies are published.
In this study, I focus on environmental policies on the lake. In my literature review, I divided
the environmental policies into two directions according to policy goals. These are the national
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or local policies for human activities on land and for water quality. They have different time of
introduction and implementation (Table 2.1).
Policies for human activities focus on nutrient management in agriculture, urbanization and
mining. Thus, they influence nutrient export to the lake directly or indirectly (Table 2.1). Nine
main environmental policies for human activities are identified in the literature review. Among
these policies, two are national policies for agriculture, and seven are local policies for
agriculture, urbanization and mining. Local policies often follow the national policies. For
example, reducing over-fertilization of agricultural soils by synthetic fertilizers (since 1992) and
increasing manure recycling on land is according to the national policy: “Zero growth in
synthetic fertilizer use after 2020” (from 2015 to 2020). As a result, the local policies call for
improving the nutrient use efficiency in agriculture (from 2016 to 2020). In addition, different
local policies have been introduced since 2013 and call for improving water quality of the
sewage effluent that should meet the standard level A (Total dissolved nitrogen (TN)<15mg/L,
Total dissolved phosphorus (TP)<0.5mg/L). According to “National urban sewage treatment
and recycling planning in 13th Five-Year”, the population connected to sewage systems should
reach to 95% in cities by 2020. Apart from this, in the Lake Dianchi sub-basins, the urban
sewage treatment capacity will be increased by 250,000 cubic meters per day. To reduce
pollutants emitted by mining, the local policies call for closing large mining areas around the
lake (Table 2.1).
Policies for improving water quality in Lake Dianchi set up goals for the water quality of the
lake (Table 2.2). There are two national five-year plans for water quality of Lake Dianchi for the
period of 2010-2015 and 2015-2020. In the 13th five-year plan, the completion of the 12th fiveyear plan is mentioned. According to Kunming people's government of Yunnan province (2016),
during the period 2010-2015, 133 kton of COD, 16 kton of total nitrogen (TN) and 0.2 kton of
total phosphorus (TP) were reduced in Lake Dianchi. The 13th five-year plan provides another
goal for the water quality of the lake. For example, the water quality of Caohai should meet
the water quality standard of Class V by 2018. By 2020, the water quality of Waihai should
meet the water quality standard of Class IV. This goal is also reflected in local policies with
pollutant reduction targets. From 2018 to 2020, 24 kton of COD, 8.5 kton of TN and 0.6 kton
of TP loadings to Lake Dianchi should be reduced.
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Table 2.1 Summarized overview of the environmental policies for nutrient management on land. TN
and TP are the total nitrogen and total phosphorus, respectively. Green, blue and yellow row stands
for rows for the policies on agriculture, sewage and mining, respectively.
Name

Level

Double

High

Agriculture
Zero

growth

National

in

synthetic fertilizer use National
after 2020

Period

Interpretation

Since

Reduce fertilizer use by 30%-60% relative to

1992*

the current practice.

2015-

Manure recycling rate should be 60% in 2020;

2020**

Zero growth in fertilizer use after 2020.

National urban sewage
treatment

and

recycling planning in

References

The percentage of people connected to
National

2015-

centralized sewage systems will reach to 95%

2020**

and 85% in cities and centers of counties,

13th Five-Year

respectively, in 2020.

Li et al., 2017

MOA (2015)

(MDRC

and

MOHURD,
2016)

Effluents to surface waters from urban sewage
treatment facilities should fully meet water
quality standard Aa by the end of 2017
Yunnan province water
pollution

control Local

program

(TN<15mg/L, TP<0.5mg/L);
2016-

By the end of 2020, all counties and cities

2020**

should reach 85% and 95% of treatment rate
of the urban wastewater;
By the end of 2020, the nutrient use

The

Pollution

Prevention
Department of
Yunnan
province (2016)

efficiencies should be more than 30% in
agriculture.
Regulations on urban
discharge and sewage Local
treatment in Kunming

Lake

Dianchi

protection regulations Local
in Yunnan province

Since
2018*

Ensure that the effluent quality meets the
national

and

local

discharge

standard

(TN<15mg/L, TP<0.5mg/L).
Further constructing sewage systems;

in key areas of the "five Local
mining areas" in Lake
Dianchi

watershedsb

Environmental
Protection
Bureau (2018)
Kunming

Since

The sewage effluent after treatment from Dianchi

2013*

main polluters (e.g., industrial factories) Authority
should meet water quality standard A.

Guiding opinions on
vegetation restoration

Kunming

Lake

(2013)
Kunming

Since

The "five mining areas" around Lake Dianchi

2008*

basin should be closed down.

people's
government of
Yunnan
province (2008)
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Table 2.1 Continued.
Name
Notice

Level
on

management

Period

closure,

Interpretation

References

All mining activities around the Lake Dianchi

and

watersheds should be stopped immediately;

restoration of stone
and sand quarries in Local
Lake Dianchi valley and

Since

Work related to the removal of licenses, water

2008*

and power outages, personnel withdrawal,
equipment removal and tailing clean-up will

Xishan key protected

Kunming
government
office (2017)

be completed within 2017.

areasb
Advices of the people's
government of Yunnan

The office of

province on further
strengthening

the

protection and rational
development
phosphate

Local

Since
2008*

of

The production capacity of yellow phosphorus the

people's

and phosphoric acid is controlled within government of
700,000 tons and 4500,000 tons respectively.

Yunnan
province (2008)

mineral

resources
Promoting

the

conservation

and

Protect

and

titanium resources to
protect the ecological
environment of Lake
Dianchi watershedsb

Lake

Dianchi

ecological

environment;

comprehensive use of
phosphorus

the

Local

Since
2008*

Comprehensively promote the conservation
and utilization of phosphorus and titanium
resources in Kunming city;
Build up a resource-saving and environment-

Kunming
People's
Congress
(2018)

friendly society.

a: It was already past requirement but it is included in this five-year plan. It is assumed that it could
fully meet the stardard A by 2017. b: Policies for mining in sub-basins areas of Lake Dianchi are limited.
These policies should be implemented completely or still under implementation. *The Year of the policy
was introduced, **The implementation period of the policy.
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Table 2.2 Summarized overview of the environmental policies for improving water quality.
Name

Level

Period

Interpretation

References
The

Yunnan province water
pollution

control Local

program

2016-

Eliminate 6 inferior Level V water bodies

2020**

such as the Lake Dianchi.

Pollution

Prevention
Department

of

Yunnan province
(2016)

The water quality in Waihai and Caohai
should reach Class IV and V by 2020;

Lake Dianchi protection
and management in Local
2018

2018-

By 2020, 24 ktonof COD, 8.5 kton of

2020**

nitrogen

and

0.6

kton

of

total

phosphorus loadings to Lake Dianchi

Kunming
government
office (2018)

should be reduced.
The 12th five-year plan
for

water

Reduction of pollutants loadings into

and

environmental

National

protection in the Lake

2010-

Lake Dianchi reached at 133 kton of COD,

2015*

16 kton of TN and 2 kton of TP between
2010 and 2015.

Dianchi basins

Kunming
people's
government

of

Yunnan province
(2016)

By 2018, the water quality of Caohai
should meet Class V;

The 13th five-year plan
for

water

By 2020, the water quality of Waihai

and

environmental
protection in the Lake

National

2015-

should meet Class IV (e.g., COD≤40mg/L

2020**

in 2020);

Dianchi basins

Urban

sewage

treatment

capacity

increased by 250,000 cubic meters per

Kunming
people's
government

of

Yunnan province
(2016)

day by 2020.
*The Year of the policy was introduced, **The implementation period of the policy.

2.3.2 Environmental technologies
Technologies to improve sewage treatment are widely studied (Ren et al., 2017; Zhang et al.,
2016). Technologies have different treatment efficiencies to remove nutrients in sewage
influents. In general, treatment efficiencies are classified as low (<35%), medium (35-80%) and
high (>80%) for removing nutrients in wastewater, some widely used technologies are selected
to show in Table 2.3, Table 2.4 and Table 2.5. Examples of the technologies with the low TN
and TP removal efficiencies are the Active Sludge Process and Oxidation Ditch (Table 2.3).
However, the Active Sludge Process is mainly focus on removing suspended solids, Oxidation
Ditch is mainly for removing ammonia nitrogen (Davis, 2004). Their TN and TP removal
efficiencies are around 30% and 45% separately.
Many technologies have nutrient removal efficiencies between 35% to 80%, as shown in Table
2.4. Several updated oxidation ditch technologies including DE Oxidation Ditch, Modified
Oxidation Ditch get higher removal efficiencies than the origin Oxidation Ditch. Based on the
9

Active Sludge process, SBR (Sequencing Batch Reactor Activated Sludge Process) and MBBR
(Moving Bed Biofilm Reactor) have improved removal efficiencies. SBR is widely used in
Chinese wastewater treatment plants with its cost performance (Molinos et al., 2012).
Technologies with over 80% of nutrient removal efficiencies are considered as high efficiency
(Table 2.5). Some technologies could reach very high nutrient removal efficiencies in theory,
such as the Reverse Osmosis (RO) and Anaerobic ammonium oxidation (Anammox). RO is a
pressure driven membrane process to separate dissolved components in permeates, and is
more and more important in industry applications (Wenten et al., 2016; Kucera, 2015).
Anammox is a process directly oxidizes ammonium to dinitrogen gas under anoxic condition,
it is promising to remove nitrogen from wastewater (Tang et al., 2017). When different
technologies are combined with each other, the removal efficiency can increase. Example is
the combined UASB (Upflow Anaerobic Sludge Bed) with CASS (Cyclic Activated Sludge System)
(Table 2.5). UASB is an anaerobic biological method for treating sewage (Lettinga, 1991). CASS
is a batch fill and draw activated sludge process operated in sequences of aeration and
anaerobic which can effectively remove N and P (S. Yaoliang, 1999). Combining UASB and CASS,
the organic load and removal rate are high, and evenly distribute water ensures sufficient
contact between microorganism and substrate (Shi et al., 2015).
Table 2.3 Overview of the selected technologies with low TN and TP removal efficiency (≤35%) (See
also Appendix.A1). Source: Xi et al., (submitted).
Treatment technologies

References

Solid-liquid Separation

Foged et al., (2012); Jie et al. (2017)

Liquid followed by partial
nitrification/denitrification
Liquid followed by flocculation
/sedimentation
Biological Speed Seperation
Filtera

Foged et al., (2012); Qiao et al., (2010)

Foged et al., (2012)

Ge and Cao, (2009); Wang and Li, (2012)

Active Sludge Processb

Du et al., (2000); Huang and Liu, 2000; Liu et al., (1992)

Oxidation Ditchb

Kristensen et al., (2004); Liu et al., (2001); Van Drecht et al., (2003)

a: The nutrient removal efficiency of TN is 75%, but the nutrient removal efficiency of TP is 35%. b: The nutrient
removal efficiency of TP is 45%, but the nutrient removal efficiency of TN is ≤35%.
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Table 2.4 Overview of the selected technologies with medium TN and TP removal efficiency (35%80%) (See also Appendix.A2). Source: Xi et al., (submitted).
Treatment technologies
Double

Effluent

Oxidation

Ditch

References
Pei and Qin, (2010); Yuan and Wang, (2000)

Modified Oxidation Ditch

Kristensen et al., (2004); Liu et al., (2001); Van Drecht et al., (2003)

Orbal Oxidation Ditchc

Yan et al., (1999); Zhang and Zheng, (2009); Hu, (2012); Yan, (2017)

Carrousel Oxidation Ditchd

Guo, (2012); Li, (2003); Liu and Chang, (2002); Li, (2016); Yu, (2013)

Sequencing

Batch

Reactor Huang, (2013); Wang et al., (2013a); Zhu et al., (2010); Jiang et al., (2005); Liu,

Activated Sludge Processe
Cyclic Activated Sludge Systemf

Chen et al., (2005); Zeng, (2011); Li, (2011); Ren et al., (2011); Xiong and Li,
(2003)
Yang and Yan, (2004); Yang and Wu, (2010); Zhang et al., (2011); Zhou, (1997);

Anaerobic/Anoxic/Oxic

Chen et al., (2009); Liu et al., (1992); Yang and Yan, (2004); Zhang, (2013); Zhou,

processg

(1997); Zeng, (2009); Wu et al., (2008); Zhang et al., (2008)

Fine Bubble-aerated Oxidation
Ditch
Secondary

biological

treatment
Moving Bed Biofilm Reactor
Cyclic

(2006); Zhu et al., (2010)

Activated

Sludge

Technology
Biological Aerated Filter
Intermittent Cycle Extended
Aeration
A/Oh (Anoxic/Oxic)

Liu, (2011); Ouyang et al., (2009); Xue et al., (2006)

Kristensen et al., (2004); Van Drecht et al., (2003)
Shen, (2011); Sun et al., (2010); Tang, (2012)
Huang, (2013); Ren and Gao, (2007); Yang, (2014)
Deng et al., (2010); Liu, (2009)
Chen et al., (2008)
Lin, (2011); Liu et al., (1992); Meng, (2008); Ding et al., (2013); Lu et al., (2010);
Rao and Wei, (2013); Wang et al., (2016)

c: Including Orbal Oxidation Ditch and Modified Orbal Oxidation Ditch. d: Including Carrousel Oxidation Ditch and
Modified Carrousel Oxidation Ditch. e: Including SBR and Modified/improved SBR. f: Including CASS and Modified
CASS. g: Including A²/O, Modified A²/O, A²/O+ Biofilm and A²/O+MBR. h: Including A/O and A/O+MBR.
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Table 2.5 Overview of the selected technologies with high TN and TP removal efficiency (≥80%) (See
also Appendix.A3). Source: Xi et al., (submitted).
Treatment technologies

References

Reverse Osmosis

Foged et al., (2012); Jie et al., (2017); Mondor et al., (2008)

Anammox

Foged et al., (2012); Qiao et al., (2010)

Phosphate Precipitation

Foged et al., (2012); Liu et al., (2011); Jaffer et al., (2002); Tervahauta et al.,

(advanced treatment)

(2014)

Biological treatment + Biofilter
Active

Sludge

Process

+

Advanced Oxidation Process

Zhang et al., (2006); Zhao and Xu, (2009)

Kristensen et al., (2004); Oller et al., (2011); Van Drecht et al., (2003)

Oxidation Ditch+ Bio-filter

Kristensen et al., (2004); Van Drecht et al., (2003)

Bardenpho process

Chen and Zhou, (2012); Guo et al., (2008)

Chemical

and

biological

treatment

Kristensen et al., (2004); Van Drecht et al., (2003)

Up flow Anaerobic Sludge Bed
+

Cyclic

Activated

Sludge Kristensen et al., (2004); Shi et al., (2015); Van Drecht et al., (2003)

System
MSBRi (Modified Sequencing Kristensen et al., (2004); Van Drecht et al., (2003); Yan, (2013); Duan et al.,
Batch Reactor)

(2011); Zheng et al., (2009)

MBR (Membrane Bio-Reactor)

Sai, (2011); Tang et al., (2012)

Hybrid Activated Sludge +
Advanced treatment

Kristensen, (2004); Drecht, (2003)

i: Including MSBR and MSBR+ABF.

2.4 Conclusions
In this chapter, I answered Research Question 1 on existing environmental policies and
technologies to reduce lake pollution in China with a focus on Lake Dianchi, Yunnan province.
I answered this research question by doing literature review. Below I summarized the main
outcomes of my literature review.
Two main directions of the environmental policies are identified: policies for improving
nutrient management on land and policies for improving water quality. Policies for nutrient
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management on land are national and local and focus on human activities such as agricultural
activities, mining and sewage systems. For agricultural activities, the main measures are to
reduce over-fertilization of crops without damaging crop production. This requires to reduce
the use of synthetic fertilizers. The national government promotes recycling of animal manure
on land to avoid direct discharges of manure to rivers. The “Zero growth in synthetic fertilizer
use after 2020” is an example of the national environmental policy. This policy sets targets for
manure recycling (60% in 2020) and for zero growth in fertilizer use after 2020. For mining, the
local policies focus largely on reducing the amount of mining activities in the sub-basin area
of the Lake Dianchi. The local policies call for closing mining areas around Lake Dianchi. The
local government is still working on improving the ecological environment in these mining
areas according to Kunming people’s congress in 2018. For sewage systems, the environmental
policies facilitate development of sewage treatment plants. However, the policies are not
specific in the number of the plants to be constructed. Technologies and their efficiencies to
treat wastewater are important part of the sustainable sewage systems (see next paragraph
on technologies). Current removal efficiencies (mostly are primary or secondary technologies)
in the existing wastewater treatment plants do not match the requirement of recent policies
(tertiary technology). In general, the local government aims to increase the number of people
with sewage connections and improve nutrient removal efficiencies.
Environmental policies exist to improve the water quality of the lake. National environmental
policies form the basis of the local policies for reducing nutrient pollution in Lake Dianchi. The
protection and purification of Lake Dianchi are highly valued by the local government. The
“Lake Dianchi protection and management in 2018” local policy is an example, it gives targets
on reducing total nitrogen, total phosphorus and the amount of COD. This policy also gives
goals for the water quality in 2020. For example, the water quality in Waihai should meet the
water quality standards of class IV by 2020. For Caohai, this class should be V.
Different environmental technologies exist to improve wastewater treatment in sewage
systems. These technologies have different nutrient removal efficiencies range from 20% to
99%. The Oxidation Ditch technology is one of the examples with 35% of nitrogen removal
efficiency and 45% of phosphorus removal efficiency. It is widely used in small towns in Yunnan
province (Wan et al., 2010). These removal efficiencies in the existing wastewater treatment
plants do not match the recent developments. This technology has been upgraded and has
opportunities to remove around 60% of nitrogen ad 70% of phosphorus in wastewater. When
Oxidation Ditch is combined with bio-filters, then 80% of nitrogen and 90% of phosphorus can
be technically removed during treatment. Some high removal efficiency technologies can
remove up to 99% of the nutrients. Examples of such technologies are the Phosphate
precipitation (advanced technology) and the Annomox. For most of the high efficiency
technologies, they are the combination of different technologies. For example, the Active
Sludge Process is often combined with Biofilters, and the Up flow Anaerobic Sludge Bed
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technology is often combined with the Cyclic Activated Sludge System. Currently, most of the
sewage treatment technologies used in Kunming city are: A²/O (Anaerobic/Anoxic/Oxic
process) and ICEAS (Intermittent Cycle Extended Aeration). A²/O is able to remove 55-75% of
nitrogen and 75-85% of phosphorus whereas ICEAS is able to remove 60% of nitrogen and 90%
of phosphorus in sewage influents. Compared to the Oxidation Ditch technology, the nutrient
removal efficiency of the two technologies are much higher. This shows the technology used
in this area is still below the technology potential.
This chapter provides an overview to the policies related to the environmental policies and
technologies to improve water quality in Lake Dianchi. For this research, these environmental
policies and technologies will help to develop scenarios in my next chapters.
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CHAPTER 3: Future trends in river export of nutrients to
Lake Dianchi
3.1 Introduction
In this chapter, Research question 2 and Research question 3 are answered.
Research question 2: What is the river export of nutrients to Lake Dianchi in the future?
Research question 3: What are the effects of environmental policies and technologies on
reducing future river export of nutrients to Lake Dianchi?
The two research questions are answered by using the MARINA-Lake model. In research
question 2, SSP3 (Shared Social-economic Pathway 3) is taken to reflect the worst-case
situation. In research question 3, the effects of environmental policies and technologies are
simulated. Four different scenarios for 2050 are developed, they are: current policies (CP), best
available technologies to treat wastewater (AS1), improved nutrient management in
agriculture for agriculture and mining (AS2) and implementation of both improved
technologies and improved nutrient management in agriculture (AS3).
This chapter is structured as follows. First, I describe the MARINA-Lake model and scenarios
(section 3.2). Next, I present the results of future trends in river export of nutrients to Lake
Dianchi (section 3.3). Finally, I provide the main findings of this chapter (section 3.4).

3.2 Methods
3.2.1 MARINA-Lake model
MARINA is a Model to Assess River Inputs of Nutrients to seAs (Strokal et al., 2016). MARINALake is a version for lakes. The MARINA-Lake model has recently been implemented to Lake
Dianchi to better understand the impact of nutrient loadings on the lake in 2012 (Li et al.,
2019). In this study, I implement the existing MARINA-Lake to analyse future trends in river
export of nutrients to Lake Dianchi for 2050.
MARINA-Lake quantifies annual river export of nutrients in different forms: dissolved inorganic
(DIN, DIP) and dissolved organic (DON, DOP) nitrogen (N) and phosphorus (P). Annual river
export of nutrients is quantified by source and sub-basin. This is done as a function of human
activities on land taking into account sub-basin characteristics (e.g., land use, hydrology) and
nutrient retentions in soils and rivers.
The main equation of the MARINA-Lake model is:
𝑀𝐹,𝑦,𝑗 = 𝑅𝑆𝐹.y,j · 𝐹𝐸𝑟𝑖𝑣.𝐹.𝑜𝑢𝑡𝑙𝑒𝑡.𝑗 · 𝐹𝐸𝑟𝑖𝑣.𝐹.𝑚𝑜𝑢𝑡ℎ.𝑗

(Eq. 1)
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Where,
F is different forms of nutrients: dissolved inorganic (DIN, DIP) and dissolved organic (DON,
DOP) nitrogen (N) and phosphorus (P).
𝑀𝐹,𝑦,𝑗 is the river export of nutrient form by source y from sub-basin j (kg/year).
𝑅𝑆𝐹.y,j is inputs of nutrient form F to rivers by source y from sub-basin j (kg/year).
𝑅𝑆𝐹.y,j can be divided into diffuse (RSdif𝐹,𝑦,𝑗 ) and point (𝑅𝑆𝑝𝑛𝑡𝐹.𝑦.𝑗 ) sources.
𝐹𝐸𝑟𝑖𝑣.𝐹.𝑜𝑢𝑡𝑙𝑒𝑡.𝑗 is the fraction of nutrients exported to the outlet of sub-basin j (0-1).
𝐹𝐸𝑟𝑖𝑣.𝐹.𝑚𝑜𝑢𝑡ℎ.𝑗 is the fraction of nutrients exported from sub-basins outlet to the river mouth
(into the lake) (0-1).
•

Nutrient inputs to rivers from diffuse sources (RSdif𝐹,𝑦,𝑗, 𝑘𝑔/𝑦𝑒𝑎𝑟)

Diffuse sources include synthetic fertilizer, animal manure and human waste for DIN, DON, DIP,
DOP. N deposition and 𝑁2 fixation by vegetation are diffuse sources for DIN. P weathering
and mining are diffuse sources for DIP. Organic leaching from soils is a diffuse source for DON
and DOP (Table 3.1). Calculations of diffuse sources RSdif𝐹,𝑦,𝑗 (kg/year) are different from
agricultural and non-agricultural land. For agricultural land, RSdif𝐹,𝑦,𝑗 is calculated using
equation 2. Weathering of P-containing minerals and leaching of organic matter are calculated
using equation 3 (agricultural land) and equation 4 (non-agricultural land). Mining exported
DIP is calculated by equation 5. For non-agricultural land, atmospheric N deposition and 𝑁2
fixation are calculated by equation 6.
RSdif𝐹,𝑦,𝑗 = 𝑊𝑆𝑑𝑖𝑓𝐸,𝑦,𝑗 · 𝐺𝐸.𝑗 · 𝐹𝐸𝑤𝑠.𝐹.𝑗

(Eq. 2)

Where,
𝑊𝑆𝑑𝑖𝑓𝐸,𝑦,𝑗 is the input of nutrient element (E: N or P) to agricultural land from source y in subbasin j (kg/year). Sources include synthetic fertilizers (for N and P), animal manure (for N and
P), human waste (for N and P), atmospheric N deposition (for N) and biological 𝑁2 fixation
(for N).
𝐺𝐸.𝑗 is the fraction of nutrient element (E: N or P) that stays in soils after crop harvesting and
animal grazing in sub-basin j (0-1).
𝐹𝐸𝑤𝑠.𝐹.𝑗 is the export fraction of nutrient element that enters rivers in form F (DIN, DIP, DON
or DOP) in sub-basin j (0-1).
RSdif𝐹,𝑦,𝑗 = 𝑓𝐹 (𝑅𝑛𝑎𝑡𝑗 ) · 𝐸𝐶𝐹 · 𝐴𝑔𝑓𝑟.𝑗

(Eq. 3)

RSdif𝐹,𝑦,𝑗 = 𝑓𝐹 (𝑅𝑛𝑎𝑡𝑗 ) · 𝐸𝐶𝐹 · (1 − 𝐴𝑔𝑓𝑟.𝑗 )

(Eq. 4)

Where,
𝑓𝐹 (𝑅𝑛𝑎𝑡𝑗 ) is the function of annual runoff from land to surface waters in sub-basin j (unitless).
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𝐸𝐶𝐹 is the coefficient for weathering of dissolved inorganic P and leaching of organic matter
for dissolved organic N and P (kg/year).
𝐴𝑔𝑓𝑟.𝑗 is the fraction of agricultural areas in sub-basin j (0-1).
RSdif𝐷𝐼𝑃,𝑚𝑖𝑛,𝑗 = 𝐸𝐶𝐷𝐼𝑃,𝑚𝑖𝑛𝑒𝑑,𝑗 · 𝑓𝐷𝐼𝑃 (𝑅𝑛𝑎𝑡𝑗 )

(Eq. 5)

Where,
RSdif𝐷𝐼𝑃,𝑚𝑖𝑛,𝑗 is rock waste after mining that is left on land, potential diffuse source of DIP in
sub-basin j (kg/year).
𝐸𝐶𝐷𝐼𝑃,𝑚𝑖𝑛𝑒𝑑,𝑗 is the DIP amount in mined rock (kg/year).
𝑓𝐷𝐼𝑃 (𝑅𝑛𝑎𝑡𝑗 ) is annual DIP runoff from land to streams in sub-basin j (unitless).
RSdif𝐹,𝑦,𝑗 = 𝑊𝑆𝑑𝑖𝑓𝐸,𝑦,𝑗 · 𝐹𝐸𝑤𝑠.𝐹.𝑗
•

(Eq. 6)

Nutrient inputs to rivers from point sources (𝑅𝑆𝑝𝑛𝑡𝐹.𝑦.𝑗 , kg/year)

Point sources of nutrients in river include discharged untreated animal manure and human
waste for DIN, DIP, DON and DOP. Mining is a point source for DIP (Table 3.1). Nutrient inputs
to rivers from point sources are calculated using equation 7. DIP from mining activities are
quantified by equations 8, 9 and 10.
𝑅𝑆𝑝𝑛𝑡𝐹.𝑦.𝑗 = 𝑅𝑆𝑝𝑛𝑡𝐸.𝑦.𝑗 · 𝐹𝐸𝑝𝑛𝑡𝐹.𝑗

(Eq. 7)

Where,
𝑅𝑆𝑝𝑛𝑡𝐸.𝑦.𝑗 is the input of nutrient element (E: N or P) to rivers from direct discharge of animal
manure, human excretion of unconnected population and from sewage systems in sub-basin
j (kg/year).
𝐹𝐸𝑝𝑛𝑡𝐹.𝑗 is the fraction of nutrient element that enters rivers from point sources in form F
(DIN, DIP, DON and DOP) (0-1).
𝑅𝑆𝑝𝑛𝑡𝐹.𝑦.𝑗 = 𝑅𝑆𝑝𝑛𝑡𝑃.𝑚𝑖𝑛.𝑗 · 𝐹𝐸𝑝𝑛𝑡𝐷𝐼𝑃.𝑗
= [(𝐷𝐼𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐴 + 𝐷𝐼𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐵 ) · (1 − ℎ𝑤𝑓𝑟𝑒𝑚.𝐷𝐼𝑃.𝑚𝑖𝑛.𝑗 )]

(Eq. 8)

𝐷𝐼𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐴 = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐴 · DIP𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝐴

(Eq. 9)

𝐷𝐼𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐵 = 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐵 · DIP𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝐵

(Eq. 10)

Where,
Two main products are derived from mining processing: Powder (product A) and ultra-pure P
concentrate rock (product B). Production of these two products happens in factories and waste
in treated and then discharged to water systems.
𝐷𝐼𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐴 is the amount of DIP entering the treatment facilities from product A (kg/year).
𝐷𝐼𝑃𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐵 is the amount of DIP entering the treatment facilities from product B (kg/year).
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𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐴 is the amount of product A (ton/year).
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝐵 is the amount of product B (ton/year).
DIP𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝐴 is the amount of DIP in one ton of product A (kg/ton/year).
DIP𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝐵 is the amount of DIP in one ton of product B (kg/ton/year).
ℎ𝑤𝑓𝑟𝑒𝑚.𝐷𝐼𝑃.𝑚𝑖𝑛.𝑗 is the removal fractions of DIP during treatment of factories (0-1).
•

Nutrient retentions in rivers (𝐹𝐸𝑟𝑖𝑣.𝐹.𝑜𝑢𝑡𝑙𝑒𝑡.𝑗 · 𝐹𝐸𝑟𝑖𝑣.𝐹.𝑚𝑜𝑢𝑡ℎ.𝑗 , 0-1)

The nutrient export fractions are calculated using equation 11.
𝐹𝐸𝑟𝑖𝑣.𝐹.𝑜𝑢𝑡𝑙𝑒𝑡.𝑗 = (1 − 𝐿𝐹.𝑗 ) ∗ (1 − 𝐷𝐹.𝑗 ) ∗ (1 − 𝐹𝑄𝑟𝑒𝑚𝑗 )

(Eq. 11)

Where,
𝐹𝐸𝑟𝑖𝑣.𝐹.𝑜𝑢𝑡𝑙𝑒𝑡.𝑗 is the fraction of nutrients exported to the outlet of sub-basin j (0-1).
𝐿𝐹.𝑗 is the fraction of nutrient form (DIN, DIP) retained in and lost from water systems in subbasin j (0-1).
𝐷𝐹.𝑗 is the fraction of nutrient form (DIN, DIP) retained in reservoirs in sub-basin j (0-1).
𝐹𝑄𝑟𝑒𝑚𝑗 is the fraction of nutrients (DIN, DIP, DON, DOP) removed from sub-basin j through
water consumption (0-1).
In Lake Dianchi, all the sub-basins drain directly into the lake, thus 𝐹𝐸𝑟𝑖𝑣.𝐹.𝑚𝑜𝑢𝑡ℎ.𝑗 = 1
•

Model inputs

The nutrient export to Lake Dianchi in 2012 is calculated based on Li et al., (2019). The nutrient
sources and their nutrient forms from rivers to the Lake Dianchi are summarized in Table 3.1.
Inputs and parameters of the MARINA-Lake model for the Lake Dianchi in 2012 and 2050 are
listed in Table 3.2.
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Table 3.1. Sources of nutrients in rivers draining into Lake Dianchi that are considered in the MARINALake model. Note that: DIN = dissolved inorganic nitrogen; DIP = dissolved inorganic phosphate; DON =
dissolved organic nitrogen; DOP = dissolved organic phosphate. Source: the MARINA-Lake model (Li et
al., 2019)
Input sources

Diffuse sources

Point sources

Nutrient form
Synthetic fertilizer

DIN, DON, DIP, DOP

Animal manure

DIN, DON, DIP, DOP

Human waste

DIN, DON, DIP, DOP

N deposition

DIN

𝑁2 -fixation by vegetation

DIN

P weathering

DIP

Organic leaching from soils

DON, DOP

Mining

DIP

Animal manure discharges (untreated)

DIN, DON, DIP, DOP

Human waste discharges (untreated)

DIN, DON, DIP, DOP

Sewage systems (treated)

DIN, DON, DIP, DOP

Mining

DIP

3.2.2 Scenario description
SSP3 (Shared Socio-economic Pathway 3) is used as a worst-case for Lake Dianchi (O’ Neill et
al., 2014; Riahi et al., 2017; Fujimori et al., 2017). Four alternative scenarios are developed
based on the SSP3 scenario. These four alternative scenarios are described below. Figure 3.1
and Table 3.2 summarize the assumptions and descriptions of the scenarios.
SSP3 is one of the SSPs developed and contains a high level of challenges to mitigation (O’ Neill
et al., 2015). It was modified by Wang et al. (2017) by connecting it with Chinese food system
in 2050. In the SSP3 scenario for my study area (Lake Dianchi sub-basins), population is
projected to increase fast by 2030. However, by 2050 the total population may decrease
reaching the level of 2012. The amount of manure will increase by 90% between 2012 and
2050 for all sub-basins. This is because more people will move to cities, the demand for food
in cities might increase. And people could have more preferences for meat products (Wang et
al., 2017). In this scenario, nutrient management policies for agriculture, sewage system and
mining are not effective enough. As a consequence, synthetic fertilizers use on land is expected
to increase by 26% (Wang et al., 2017) between 2012 and 2050 for all sub-basins (Table 3.3).
Manure recycling rates will stay at the level of 2012 (50-52% for the sub-basins). Direct
discharges of manure to rivers is expected to happen in 2050 as in 2012. The same holds for
untreated human waste. The same fraction of the urban and rural population will be
connected to sewage systems with the higher number of people in cities. Wastewater
treatment technologies might not be improved largely compared to the level of 2012. Mining
activities will continue as in 2012.
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Table 3.2. An overview of the sources for model inputs and parameters in 2012 and 2050 (See also
Appendix.B1).
Inputs/parameters

Unit

Source for 2012

Source for 2050

Sub-basin area

km2

Gao et al., (2014)

Gao et al., (2014)

Population

person

Chen (2013)

Synthetic fertilizer

kg/year

Wang et al., (2017)

Animal manure applied
on land
Human waste applied

kg/year

Samir et al., (2017);
Cuaresma et al., (2017);
Wang et al., (2017); Estimated.

Strokal et al., (2016);

Wang et al., (2017); Estimated.

Wang et al., (2017)

kg/year

Strokal et al., (2016)

Estimated

N deposition

kg/year

Xu et al., (2015)

Xu et al., (2015)

𝑁2 fixation by vegetation

kg/year

Strokal et al., (2016)

Strokal et al., (2016)

P weathering

kg/year

Strokal et al., (2016)

Strokal et al., (2016)

kg/year

Strokal et al., (2016)

on land

Organic leaching from
soils

Mining

kg/year

Strokal et al., (2016);
Estimated

Chen et al., (2009); Hu et al.,

Chen et al., (2009); Hu et al.,

(2010);

(2010);

National

survey

pollution sources, (2010)
Animal

manure

discharges (untreated)
Human

waste

discharges (untreated)
Sewage

systems

(treated)
Annual runoff from land
to streams
Water removal from the
river system
Nutrient retention in
reservoirs
Nutrient retention in
water systems

of

National

survey

of

pollution sources, (2010)
Wang et al., (2017); Estimated;

kg/year

Wang et al., (2017)

kg/year

Wang et al., (2017)

kg/year

Morée et al., (2013)

m3/year

Jin., (2003)

Jin., (2003)

0-1

Jin., (2003)

Jin., (2003)

0-1

Strokal et al., (2016)

Strokal et al., (2016)

0-1

Strokal et al., (2016)

Strokal et al., (2016)

Assumptions
Wang et al., (2017)
Morée et al., (2013);
Estimated

The CP scenario reflects current environmental policies in agriculture, sewage systems and
mining, and current fully implemented better technologies (Figure 3.1 and Table 3.3). In this
scenario, implementation of the following national policy is assumed for agriculture: “Zero
growth in the use of synthetic fertilizers from the year 2020” (MOA, 2015, see Chapter 2). This
current policy indicates zero growth in the synthetic fertilizers use from 2020 and 60% of
recycling rate of total manure on land. As a result, the amount of manure use on land will be
higher in 2050 than in SSP3. This will lead to a decrease in direct manure discharges to rivers,
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resulting in 5% in 2050 (Table 3.3). The total population will stay at the level of 2012 as in SSP3.
However, the fraction of urban (97%) and rural (60%) population connected to sewage systems
will increase according to “Lake Dianchi protection regulations in Yunnan province” (Kunming
Lake Dianchi authority, 2013; see Chapter 2). Improved technologies to treat wastewater will
be implemented. This implies that nutrient removal efficiencies will be higher in 2050: 65% for
N and >80% for P in all sub-basin. All mining activities will be stopped according to Kunming
Government Office (2017). Assumed that the government will not make any change after
these policies till 2050.
The Alternative scenario 1 (AS1) indicates improved sewage systems based on SSP3. In this
scenario, the population size, urbanization, economics condition and agricultural activities are
the same as in SSP3. In AS1, increasing food demand with Large amount of fertilizer and low
manure cycling rate happen in all sub-basins. It also assumes that technologies for wastewater
treatment is very advanced, which have high nutrient removal efficiencies. The number of
people connected to sewage treatment systems are high in both cities and rural areas. The
connection rate of sewage systems will be 99% for urban population and 70% for rural
population, the nutrient removal efficiencies are 90% and 95% for N and P respectively (Table
3.3).
Alternative scenario 2 (AS2) reflects improving nutrient use efficiencies in agriculture and
stopping mining activities (improved nutrient management). With the same societal
background with SSP3, this scenario differs with AS2 in that it has well-implemented policies
on agriculture and mining industry. Without manure discharges, about 60-62% of total manure
for N (around 39% of N is loss to air), 100% of total manure for P will be recycled. The fertilizer
application on land will be reduced by 30% compared to 2012 (Table 3.3). All the mining
activities along Lake Dianchi sub-basins will be closed down.
The Alternative scenario 3 (AS3) is a combination of AS1 and AS2 (Figure 3.1). It combines AS1
and AS3 together, reflecting an optimistic world with improved nutrient management in
agriculture, no mining activities and implemented best available technologies. Population,
urbanization and economy growth will stay as in SSP3. Almost all urban and over two-thirds of
rural population will be connected to sewage systems. Nutrient removal efficiencies will be
high in wastewater treatment plants (90% for N, 95% for P). The use of synthetic fertilizer is
expected to reduce in 2050, whereas manure cycling rates could increase as in AS2. Mining
activities will be forbidden in 2050.
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Figure 3.1 Summarized overview of the scenarios for river export of nutrients to Lake Dianchi for the
year 2050. SSP3 is Shared Socio-economic Pathway 3 scenario, CP is Current Policies scenario, AS1 is
Alternative scenario 1, AS2 is Alternative scenario 2, AS3 is Alternative scenario 3. Thickness of the
arrows in different scenarios indicates the relative contribution of the sources to inputs of nutrients to
rivers draining into Lake Dianchi. Fertilizers is a diffuse source of nutrients in rivers. Mining and manure
can be both diffuse and point source. Collected human waste (sewage systems) is a point source of
nutrients in rivers. Uncollected human waste that directly discharged to rivers is a point source of
nutrients in rivers. Description of the scenarios is given in Table 3.3. The storylines of these scenarios
are quantitatively interpreted (Table 3.3) and implemented to the MARINA-Lake model to quantify
annual river export of nutrients to Lake Dianchi (section 3.2.1 for the model description).
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Table 3.3 Assumptions of the scenarios to quantify nutrient export by rivers from sub-basins to Lake Dianchi in 2050. Underlined text indicates that those numbers
are calculated for each sub-basin. SSP3 is Shared Socio-economic Pathway 3 scenario, CP is Current Policies scenario, AS1 is Alternative scenario 1, AS2 is Alternative
scenario 2, AS3 is Alternative scenario3.
Scenario assumption for 2050
Human activities

Agriculture

Sewage
system

2012

SSP 3

CP

AS1

AS2

AS3

N and P in manure excretion

Up to 3 ton/km2/year for N, 1.5
ton/km2/year for P

Increase by 90% from
2012a

As SSP3

As SSP3

As SSP3

As
SSP3

Fraction of total manure
application on land
Fraction of manure discharges
to rivers
Synthetic fertilizer application
on land
Fraction of human waste
directly discharged to rivers
without treatment
Total population (including
urban and rural areas)

50-52% a

As 2012

155-57%of

As 2012

160-62%

for N,
100% for P
10%

As AS2

As AS2

Fraction of people connected to
sewage systems

Nutrient removal efficiencies

10%

As 2012

for
15%

Up to 8.5 ton/km2/year for N, 1.3
ton/km2/year for P.
For N: 0.126 and 0.23 for urban and
rural population. For P: 0.126 and
0.47 for urban and rural population
102,741 for urban area in all subbasins, 367,890 for rural area in all
sub-basins.

Increase by 26% from
2012a
As 2012

Less than SSP, stay at
the level of 2020d
As 2012

As SSP3
As 2012

Reduced by 30%
from 2012
As 2012

As SSP3

As SSP3

As SSP3

As
SSP3

94% for urbanc and 55% for rurac

No change for total
population
between
2012 and 2050; Urban
portion increases by
11%
and
rural
population decreases by
11% between 2012 and
2050a,b
As 2012

97% for urban and
60% for rurald

As 2012

AS
AS1

35% for Nc, 67% for Pc

As 2012

265%

99% for
urban,
70% for
rural
90% for
N and
95% for
P
As SSP3

As 2012

AS
AS1

As CP

As AS2

As 2012

for N, 83% for

P

Mining

Mining activities

N, 95%

Pd

Produced 28ton DIPc

As 2012

All stopd

As AS2

As
2012

a: Wang et al., (2017) b: Samir et al., (2017); Cuaresma et al., (2017) c: Li et al., (2019) d: details in Chapter 2. 1 Manure application rate for N is corrected for N losses to air. N losses data is from Li et al., (2019) For CP scenario,
I assumed that manure recycling will be improved compared to 2012. For AS2 scenario, I assumed that all available animal manure will be applicated on land (corrected for N losses). 2This nutrient removal efficiencies are
derived using literature on the advanced technologies implemented by a wastewater treatment company in Kunming city, I assumed that the whole sub-basin will implement this technology by 2050 in CP scenario.
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3.3 River export of nutrients to Lake Dianchi in 2050
3.3.1 Total river export of nutrients by source
In 2012, rivers exported large amounts of nutrients to Lake Dianchi (Figure 3.2). About 5000
ton of DIN and over 1000 ton of DON were exported to the lake from 15 sub-basins (Figure
1.1). This amount was around 300 ton for DIP and 100 ton for DOP in 2012 (Figure 3.2). Point
sources were responsible for over half of the nutrients in the lake except for DIN. Less than
half of DIN in Lake Dianchi resulted from sewage systems and around 40% from synthetic
fertilizers. Around half of DON in the lake (651 ton) came from sewage systems. For DIP,
sewage systems were responsible for over 80% of DIN in the lake. Mining was an important
source of DIP in individual rivers in the southern sub-basins. For DOP, direct discharges of
animal manure and of untreated human waste (point sources) contributed around 80% of DOP
to the lake.
In the future, river export of nutrients is projected to increase by 1.4-4.4 times between 2012
and 2050 in SSP3, depending on nutrient form (Figure 3.2). River export of DIN and DON is
projected to increase by 1.4 times, reaching around 8000 ton and 1600 ton in 2050,
respectively. River export of DIP and DON is projected to increase by 4.4 times and decrease
by 0.2 times, reaching 1400 ton and 180 ton in 2050, respectively. These increases are
associated with increasing urbanization and intensive agriculture in 2050. Point sources are
simulated to remain the main cause of nutrient pollution in the lake (except for DIN where
fertilizers are also important). For DIN, sewage systems and synthetic fertilizers are projected
to remain the main sources in 2050 as in 2012. These sources are projected to contribute each
around 2700 and 2000 ton of DIN to the lake in 2050. Above half of DON is simulated to result
from sewage systems in 2050. Mining activities project to stay contributing to river export of
DIP from individual sub-basins in the south. Sewage systems projected to contribute more
than 80% of DIP in the lake. For DOP, discharge of animal manure is expected to remain the
dominant source together with human waste (treated and untreated).
The current policies may reduce river export of nutrients to the lake by 2050, but not below
the level of 2012 (CP scenario, Figure 3.2). In 2050, river export of DIN and DOP is slightly
higher than in 2012, but river export of DON is 1.2 times higher and of DIP is 2.5 times higher
than in 2012. Higher effects of the current policies on reducing DIN and DOP can be explained
by the combination of current policies. These agricultural policies and technologies do have
some effects on reducing nutrients export from fertilizers, manure and human waste. (DIN and
DOP, Figure 3.2). The nutrient sources of DIN and DOP are occupied by these three factors. As
the main source for DON and DIP is sewage systems, this means that sewage systems with
improved treatments of the wastewater are urgently needed in this area (DON and DIP, Figure
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3.2). However, the current policies are not sufficient to reduce the nutrients from sewage
systems.
Improving wastewater treatment technologies is more effective to reduce future river export
of DIP and DON than of DIN and DOP (AS1 scenario, Figure 3.2). In this AS1 scenario, river
export of DON and DIP is lower than in the CP scenario. River export of DIN is comparable to
the level in the CP scenario whereas river export of DOP is higher than in the CP scenario. River
export of DON is projected to even be below the level of 2012 in 2050 in AS1. These trends
can be explained by the high nutrient removal efficiencies for N and P in AS1 scenario (Table
3.3), therefore the nutrients contributed by treated human waste are largely reduced. For DIN
and DOP, because the main polluters conclude fertilizers and manure as well, only improving
sewage systems for human waste is not enough (Figure 3.2).
Implementing improved nutrient management in agriculture is more effective to reduce future
river export of DIN and DOP than of DIP and DON (AS2 scenario, Figure 3.2). Higher reductions
are projected for river export of DIN and DOP that may be around the level of 2012 in 2050.
This is because DIN and DOP in rivers originate largely from agricultural-related sources such
as direct discharges of manure (for DOP) and synthetic fertilizers (for DIN). Reducing manure
discharges (point sources) and over-fertilization of crop land by synthetic fertilizers (diffuse
sources) according to the improved nutrient management in agriculture will largely reduce
river export of DIN and DOP. This is not the case for DON and DIP where sewage systems (point
sources) are the main causes.
It is possible to reduce future river export of all nutrients to below the level of 2012 when
improving wastewater treatment and implementing improved nutrient management in
agriculture (AS3 scenario, Figure 3.2). AS3 scenario is the combination of AS1 and AS2 scenario
(Table 3.2). For DON and DIP where sewage systems are the main contributor, with advanced
technologies, the amount of them in AS3 is less than half of them in CP scenario (Figure3.2).
With the addition of nutrients reductions from agricultural activities and wastewater
treatment, DIN and DOP amount are about half of them in CP scenario. This is because DIN
and DOP exports are mainly decided by several sources: fertilizers (diffuse source), manure
(diffuse source) and human waste (point source).
According to Li et al., (2019), the critical nutrient loadings for the northern part of the lake are
0.34 mg P/m2/d (3.06 mg N /m2/d) and for the southern part 0.38 mg P/m2/d (3.42 mg N /m2/d).
In 2012, actual loadings exceed the critical nutrient loadings by 82 times and 17 times of
northern part and southern part, respectively. In AS3, the critical load of the lake will be 49
times and 10 times for northern part and southern part of the lake, respectively. This number
is 41% lower than in the year 2012.
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Figure 3.2 Annual river export of dissolved inorganic (DIN, DIP) and dissolved organic (DON, DOP)
nitrogen (N) and phosphorus (P) by source to Lake Dianchi in 2012 and 2050 according to the scenarios
(ton/year). SSP3 is Shared Socio-economic Pathway 3 scenario, CP is Current Policies scenario, AS1 is
Alternative scenario 1, AS2 is Alternative scenario 2, AS3 is Alternative scenario3. Details on the scenario
description are given in section 3.2 and Table 3.3. Source: the MARINA-Lake model (see section 3.2 on
the model description).
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3.3.2 River export of nutrients by sub-basin
The river export of nutrients shows the spatial variability among sub-basins and nutrient forms
(Figure 3.3 and Figure 3.4). Caohai and Daqing sub-basins (north) are the two most polluted
sub-basins (Figure 1.1). For example, they exported 1.8 to 5.4 times more DIN to the lake in
2012 than the other sub-basins. This also holds for other scenarios for 2050 (Figures 3.3 and
3.4).
River export of DIN from all sub-basins is projected to increase 1.4 times between 2012 and
2050 in SSP3. DIN is mainly from synthetic fertilizers and manure use on land (middle and
southern sub-basins) and from sewage systems (northern sub-basins) in 2050 SSP3 (Figure 1.1,
Figure 3.3). In the CP scenario, all sub-basins are projected to export lower amounts of DIN
compared to SSP3, but higher amounts of DIN compared to 2012 in 2050. In the AS1 scenario,
improved sewage systems is more effective to reduce DIN from the northern sub-basins
(Caohai and Daqing, Figure 3.3). In the AS2 scenario, improved nutrient management in
agriculture is effective to reduce DIN export from middle and southern sub-basins. In the AS3
scenario, DIN reductions in river export from all sub-basins are higher compared to the other
scenarios. For example, river export of DIN is projected to reduce by 20-65% (range for subbasins) in AS3 between 2012 and 2050. This reduction is inequal among CP, AS1 and AS2
scenarios, as some sub-basins have higher DIN export than 2012, some have lower DIN export
than 2012.
In SSP3, DON export will increase 1.4 times from all sub-basins. River export of DON is mainly
from sewage systems (northern part), discharged human excreta (southern sub-basins) and
discharged animal manure (southern sub-basins) (Figure 1.1, Figure 3.3). Reduced animal
manure (point source) lead to DON reduction in southern sub-basins (Figure 3.3). In the CP
scenario, DON export is not effectively reduced. Only few sub-basins have lower DON export
compared to SSP3. In the AS1 scenario, with improved sewage systems, DON export from
middle-northern part sub-basins is reduced. In the AS2 scenario, with improved nutrient
management in agriculture, southern sub-basins, for example, Cigang and Baiyu sub-basins
export only one third of the amount of DON compared to SSP3 scenario. The AS3 scenario can
reduce the DON export prominently for all the sub-basins, 46% to 80% lower than SSP3
scenario. Compared to 2012, river export of DON in AS3 projects to reduce by 32% to 73%.
Compare CP, AS1 and AS2 scenarios with 2012, DON export from some sub-basins increase,
some decrease.
River export of DIP is projected to increase 4.4 times from 2012 to 2050 in SSP3. River export
of DIP is mainly from sewage systems (northern sub-basins), mining (southern sub-basins) and
discharged animal manure (southern sub-basins). In 2012, except for Caohai and Daqing subbasins, Gucheng, Dongda and Cigang sub-basins are also heavily polluted. These five subbasins export 4 to 10 times higher DIP than other sub-basins. Overall, the CP scenario has
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limited ability in reducing DON in most of the sub-basins, changes only happen in southern
areas, where mining and agricultural activities are active. In the AS1 scenario, DIP production
is highly reduced in northern sub-basins, which is 3.5 times lower compared to SSP3 scenario
in 2050. In the AS2 scenario, policies of better agriculture and mining management reduce DIP
in the southern part (Figure 3.4). In the AS3 scenario, southern part of this area exports less
DIP than other scenarios, where the export is up to 92% lower than 2012.
River export of DOP from southern part is much high than from northern part, this is quite
different from other nutrient forms. The main sources of DOP are human excreta (northern
sub-basins) and animal manure discharged directly to water (southern sub-basins). In 2012,
river export of DOP from southern sub-basins is up to 6 times high than other sub-basins. In
2050, river export of DOP from all sub-basins is projected to increase by 11% to 120% in SSP3.
Current policies have some effects on reducing DOP discharge in some sub-basins in the south.
In the AS1 scenario, DOP export is much higher than 2012 for most of the sub-basins. In the
AS2 scenario, river export of DOP is largely reduced. Especially for some sub-basins in the
southern part, the amount of DOP decreases to about half the amount in 2012. In the AS3
scenario, river export of DOP is 38% to 76% low than in 2012 for all sub-basins.
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Figure 3.3 River export of dissolved inorganic (DIN) and dissolved organic (DON) nitrogen (N) by sub-basin (kg/km2 of the sub-basin/year) and the share of the
sources in river export of DIN and DON (0-1) in 2012 and 2050 according to the scenarios. SSP3 is Shared Socio-economic Pathway 3 scenario, CP is Current Policies
scenario, AS1 is Alternative scenario 1, AS2 is Alternative scenario 2, AS3 is Alternative scenario3. Details on the scenario description are given in section 3.2 and
Table 3.3. Source: the MARINA-Lake model (see section 3.2 on the model description).
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Figure 3.4 River export of dissolved inorganic (DIP) and dissolved organic (DOP) phosphorous (P) by sub-basin (kg/km2 of thee sub-basin/year) and the share of
the sources in river export of DIP and DOP (0-1) in 2012 and 2050 according to the scenarios. SSP3 is Shared Socio-economic Pathway 3 scenario, CP is Current
Policies scenario, AS1 is Alternative scenario 1, AS2 is Alternative scenario 2, AS3 is Alternative scenario3. Details on the scenario description are given in section 3.2
and Table 3.3. Source: the MARINA-Lake model (see section 3.2 on the model description).
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3.4 Conclusions
This chapter answers Research questions 2 and 3 using the existing MARINA-Lake model.
Research question 2 is about river export of nutrients to Lake Dianchi in the future. SSP3
(Shared Socio-economic Pathway 3) is used to reflect the worst-case situations. SSP3 assumes
generally higher urbanization rates and intensified agricultural activities in the drainage area
of the lake. Research question 3 is about the effects of improved nutrient management in
agriculture and improved technologies on reducing future river export of nutrients to the lake.
To this end, four scenarios are developed relative to SSP3. The first alternative scenario
assumes implementation of the current environmental policies in agriculture and sewage (CP).
The second and third alternative scenarios assume implementation of advanced technologies
to treat wastewater in sewage systems (AS1) and improved nutrient management in
agriculture and mining (AS2), respectively. The fourth alternative scenario (AS3) combines AS1
and AS2. Below, I provide the main findings.
River export of nutrients to Lake Dianchi is projected to increase by 1.4-4.4 times between
2012-2050 according to SSP3. Point sources are responsible for over half of the nutrients in
the lake, except for river export of DIN where use of synthetic fertilizers is also important. Over
half of DON and 80% of DIP in the lake may result from sewage systems in 2050. Direct
discharges of manure and human waste are projected to remain important sources of DOP in
the lake. In general, agricultural-related sources are projected to be an important cause of DIN
(synthetic fertilizers) and DOP (direct discharges of manure) in rivers of the middle and
southern sub-basins. Mining is simulated to contribute to DIP in the southern rivers. Sewage
systems is expected to contribute to DIN, DON, DIP and DOP in rivers of the northern subbasins.
Current policies may reduce river export of nutrients to the lake by 2050 compared to SSP3,
but not to below the level of 2012 (the CP scenario). This CP scenario assumes implementation
of the following current policies: “Zero growth in synthetic fertilizer use after 2020”; “National
urban sewage treatment and recycling planning in 13th Five-Year”; “Notice on closure,
management and restoration of stone and sand quarries in Lake Dianchi valley and Xishan key
protected areas”. The CP scenario projects lower river export of nutrients than SSP3 for three
reasons. First, current policies are projected to increase manure recycling rate and reduce
direct discharges of manure to rivers in 2050. Second, the use of synthetic fertilizers is
projected to reduce by 2020 and stay at the level of 2020 in 2050. This is different in SSPs
where the use of synthetic fertilizers is projected to increase by 26% from 2012 to 2050. Third,
more people are projected to be connected to sewage systems, but with slightly improved
nutrient removal efficiencies in 2050 compared to 2012 according to the CP scenario. In SSP3,
nutrient removal efficiencies are assumed to be lower than in CP.

31

It is possible to reduce future river export of dissolved inorganic and organic N and P to below
the level of 2012 in the alternative AS3 scenario. In AS3, the critical load of the lake will be 49
times and 10 times for northern part and southern part of the lake, respectively, it can reduce
41% of the gap between the nutrient pollution in 2050 and the critical nutrient level to avoid
eutrophication. This is because AS3 assumes implementation of both improved nutrient
management in agriculture and best available technologies to improve wastewater treatment.
This is different for AS1 (effects of best available technologies) and AS2 (effects of improved
nutrient management in agriculture) where the reduction effects vary among nutrient forms
and sub-basins. Improving treatment of the wastewater (AS1) is effective to reduce future river
export of DIP and DON, especially in the northern part of the lake. Implementing improved
nutrient management in agriculture in agriculture (AS2) is effective to reduce future river
export of DIN and DOP from the middle and southern sub-basins. Forbidding mining activities
(AS2) is expected to reduce river export of DIP from individual sub-basins in the south.
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CHAPTER 4: Discussion and Conclusions
4.1 Discussion
The research objective of this thesis was to analyze the effects of improved nutrient
management in agriculture and technologies on reducing future river export of nutrients from
sub-basins to Lake Dianchi. Below, I discuss weaknesses and strengths of the study.

4.1.1 Weaknesses
The main weaknesses, their causes and explanations on the final results are summarized in
Table 4.1. Four main weaknesses are identified. First, limited time for in-depth literature
review to answer Research question 1 on improved nutrient management in agriculture and
technologies. Furthermore, it is difficult to find details on the policy targets for environmental
problems. They are often generic and does not give explicit environmental targets. It is also
difficult to review technologies to treat wastewater. Plenty technologies exist and their
nutrient removal efficiencies vary greatly (Foged et al., 2012; Huang, 2013; Jie et al., 2017). In
addition, local conditions (e.g., the capacity of the wastewater treatment plants and the
maintenance of the wastewater treatment plants) can influence the removal efficiencies. In
chapter 2, I collected the information on the technologies in combination with help of the
experts.
Second, model results of MARINA-Lake have uncertainties (Table 4.1). The sources of the
uncertainties are associated with model inputs and parameters. For example, some model
parameters (e.g., fraction of manure discharges) are generic for all sub-basins and based on
expert knowledge because of the data limitation. MARINA-Lake has recently been developed
for Lake Dianchi for 2012 (Li et al., 2019). The model has been validated against observations.
Validation results are promising and indicate that the model can be used to analyse river
export of nutrients to Dianchi (Li et al., 2019). I implemented the existing MARINA-Lake model
(Li et al., 2019) for 2050.
Third, a few sources might be missing in the MARINA-lake model (Table 4.1). These are, for
example, N and P deposition on the lake. Atmospheric deposition of N and P on water can
potentially be a large source of nutrients in water systems (Jassby et al., 1994; Paerl et al.,
2002). As Lake Dianchi is an inland lake surrounded by agricultural areas, the influence of
nutrients deposition is negligible in this thesis (Wu et al., 2013; Zhang et al., 2005).
Fourth, assumptions for the scenarios are largely based on the knowledge of the author and
data availability (Table 4.1). The availability of the data for future trends in main socioeconomic drivers and model inputs depends on existing studies to a large extent, and the
future trends are uncertain, therefore further research is needed. However, under a context
of SSP3, pollution reduction in AS3 scenario is still feasible. This is because assumptions made
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in AS3 include consideration of reality (e.g., the nutrient removal efficiencies and the use of
synthetic fertilizer), therefore AS3 scenario is not super optimistic and achievable.
Table 4.1 Summarized overview of the main weaknesses, their causes and explanations on the thesis
results.
Number

Weakness

1

Limited

Cause(s)
literature

because of time

review

Explanation(s)

Access

constraint1

to

Chinese

Chapter 2 may not include all

governmental websites and

local policies. However, most

reports is challenging;

relevant

Information

about

local

policies

are

considered

policies may not be up-to-date
2

Model inputs and parameters
have

Example:

uncertanties2,3

some

model

Model

outputs

have

parameters are generic for all

uncertainties. The model was

sub-basins because of the data

validated by Li et al., (2019) for

limitation

2012.
indicate

Validation
a

good

results
model

performance
3

N and P deposition on lake is

limited data

Nutrient pollution of the lake

not included in the MARINA-

might be underestimated, but

Lake model2,3

not to a large extent because N
and P deposition on the lake is
not the major cause of the
nutrient pollution（Wu et al.,
2013; Zhang et al., 2005）

4

Assumptions for the scenarios

Availability of the data for

Social, economic and political

for 20502,3

future trends in main socio-

feasibility

economic drivers and model

uncertain, further research is

inputs

needed

(e.g.,

population

of

scenarios

is

growth, manure and fertilizer
use, treatment efficiencies)
1Weakness

related to research question 1;

2

Weakness related to research question 2; 3Weakness related to

research question 3

4.1.2 Strengths
The main strengths and their advantages are summarized in Table 4.2. Six main strengths are
identified. First, river export of nutrients to Lake Dianchi is analyzed by sub-basins. This helps
to understand the contribution of sub-basins to the total nutrient pollution. This information
is relevant for identifying sub-basins specific management options.
Second, the sources of nutrient export are analyzed. I accounted for most important sources
of nutrients in rivers draining into the lake. Existing studies may ignore some sources, such as
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discharged animal manure (Wang., 2017). This study provides a comprehensive analysis for
the sources of nutrients in rivers at the sub-basin scale. Such analysis is limited for the future.
Insights on the main sources of river pollution can help to identify effective options to reduce
nutrient pollution and thus eutrophication of Lake Dianchi.
Table 4.2 Summarized overview of the main strengths of this thesis and their advantages.
Numb.

Strengths

Advantages

1

Sub-basin specific analysis for Lake Dianchi

New insights for formulating sub-basins specific
management options

2

Analysis of river export of nutrients by source

Better understanding of the causes of the
eutrophication of Lake Dianchi, giving policy
maker guidance for policymaking

3

Analysis of river export of nutrients by different

Sources of nutrient pollution differ among

forms

nutrient forms. New insights enable to develop
nutrient form specific management options

4

Scenario analyses

Exploring future trends in river export of
nutrients and the effects of the policies and
technologies to reduce nutrient pollution on the
lake

5

New insights on the effects of current policies (CP)

The CP scenario gives the information that
current policies are promising, but may not be
enough to reduce lake pollution

6

Contribution to exist knowledge

Exist knowledge is that the lake is polluted
heavily, but there is no study on future trends.
Efforts are put to reduce eutrophication, but no
research is done to show whether they are
sufficient

Third, river export of nutrients is studied by different forms (DIN, DON, DIP and DOP). Most of
exist studies quantified N and P export to Lake Dianchi (Chen et al., 2002; Cheng et al., 2008;
Gao et al., 2015), but only a few studies distinguish the nutrient forms. In this thesis, this is
done by the MARINA-Lake model, which is very unique in analysing of different nutrient forms.
Other water quality models, for example, IMAGE-GNM does not distinguish different nutrients
forms (Kroeze et al., 2016). By combining sources for every single nutrient form with subbasins analysis, specific management options are enabled to develop.
Forth, this thesis applied scenario analyses. As future is full of uncertainties, this thesis
explores several future trends in river export of nutrients to Lake Dianchi. The potential effects
of the improved nutrient management in agriculture and technologies to reduce nutrient
pollution on the lake are also studied.
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Fifth, this study provides new insights on the effects of current policies. It is clear from the
result of the CP scenario that the current policies may reduce river export of nutrients to the
lake by 2050 compared to the SSP3 scenario, but not below the level of 2012.
Sixth, with a comprehensive analysis of the outcomes, this thesis contributes to the existing
knowledge on the lake. The lake has been eutrophicated for over decades, and many studies
tried to figure out the causes and the consequences of the nutrient pollution, but there is no
study on future trends. National and local government has put a lot of manpower and
materials to improve water quality, but no research is done to show whether they are sufficient.
Therefore, this thesis may work as an inspiration for future trends analysis for other
researchers working on water systems.

4.1.3 Comparison with existing studies
Studies exist on Lake Dianchi. They include studies on analysing the characteristics and causes
of the eutrophication of the lake (Liu et al., 1995; Liu., 1999; Duan et al., 2003; Pan et al., 2010),
ecological environment of Lake Dianchi (Li et al., 2005; Lu et al., 2010) and discussions on
control measures (Guo et al., 2002; Liu et al., 2012). They gave some information on the
nutrient load (TN and TP) of Lake Dianchi, but they did not specify the information by nutrient
forms (DIN, DON, DIP and DOP). As eutrophication is resulted from increasing of organic
nutrients (Pinckney et al., 2001), it is important to specify nutrient forms to reduce
eutrophication. They discussed some important nutrient sources such as collected human
waste (point source) and fertilizer use (diffuse source), but they did not give complete
pollution sources, for example, discharged manure is usually ignored in most of the studies. It
is not clear from existing studies which sources contribute and how much dissolved organic
and inorganic nutrients are exported from them to the lake. Future research may need these
specified nutrient forms. In addition, some existing studies do not include sub-basins analysis.
As a result, specific analysis for individual sub-basin is in need.
In this thesis, the nutrient export of Lake Dianchi is quantified by nutrient forms, by sources
and by sub-basins. This thesis provides a comprehensive analysis to better understand the
causes of eutrophication of Lake Dianchi. Assessment of the effects of current policies and
technologies gives guidance to policymaker for reducing nutrient pollution of Lake Dianchi.
The result of the thesis shows that 41% of the gap between the nutrient pollution in 2050 and
the critical nutrient level can be reduced to avoid eutrophication. This means that by improving
wastewater treatment and nutrient management in agriculture, nutrient export from subbasins to the lake can be reduced. However, it will not be enough to avoid eutrophication of
Lake Dianchi. Therefore, more efforts than AS3 scenario are needed in the future in
wastewater treatment and nutrient management in agriculture.
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4.2 Conclusions
Three research questions were answered to achieve the main research objective. Chapter 2
provides answers to Research question 1: “What environmental policies and technologies exist
to reduce nutrient pollution in Lake Dianchi?”. To this end, I review existing literature. Chapter
3 provides answers to Research questions 2 and 3: “What is the river export of nutrients to
Lake Dianchi in the future?” and “What are the effects of environmental policies and
technologies on reducing future river export of nutrients to Lake Dianchi?”. These two research
questions were answered using the existing MARINA-Lake model to quantify annual river
export of nutrients in different forms: dissolved inorganic (DIN, DIP) and dissolved organic
(DON, DOP) N and P. This is done by source and sub-basin for 2012 and 2050. For 2050, SSP3
(Shared Socio-economic Pathway 3) was used to reflect on the worst conditions. It is
considered as the worst-case scenario for the environment. Four alternative scenarios were
developed relative to SSP3. These scenarios reflect implementation of the current policies (CP),
best available technologies to treat wastewater (AS1), improved nutrient management in
agriculture in agriculture (AS2) and combination of technologies and agricultural polices (AS3).
Below, I provide main findings related to the answers to the research questions (RQ).
Finding 1: Policies and technologies exist for reducing nutrient pollution in Lake Dianchi
(RQ1). For example, the national government introduced environmental policies such as “Zero
Growth in Synthetic Fertilizers after 2020”. This policy sets targets for manure recycling (60%
in 2020) and for zero growth in fertilizer use after 2020. Policies for mining activities are
introduced mainly by local government and aim largely to limit these activities to avoid
adverse environmental impacts. In general, the local government aim to improve water quality
standards for sewage effluents to reduce water pollution. This will stimulate the wastewater
treatment plants to increase nutrient removal efficiencies by implementing best available
technologies. Current removal efficiencies (mostly are primary or secondary technologies) in
the existing wastewater treatment plants do not match the requirement of recent policies
(tertiary technology).
Finding 2: River export of nutrients is projected to increase by 1.4-4.4 times between 2012
and 2050 according to SSP3 (RQ2). Point sources are responsible for over half of the nutrients
in the lake. An exception is river export of DIN where synthetic fertilizers on land is simulated
to contribute around half of DIN in rivers in 2050. Direct discharges of manure and human
waste are expected to remain important sources of DOP in the lake. In general, agriculturalrelated sources are projected to be an important cause of DIN (synthetic fertilizers) and DOP
(direct discharges of manure) in rivers of the middle and southern sub-basins. Mining is
projected to contribute to DIP in the southern rivers. Sewage systems projects to contribute
to DIN, DON, DIP and DOP in rivers of the northern sub-basins.
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Finding 3: Current policies may reduce river export of nutrients to the lake by 2050 compared
to SSP3, but not to below the level of 2012 (the CP scenario) (RQ3). In 2050, river export of
DIN and DOP is expected to be slightly higher than in 2012, but river export of DON is simulated
to be 1.2 times higher and of DIP is 2.5 times higher than in 2012. Current policies and
technologies do have some effects on reducing DIN and DOP export from fertilizers, manure
and human waste. However, they are not sufficient to reduce DON and DIP from sewage
systems. Therefore, improving treatment technologies of the wastewater are urgently needed
in this area.
Finding 4: River export of nutrients is possible to reduce below the level of 2012 in
alternative scenario AS3. Reduction effects of AS1 and AS2 differ among nutrient forms
(RQ3). Improving treatment of the wastewater (AS1) is effective to reduce future river export
of DIP and DON, especially in the northern part of the lake. Implementing improved nutrient
management in agriculture in agriculture (AS2) is effective to reduce future river export of DIN
and DOP from the middle and southern sub-basins. Forbidding mining activities (AS2) is
simulated to reduce river export of DIP from several sub-basins in the south. In AS3, it is
possible to reduce 41% of the gap between the nutrient pollution in 2050 and the critical
nutrient level to avoid eutrophication.
Finding 5: Large spatial variation in river export of nutrients and their sources among subbasins (RQ3). Overall, the northern area of this region (especially Daqing and Caohai subbasins) is the most polluted area around the lake due to the high population density, while
middle and southern areas suffer from intensive agricultural activities. Mining happens within
individual sub-basins in the south. For all scenarios, the northern sub-basins contribute the
most DIN and DON, while the southern sub-basins are main contributors of DOP. In 2012, DIP
export to the lake is 4-10 times higher from the sub-basins that experience urbanization
(northern areas) and mining activities (southern areas) compared to the other sub-basins.
This thesis shows the importance of improving nutrient management in agriculture (for DIN,
DOP) and sewage systems (for DIP, DON) to reduce nutrient pollution of the lake. It is
important to account for the spatial variability among the sub-basins in river export of
nutrients and their sources. It is important for formulation of effective management options
to reduce future pollution of the lake. For example, improving treatment is important to
reduce pollution from the northern sub-basins whereas improving nutrient management in
agriculture is important to reduce pollution from the middle and southern sub-basins. I show
that it is possible to reduce nutrient pollution in 2050 to below the level of 2012 (AS3 scenario).
This is promising. It is possible to reduce 41% of the gap between the nutrient pollution in
2050 and the critical nutrient level to avoid eutrophication (AS3 scenario). These insights are
useful for policy-makers to formulate effective policies to reduce eutrophication of the lake.
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Appendices
Appendix A
Table A.1 Overview of the selected technologies with low nutrient removal efficiencies. TN and TP are
total nitrogen and total phosphorus, respectively. Note that: low nutrient removal efficiencies means
at least one of the removal efficiencies (TN removal efficiency or TN removal efficiency) <35%.
Treatment technologies

TN removal TP removal
References
efficiency
efficiency

Solid-liquid Separation

<20%

<50%

Foged et al., (2012); Jie et al. (2017)

<20%

<50%

Foged et al., (2012); Qiao et al., (2010)

<20%

<50%

Foged et al., (2012)

75%

35%

Ge and Cao, (2009); Wang and Li, (2012)

Active Sludge Process

30%

45%

Oxidation Ditch

35%

45%

Liquid followed by partial
nitrification/denitrification
Liquid followed by flocculation
/sedimentation
Biological Speed Seperation
Filter

Du et al., (2000); Huang and Liu, 2000; Liu et al.,
(1992)
Kristensen et al., (2004); Liu et al., (2001); Van
Drecht et al., (2003)
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Table A.2 Overview of medium nutrient removal efficiencies technologies. Note that: medium nutrient
removal efficiencies means at least one of the removal efficiencies (TN removal efficiency or TN removal
efficiency) ranges between 35%-80%.
Treatment technologies
Double

Effluent

Oxidation

TN removal TP removal
References
efficiency
efficiency
68%

85%

Modified Oxidation Ditch

57%

72%

Orbal Oxidation Ditchc

70%-80%

74%-78%

Carrousel Oxidation Ditchd

40%-50%

65%-80%

Ditch

Sequencing

Batch

Reactor

Activated Sludge Processe
Cyclic

Activated

Sludge

Systemf

Pei and Qin, (2010); Yuan and Wang, (2000)
Kristensen et al., (2004); Liu et al., (2001); Van
Drecht et al., (2003)
Yan et al., (1999); Zhang and Zheng, (2009); Hu,
(2012); Yan, (2017)
Guo, (2012); Li, (2003); Liu and Chang, (2002);
Li, (2016); Yu, (2013)
Huang, (2013); Wang et al., (2013a); Zhu et al.,

60-70%

80-85%

(2010); Jiang et al., (2005); Liu, (2006); Zhu et
al., (2010)

50%

80%

Chen et al., (2005); Zeng, (2011); Li, (2011); Ren
et al., (2011); Xiong and Li, (2003)
Yang and Yan, (2004); Yang and Wu, (2010);
Zhang et al., (2011); Zhou, (1997); Chen et al.,

Anaerobic/Anoxic/Oxic

55%-75%

processg

75%-85%

(2009); Liu et al., (1992); Yang and Yan, (2004);
Zhang, (2013); Zhou, (1997); Zeng, (2009); Wu
et al., (2008); Zhang et al., (2008)

Fine Bubble-aerated Oxidation
Ditch
Secondary

biological

treatment
Moving Bed Biofilm Reactor
Cyclic

Activated

Sludge

Technology
Biological Aerated Filter
Intermittent Cycle Extended
Aeration

Liu, (2011); Ouyang et al., (2009); Xue et al.,

46%

65%

45%

60%

47%

72%

60%

80%

39%

46%

Deng et al., (2010); Liu, (2009)

60%

90%

Chen et al., (2008)

(2006)
Kristensen et al., (2004); Van Drecht et al.,
(2003)
Shen, (2011); Sun et al., (2010); Tang, (2012)
Huang, (2013); Ren and Gao, (2007); Yang,
(2014)

Lin, (2011); Liu et al., (1992); Meng, (2008); Ding
A/Oh (Anoxic/Oxic)

50%-55%

75%-80%

et al., (2013); Lu et al., (2010); Rao and Wei,
(2013); Wang et al., (2016)

c: Including Orbal Oxidation Ditch and Modified Orbal Oxidation Ditch. d: Including Carrousel Oxidation Ditch and
Modified Carrousel Oxidation Ditch. e: Including SBR and Modified/improved SBR. f: Including CASS and Modified
CASS. g: Including A²/O, Modified A²/O, A²/O+ Biofilm and A²/O+MBR. h: Including A/O and A/O+MBR.
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Table A.3 Overview of high nutrient removal efficiencies technologies. Note that: high nutrient
removal efficiencies technologies means both of the removal efficiencies (TN removal efficiency or TN
removal efficiency)>80%.
Treatment technologies

TN removal TP removal
References
efficiency
efficiency

Reverse Osmosis

99%

99%

Anammox

99%

99%

99%

99%

80%

90%

80%

90%

Oxidation Ditch+ Bio-filter

80%

90%

Kristensen et al., (2004); Van Drecht et al., (2003)

Bardenpho process

80%

92%

Chen and Zhou, (2012); Guo et al., (2008)

80%

90%

Kristensen et al., (2004); Van Drecht et al., (2003)

+ Cyclic Activated Sludge 80%

90%

Phosphate Precipitation
(advanced treatment)
Biological treatment + Biofilter
Active

Sludge

Process

+

Advanced Oxidation Process

Chemical

and

biological

treatment
Up flow Anaerobic Sludge Bed
System
MSBRi (Modified Sequencing
Batch Reactor)

Advanced treatment

al., (2008)
Foged et al., (2012); Qiao et al., (2010)
Foged et al., (2012); Liu et al., (2011); Jaffer et al.,
(2002); Tervahauta et al., (2014)
Zhang et al., (2006); Zhao and Xu, (2009)
Kristensen et al., (2004); Oller et al., (2011); Van
Drecht et al., (2003)

Kristensen et al., (2004); Shi et al., (2015); Van
Drecht et al., (2003)
Kristensen et al., (2004); Van Drecht et al.,

80%-84%

90%-91%

(2003); Yan, (2013); Duan et al., (2011); Zheng et
al., (2009)

MBR (Membrane Bio-Reactor) 80%
Hybrid Activated Sludge +

Foged et al., (2012); Jie et al., (2017); Mondor et

80%

90%

Sai, (2011); Tang et al., (2012)

90%

Kristensen, (2004); Drecht, (2003)

i: Including MSBR and MSBR+ABF.

53

Appendix B
Table B1. An overview of the sources for model inputs and parameters in 2012 and 2050
Abbreviation

Description

Unit

Source for 2012

Source for 2050

areacell

Total area of sub-basin

km2

Gao et al., (2014)

Gao et al., (2014)

frAgr

fraction of agricultural

0-1

Gao et al., (2014)

Gao et al., (2014)

kg

Wang et al., (2017)

Wang et al., (2017) or

area in the sub-basin
Nfe

N

synthetic

fertilizer

inputs to land
Nma

estimated.

N animal manure inputs

kg

to land

Nhum

N human waste inputs

kg

to land

Nfxag

biological N2 fixation by

kg

agricultural crops
Ndpag

atmospheric

N

deposition

kg

on

Strokal et al., (2016);

Wang et al., (2017) or

Wang et al., (2017)

estimated.

Strokal et al., (2016); Ma

Samir et al., (2017);

et al., (2010); Morée et

Cuaresma

al., (2013)

(2017)

Gao et al. (2014); Morée

Gao et al. (2014);

et al., (2013)

Morée et al., (2013)

Gao et al. (2014); Xu et

Gao et al. (2014); Xu et

al., (2015)

al., (2015)

Gao et al., (2014); Wang

Wang et al., (2017) or

et al., (2017)

estimated.

et

al.,

agricultural land
Nex

N

export

agricultural
crop

from
land

harvesting

kg

via
and

animal grazing
Nfxna

biological N2 fixation by

kg

natural vegetation
Ndpna

atmospheric
deposition

N
on

Gao

et

al.,

(2014);

Gao et al., (2014);

Morée et al., (2013)

Morée et al., (2013)

Gao et al., (2014); Xu et

Gao et al., (2014); Xu

al., (2015)

et al., (2015)

kg

Wang et al., (2017)

Estimated.

kg

Ma et al., (2010); Strokal

Samir et al., (2017);

et al., (2016); Morée et

Cuaresma

al., (2013)

(2017)

Van Drecht et al., (2009)

Samir et al., (2017);

kg

on-

gricultural land
Npntma

N manure point source:
the amount of manure
directly discharged to
rivers

Npnthumuncon

N human waste point
source

from

unconnected to sewage

et

al.,

population
Npnthumcon

Pfe

N human waste point

kg

source from connected

Cuaresma

to sewage population

(2017)

P

synthetic

inputs to land

fertilizer

kg

Wang et al., (2017)

et

al.,

Wang et al., (2017) or
estimated.
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Table B1. Continued.
Abbreviation

Description

Unit

Source for 2012

Source for 2050

Pma

P animal manure inputs

kg

Wang et al., (2017)

Wang et al., (2017) or

to land
Phum

estimated.

P human waste inputs to

kg

land

Strokal et al., (2016);

Samir et al., (2017);

Morée et al., (2013)

Cuaresma

et

al.,

(2017)
Pmin

P

rock

waste

after

kg

mining that is left on

Chen et al., (2009);

Chen et al., (2009);

Strokal et al., (2016)

Strokal et al., (2016)

Wang et al., (2017)

Wang et al., (2017) or

land
Pex

P

export

agricultural
crop

from
land

harvesting

kg

via

estimated.

and

animal grazing
Ppntma

P manure point source:

kg

Wang et al., (2017)

Estimated

kg

Strokal et al., (2016);

Samir et al., (2017);

Morée et al., (2013)

Cuaresma

the amount of manure
directly discharged to
rivers
Ppnthumuncon

P human waste point
source

from

unconnected to sewage

et

al.,

(2017)

population: the amount
of

human

excretion

directly discharged to
rivers

from

unconnected people to
sewage systems
Ppnthumcon

P human waste point

kg

source from connected

Van

Drecht

et

al.,

(2009).

Cuaresma

to sewage population
Ppntdetcon

P

detergent

point

Samir et al., (2017);
et

al.,

(2017)
kg

source: detergents used

Van

Drecht

et

al.,

Van Drecht et al.,

(2009).

(2009).

Chen et al., (2017); Hu

Chen et al., (2017); Hu

source: goes for further

et al., (2010); National

et al., (2010); National

processing to dactories

survey

survey of pollution

in

laundry

dishwashers

and
from

connected to sewage
ppopulation
Ppntmin

P mined rock point

kg

of

pollution

sources, (2010)

sources, 2010
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Table B1. Continued.
Abbreviation

Description

Unit

Source for 2012

Source for 2050

FEpntDINhumcon

the fraction of N in

0-1

Strokal et al., (2016);

Strokal et al., (2016);

Van

Van Drecht et al.,

sewage

effluents

entering rivers as DIN
FEpntDONhumcon

the fraction of N in
sewage

0-1

effluents

entering rivers as DON
FEpntDIPhumcon

the fraction of P in
sewage

0-1

effluents

entering rivers as DIP
FEpntDOPhumcon

the fraction of N in
sewage

0-1

effluents

entering rivers as DOP
Rnat

Ddin

annual runoff from land

m/y

to streams

ear

DIN

retentions

Drecht

et

al.,

(2009).

(2009).

Strokal et al., (2016);

Strokal et al., (2016);

Van

Van Drecht et al.,

Drecht

et

al.,

(2009).

(2009).

Strokal et al., (2016);

Strokal et al., (2016);

Van

Van Drecht et al.,

Drecht

et

al.,

(2009).

(2009).

Strokal et al., (2016);

Strokal et al., (2016);

Van

Van Drecht et al.,

Drecht

et

al.,

(2009).

(2009).

Jin., (2003)

Jin., (2003)

in

0-1

Strokal et al., (2016)

Strokal et al., (2016)

in

0-1

Strokal et al., (2016)

Strokal et al., (2016)

N losses (for DIN) from

0-1

Strokal et al., (2016)

Strokal et al., (2016)

0-1

Strokal et al., (2016)

Strokal et al., (2016)

0-1

Jin., (2003)

Jin., (2003)

dammed reservoirs
Ddip

DIP

retentions

dammed reservoirs
Ldin

the river network via
denitrification
Ldip

P retentions (for DIP) in
rivers via for example,
sedimentation

and

accumulation processes
FQrem

water removal from the
river system

56

