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Chapter 1. General introduction
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1.1 Background
Lakes and their drainage basins are important to both nature and society. As a key part

of aquatic ecosystems, lakes provide various ecosystem services (Janssen et al., 2020;
Rinke, 2019). Natural resources, such as water and land in the basins support human
development (Liu and Guo, 2010). Therefore, lakes and their drainage basins are also
essential for regional socio-economic sustainability (Chen et al., 2017). However, water

deterioration and eutrophication in rivers and lakes have contributed to environmental
problems globally and in China (Liu and Guo, 2010; Liu et al., 2012). Globally, more than

60% of lakes are eutrophic (Wang et al., 2018c). In China, many lakes have high
concentrations of nitrogen (N) and phosphorus (P), which leads to eutrophication

problems. The eutrophic area in the 34 studied lakes increased from 5% to 55% between

1978 and 1987 (Jin et al., 2005). Le et al. (2010) found that 80% of 67 lakes located
mainly in east China had been polluted to the level of the Chinese water quality standard

IV (i.e., unhealthy for human contact) in 2006. Tong et al. (2020) found that, in 2017, 50%

of 111 surveyed lakes had total N concentrations that were higher than Chinese water

quality standard III (i.e., suitable for fishing and swimming; 1 mg L-1), and total P
concentrations in 27 lakes were higher than Chinese water quality standard III (0.05 mg
L-1).

The drainage basin of the Haihe River is among the largest river basins in China. It is an

economically developed area (Hao et al., 2007) located in the North China Plain (Zhao et
al., 2015) that covers 320,000 km2 and includes mountainous (60%) and plain areas

(40%) (Sun et al., 2017), see in Figure 1.1. To meet water demands from the domestic,
agricultural and industrial sectors, more than 1,000 reservoirs have been constructed

since the 1950s in mountainous areas such as Miyun and Guanting reservoir which are
sources of drinking water for Beijing (Ding et al., 2016; Jiang et al., 2011). Moreover,

several natural lakes are located in the plain areas of the Haihe Basin (e.g., Lake

Baiyangdian and Lake Hengshui), which provide important ecosystem services such as
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flood protection, recreation, tourism and biodiversity conservation (Lin and He, 2003).
However, the Haihe Basin water systems are polluted (Liu et al., 2010; Wu et al., 2011),

and water shortage is a serious issue (Xia, 2002; Xia, 2004; Xia, 2009). Nearly 40% of
the rivers in the Haihe Basin are dry (Sun et al., 2017). In 2011, the total N concentration

in the rivers was quadruple the Chinese water quality standard V (i.e., 2 mg L-1), and 85%

of the rivers were mesotrophic and eutrophic (Rong et al., 2016a; Zhang et al., 2015).
Polluted rivers transport excessive nutrients to downstream, posing a threat to
reservoirs and lakes. For example, Tang et al. (2019) indicated that the trophic states of
Lake Baiyangdian range from slightly to moderately eutrophic.

This thesis focuses on two lakes in the Haihe Basin: Guanting and Baiyangdian. Section
1.1.5 presents details about these two lakes and the reasons for their selection.

1.1.1 Causes of nutrient exports from land to lakes

Previous studies have indicated that rapid urbanization and agricultural production (i.e.,
crop and animal) are the primary causes of nutrient exports from land to water systems
(Gu et al., 2015; Jin et al., 2020a; Ma et al., 2013; Strokal et al., 2016b; Yu et al., 2019).

Rapid urbanization has been occurring in many world regions in recent decades. The
United Nations predicts that urbanization will surpass 60% of the global population by
2030 (UN, 2015b). Previous studies have predicted that approximately two-thirds of the
total Chinese population will live in urban areas by 2030 (Qu and Kroeze, 2010; Strokal

et al., 2016a; Strokal et al., 2016b; Wang et al., 2020a). An increasing population is
generally accompanied by the construction of wastewater treatment plants. Until 2014,

approximately 3,600 wastewater treatment plants had been built in urban areas,
covering all cities in China (MHURD, 2015). The percentage of human wastewater being

treated in urban areas increased from 40% to more than 90% between 2015 and 2017
(MHURD, 2018). However, nutrient removal efficiency is low and ineffective, and the

reuse of wastewater is also minimal. In addition, in rural areas of China, 86% of counties
(approximately 2,000 counties in total) have built wastewater treatment plants, but only

around 7% of towns had them in 2015 (MHURD, 2016; Xie et al., 2018). This data
indicates that a large amount of human waste in rural areas has not been treated. Thus,
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human effluent from both urban and rural areas could be nutrient sources in water
systems such as lakes and reservoirs.

Nutrients (e.g., N and P) are essential for crop and livestock production (Chowdhury et

al., 2017; Yu, 2019). To meet food demand, agriculture has developed rapidly in recent

decades in China. Grain production in China has increased fivefold over the last 60 years
(Li et al., 2014). A large amount of synthetic fertilizers has been applied to cropland. A

report from World Bank (2016) showed that the amount of synthetic fertilizers applied
to cropland by Chinese farmers (i.e., 565 kg ha-1) in 2014 was much higher than in

developed countries such as the United States (i.e., 138 kg ha-1). However, over half of

synthetic fertilizers are typically lost to the environment (Jin et al., 2020a). For example,
N losses to environment from crop production increased from 9.4 to 27 million tons

between 1980 and 2005 (Ma et al., 2012). Moreover, a large amount of nutrients is lost
to water systems via leaching and runoff (Bai et al., 2016b; Li et al., 2016; Ma et al., 2012).

From 1980 to 2010, per capita consumption of meat, milk and eggs increased by 3.9, 10

and 6.9 times in China, respectively (FAO, 2017). Livestock production in China is in
transition from small to large industrial farms to satisfy the demand for animal products

(Bai et al., 2018). This has led to the separation of livestock and crop production (Jin et
al., 2020a). The average manure-recycling ratio is lower than 40% which indicates that

over half of manure nutrients are lost to the environment (Jin et al., 2020a). Ma et al.
(2012) found that the contribution of livestock farms was 33% for N and 68% for P

losses to water systems in China in 2005. Nutrient export by large Chinese rivers
increased by a factor of 2–8 between 1970 and 2000 (Strokal et al., 2016b, Bai et al.,

2018). This increase is largely associated with direct discharges of manure to rivers
(Strokal et al., 2016b). Zhao et al. (2019) found that 496 Giga gram (i.e., Gg) of N and 162

Gg of P were exported to water systems from livestock farms in 2012 in the Haihe Basin.
Haihe is a densely populated basin located in the Hebei province with mega-cities as
Beijing and Tianjing. The Haihe Basin is experiencing rapid urbanization (Chao et al.,

2015). Sun et al. (2017) found the Haihe Basin is one of the main grain-producing areas
of China, accounting for approximately 11% of China’s cropland (1.09×105 km2).

1
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Considering the aforementioned studies and related findings, it is important to better
understand how urbanization and agricultural production affect nutrient export from

land to lakes in the Haihe Basin. This understanding will support the identification of

causes of nutrient pollution and contribute to exploring solutions to reduce nutrient
pollution in the rivers and lakes of the Haihe Basin.

River export of nutrients to lakes varies throughout the year due to seasonality in human

activities, climate and hydrology. For example, nutrient budgets in crop production have
clear seasonality, and nutrient export from crop production has a strong relationship to

runoff and air temperature that varies by season (McCrackin et al., 2014; Penuelas et al.,
2013). Likewise, the ecological implications of excess nutrients in lakes vary by season.

Thus, it is essential to understand how seasonal variations in human activities, climate

and hydrology impact river export of nutrients to lakes. This will assist in the

formulation of effective management measures to reduce nutrient pollution in lakes in

different seasons. There are studies about seasonality in nutrient export by rivers. For

instance, McCrackin et al. (2014) estimated seasonal dissolved inorganic nitrogen (DIN)
exports by world rivers. Goshu et al. (2020) addressed seasonality in river export of N
to tropical lakes. Chen et al. (2019a) analyzed seasonal variation in river export of DIN

by source and by sub-basin for the Yangtze. However, the seasonal patterns of nutrient
exports from land to lakes in the Haihe Basin of China are not well studied.

1.1.2 Future trends and possible solutions for nutrient management
Rapid socio-economic development in the future may affect nutrient pollution in the
aquatic environment. Scenario analyses help predict nutrient exports to water systems

under future socio-economic development. Shared Socio-economic Pathways (SSPs)
include a series of global storylines for future socio-economic development (O’Neill et
al., 2014). There are five SSPs with different narratives describing plausible future
changes in demographics, economy, technology and environment: SSP1, “sustainability”;

SSP2, “middle of the road”; SSP3, “regional rivalry”; SSP4, “inequality”; and SSP5, “fossil-

fueled” (O’Neill et al., 2015). These scenarios have been applied to China's food system

to explore future trends in reactive N losses for 2030 and 2050 (Wang et al., 2017). Wang
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et al. (2020a) predict river export of total dissolved N and P in 2050 for six scenarios
combining the SSPs and Representative Concentration Pathways (RCPs) for climate and

hydrology. In recent years, the Chinese government published several socio-economic
development strategies such as the “Coordinated Development of the Beijing-TianjinHebei Region,” “Xiong'an New Area,” “Yangtze River Economic Belt” and “The Belt and

Road” (GOV, 2015b; GOV, 2017; Li, 2015). The first two strategies are especially relevant

to the future development of the Haihe Basin. However, studies predicting future trends
in river export of nutrients to lakes in the Haihe Basin under projected socio-economic
conditions are lacking.

The Chinese government has enacted a series of environmental policies to protect water

systems and realize a more sustainable future. These policies affect different social
sectors. For example, certain policies aim to control nutrient discharges from human

waste in both urban and rural areas (MDRC and MOHURD, 2016; MEP and MOF, 2017).

Several policies are related to crop and livestock production such as the Restrict

Livestock production Policy and Recycling Manure Policy (Bai et al., 2019; GOV, 2015a;
MOA, 2015a; MOA, 2015b). However, the effectiveness of these policies in improving
nutrient use efficiencies and reducing future nutrient losses to water systems in the

future is not well understood. It is thus necessary to assess how effective these

environmental policies would be in reducing pollution for the lakes of the Haihe Basin
in the future.

Previous studies indicate that direct discharge of animal manure generated from

livestock production is the dominant source of nutrient pollution in Chinese waters

(Strokal et al., 2016b; Wang, 2020; Wang et al., 2020a). Several nutrient management
options reduce nutrient exports resulting from livestock production (Li et al., 2017; Ma

et al., 2013; Strokal et al., 2017; Wang et al., 2018a). For example, more scientific
methods of feeding animals can be adopted to reduce the nutrient excretion (Bai et al.,

2014; Oenema and Tamminga, 2005; Wang et al., 2014a). Animal manure can be pre-

processed and subsequently applied to cropland. Advanced treatment technologies (e.g.,
nutrient recovery and anaerobic digestion) could be employed to reduce nutrient
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discharge to surface waters (Cheng et al., 2020; Hou et al., 2017b; Lourinho et al., 2020;

Montalvo et al., 2020; Nancharaiah et al., 2016; Nasir et al., 2012; Tervahauta et al., 2014).
Human waste is another important source of nutrient pollution in water systems of
China. More people are expected to connect to sewage systems in both urban and rural

areas, leading to more waste. Implementing advanced technologies that are available
today will help to reduce nutrient exports to rivers from human wastewater (Fang et al.,
2020; Kartal et al., 2010).

Previous studies have applied scenario analyses to quantify the impact of technologies

on reducing nutrient pollution in water systems (Li et al. 2017b; Strokal et al. 2017;
Wang et al. 2018a). For example, Strokal et al. (2017) project that nutrient loads in

Chinese rivers in 2050 can be reduced to the 1970 levels in an optimistic scenario that
assumes manure recycling and wastewater treatment improvements. Li et al. (2019a)
developed 54 scenarios assuming more manure recycling, efficient fertilizer application,

improved animal feed and wastewater treatment. These options seek to avoid coastal
eutrophication by 2050. It is thus necessary to explore potential solutions to mitigate
nutrient pollution in the aquatic environment of the Haihe Basin.

1.1.3 Effects of nutrient exports from land on lake water quality and
ecosystem health
Increasing nutrient losses from land to water systems potentially results in water

deterioration and eutrophication in rivers and lakes. Ecological thresholds are useful
indicators to assess the effects of nutrient exports from land to lakes. Ecological

thresholds can provide not only limits to maximum nutrient stress but also a restoration
goal for supporting nutrient management (Janssen et al., 2017). In limnology, the

ecological threshold is typically interpreted as the critical nutrient load (Janse et al.,
2010; Scheffer et al., 1993). The critical nutrient load for a specific lake may differ with
depending on its water quality target. The critical nutrient load is defined as the
maximum nutrient load that aquatic ecosystems can absorb without exceeding human-

defined water quality standards (Landis, 2008; Xu et al., 2016). Then, the critical
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nutrient load is defined as a nutrient load at which ecosystems show the transition of

ecological states. Two alternative stable states exist in shallow lake ecosystems. One is a
clear state that dominated by various submerged macrophyte species; the other is a
turbid state that dominated by phytoplankton (Janse et al., 2010; Janssen et al., 2014;
Scheffer et al., 1993). Janssen et al. (2017) estimated spatial critical nutrient loads for

chlorophyll-a based on human-defined water standards in Lake Taihu. In Lake Chaohu

and Dianchi, critical nutrient loads were estimated for state shifts (Kong et al., 2017; Li
et al., 2019b). However, there is a lack of studies that estimate critical nutrient loads for
N and P for the lakes in the Haihe Basin. Consequently, there is also a lack of studies that

explore possible pathways to reduce nutrient loads from land to the aquatic
environment based on critical nutrient loads.

1.1.4 Modelling nutrient exports from land to lakes and potential impacts
Basin-scale nutrient export models are useful tools to understand the causes of nutrient

exports from land to water systems, and to explore effective solutions (Chen et al., 2019a;
Chen et al., 2020; Chen et al., 2019b; Kroeze et al., 2012; Li et al., 2019a; Li et al., 2017;
Li et al., 2019b; Strokal et al., 2015; Strokal et al., 2016a; Strokal et al., 2016b; Wang et
al., 2020a; Wang et al., 2019). Since the 1970s, basin-scale nutrient export models have
been used to study water pollution and understand causes and effects at different scales.

Examples of large-scale nutrient export models include Global NEWS-2 (Nutrient Export
from WaterSheds) (Mayorga et al., 2010; Seitzinger et al., 2010; Wu et al., 2018),
SPARROW (SPAtially Referenced Regressions On Watershed attributes)(Schwarz et al.,

2006), IMAGE-GNM (Integrated Model to Assess the Global Environment-Global

Nutrient Model) (Beusen et al., 2015), and the MARINA (Model to Assess River Inputs of
Nutrients to seAs) family models (Chen et al., 2019a; Strokal et al., 2016a; Wang et al.,
2020a).

The family of MARINA models includes several versions that have been applied to river
sub-basins and lakes in China and around the world (Chen et al., 2019a; Goshu et al.,
2020; Strokal et al., 2015; Strokal et al., 2016a; Strokal et al., 2016b; Strokal et al., 2019;

Wang et al., 2020a). Strokal et al. (2016a) originally developed the MARINA 1.0 model
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and applied it to the sub-basins of the Yellow, Yangtze and Peral Rivers. Chen et al.

(2019a) developed a seasonal version for the Yangtze River (i.e., MARINA 1.1). Goshu et
al., (2019) developed a seasonal version for Lake Tana in Africa. Wang et al. (2020a)

developed a version for China (i.e., MARINA 2.0) with future analyses on how socioeconomic and climate changes will affect coastal eutrophication through future river

export of total dissolved N and P. The family of MARINA models runs on the sub-basin
scale for rivers and lakes. The MARINA models aim to better understand trends and
sources of nutrient pollution in rivers and lakes, and to explore solutions. However, such
models do not exist for lakes in the Haihe Basin.

Other models have been applied to small river basins or lake-basins in China: ECM

(Export Coefficient Model) (Ceng and Wang, 2017; Hou et al., 2017a; Wang et al., 2020b;

Zhang et al., 2018), GWLF (Generalized Watershed Loading Function) (Du et al., 2014),
SWAT (Soil and Water Assessment tool) (Dong et al., 2018; Wang et al., 2014c) and the
HSPF (Hydrologic Simulation Program FORTRAN) (Chen et al., 2013a; Qiu et al., 2018).

However, these models focus on nutrient losses from diffuse sources especially
agriculture for past or current years. Based the on above information, there are limited
insights into nutrient exports from land to lakes by season, source and sub-basin for
current and future years in the Haihe Basin of China.

In addition to the aforementioned river export models, aquatic ecosystem models help
to estimate ecological thresholds (i.e. critical nutrient load) that are essential for
nutrient management. For instance, the Vollenweider model based on mass-balance is a
useful tool for estimation of the trophic state of water systems (Chang and Hong, 2019;

Lee and Jones, 1981; Vollenweider, 1975). Kong et al. (2015) applied the Vollenweider
model to estimate the thresholds of state shifts for Lake Chaohu. Xu et al. (2016)

quantified the nutrient assimilative capacities in Lake Baiyangdian using the

Vollenweider model. Dynamic ecosystem models help simulate the responses of the

aquatic ecosystem to external drivers at the ecosystem level, and subsequently
determine ecological thresholds based on lake characteristics. However, estimations of
the critical nutrient loads at the ecosystem level for the lakes in the Haihe Basin are
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lacking. In addition, linking basin-scale nutrient export models and aquatic ecosystem

models help provide a better understanding of the potential impacts of spatial and
temporal nutrient loads from human activities on aquatic ecosystems. Such analyses will

offer new insight into the reduction of external nutrient loads depending on critical
nutrient loads in a specific lake or reservoir. The comparisons of external and critical

nutrient loads are useful information for water managers. However, few studies have
explored potential solutions by comparing external nutrient loads with critical nutrient
loads for the lakes of Haihe Basin.

1.1.5 Study area: two lakes in the Haihe Basin
In this thesis, I chose Guangting Reservoir and Lake Baiyangdian as my study areas

(Figure 1.1). These two illustrative cases in the Haihe Basin differ in climate, landscape,
urbanization rates and agricultural systems. Climatic factors (e.g., precipitation), and

topography (e.g., elevation) influence nutrient export from land to water systems by
runoff. Urbanization rates and the agriculture system (i.e., crop and animal production)

are sources of nutrients in rivers that are exported to lakes. Cropping systems differ with

respect to crop categories, and farm practices. For example, crop production in the Haihe

Basin includes single and double cropping systems. As a result, the fertilizer application

rates differ across sub-basins and seasons. The net effect of these biophysical and socio-

economic drivers is that the river export of nutrients to Guangting Reservoir and Lake
Baiyangdian differs in time and space.

Guanting Reservoir is located in the mountainous area of the Haihe Basin. The
watershed area draining into Guanting Reservoir is 43,889 km2. The reservoir is a source

of drinking water for Beijing during water shortage periods with a storage capacity of
4.16 billion m3 of water. In 2012, the total population in the Guanting Reservoir basin

was 8.3 million and 50% lived in urban areas. The single cropping system is prevalent.

The animal raising intensity reached 1,000 head per km2. A county with intensive
livestock production was located in the midstream area of the reservoir drainage basin.

This drainage basin of the reservoir has other important functions. Upstream is an

ecologically protected area. As a result, water use is limited. In 2022, the Winter Olympic
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Games will be held in Chongli county, which is located in the upstream area of the basin.

To prepare for Olympics, efforts will be made to ensure that Guanting Reservoir is in a
high-quality environmental condition.

Lake Baiyangdian is located in the plain area, and its drainage basin includes

mountainous and plain areas, covering approximately 31,200 km2. The lake is the largest
shallow lake in the Haihe Basin and plays an important role in water supply, flood

regulation, fisheries and biodiversity conservation. In 2012, the total population in the
basin was 16 million, but only 20% of people lived in urban areas. More people lived in

rural areas without sewage systems. Double cropping systems (i.e., wheat-maize

rotations) dominate. The animal raising intensity in the Lake Baiyangdian basin was
2,200 head per km2 in 2012, which is higher than in the Guanting Basin. Today, most of

the drainage basin consists of rural areas with agriculture and villages, but major

changes are anticipated. A new urban area called Xiong’an is being developed close to
Lake Baiyangdian, in three counties: Xiongxian, Rongcheng and Anxin. The urban areas

are expected to increase to approximately 100 km2 by 2020; 200 km2 by 2030; and 2,000

km2 by 2050 (Feng et al., 2017; GOV, 2017; GOV, 2019). Thus, rapid urbanization is

expected in this new area in the near future. The drainage area of the lake is predicted
to transition from a predominantly rural area into a predominantly urban basin due to
the new Xiong’an development.
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1

Figure 1.1 Study area: Guangting Reservoir and Lake Baiyangdian in the Haihe Basin

1.2 Knowledge gaps and research objectives

Based on the above, I identified three knowledge gaps on the causes and effects of

nutrient pollution, and possible future solutions, in the two selected lakes of the Haihe
Basin in China.

1. Lack of information on the seasonal and annual variability in nutrient losses from
sub-basins to the two lakes in the Haihe Basin of China.

2. Limited knowledge on future trends in river export of nutrients under the socioeconomic changes and current policies in the two lakes of the Haihe Basin.

3. Lack of understanding of how external nutrient loads compared to critical nutrient
loads of the lakes in the Haihe Basin in the future.

The main objective of this research is, therefore, to improve our understanding of
nutrient flows from land to the two lakes in the Haihe Basin, and possibilities to reduce

this pollution in the future. To this end, I formulated four sub-objectives on the causes

and future trends of nutrient pollution from land to the lakes (sub-objectives 1, 2, 3)
and the effects of nutrient pollution on the lakes (sub-objective 4).
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Sub-objectives focusing on the causes and future trends (knowledge gaps 1 and 2) are

as follows:

1. To better understand the seasonal trends in river export of dissolved inorganic
nitrogen (DIN) to the two lakes of the Haihe Basin (Chapter 2).

2. To analyze future trends in nutrient inputs into Guanting Reservoir and Lake
Baiyangdian in the Haihe Basin (Chapter 3).

3. To explore options to reduce nutrient losses from livestock production to Lake
Baiyangdian from 2012 to 2050, taking urbanization into account (Chapter 4).

The sub-objective focusing on the effects (knowledge gap 3) is as follows:

4. To compare nutrient loads for current (2012) and future years (2050) with critical
nutrient loads of Lake Baiyangdian, and to discuss the possibilities for nutrient
management in sub-basins of Lake Baiyangdian (Chapter 5)

1.3 Research approach and thesis outline

This thesis includes six chapters: a chapter overview with objectives and methods is

shown in Figure 1.2. Chapter 1 details the background and provides the information
about knowledge gaps and research objectives. Chapters 2–5 present the results related
to four sub-objectives. The study area in Chapters 2–5 is shown in Figure 1.1.

In Chapter 2, I analyze the seasonal trends in river export of DIN to the Guanting

Reservoir and Lake Baiyangdian (sub-objective 1). To this end, I first develop a seasonal
version of the MARINA-Lakes model (Model to Assess River Inputs of Nutrients to lAkes)
by accounting for the seasonality of climate, hydrology, and human activities. I then

apply the model to analyze the seasonal patterns of N inputs to the basins and DIN

exports to the lakes under different cropping systems in 2012. Lastly, I discuss the model
uncertainty and implications of the results on seasonal nutrient management.

Chapter 1 | 13

1

Figure 1.2 An overview of the research objectives and methods in this thesis.

In Chapter 3, I analyze how socio-economic and environmental policies will affect

nutrient inputs into the Guanting Reservoir and Lake Baiyangdian (sub-objective 2). To
this end, I first analyze current characteristics of human impacts on the river export of

N and P into the Guanting Reservoir and Lake Baiyangdian by developing and applying
the annual version of the MARINA-Lakes model. I subsequently analyze future trends

between 2012 and 2050 under different scenarios: a business-as-usual (SSP3) and a
scenario based on Current Environmental Policies (CEP), two important events

scenarios (OLY and URB), two alternative scenarios assuming implementation of

advanced technologies to reduce nutrients in rivers draining into the reservoir and lake
(OLY+ and URB+).

In Chapter 4, I explore options to reduce nutrient losses from livestock production to

Lake Baiyangdian from 2012 to 2050, taking urbanization into account (sub-objective
3). To this end, I apply the MARINA-Lakes model to the sub-basins of Lake Baiyangdian
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using data for 1358 livestock farms. I develop four scenarios to analyze future trends in
water pollution from urbanization and agriculture in 2050. SSP3 (Shared Socioeconomic Pathways-3) for 2050 was defined as a baseline scenario (BL). Relative to the

BL, I develop three alternative scenarios: Restrict Livestock production Policy (RLP),
Recycling Manure Policy (RMP) and Optimistic Nutrient Management (ONM). In each
scenario, I apply an indicator to gain insights into where the animal manure will be

excessive or lacking to satisfy crop demand in the sub-basins of Lake Baiyangdian. By
following this indicator, I redistribute animal manure over land in the ONM scenario.

In Chapter 5, I compare current and future nutrient loads with critical nutrient loads of

Lake Baiyangdian in 2012 and 2050, and discuss the possibilities for nutrient
management in sub-basins of Lake Baiyangdian (sub-objective 4). Firstly, I determine

the critical nutrient loads of Lake Baiyangdian by applying the PCLake+ model,

accounting for intensive external stresses (e.g., nutrient losses from human activities)
and its unique characteristics (i.e., alternating landscapes). It is done for the first time
for Lake Baiyangdian. Secondly, I compare the current (i.e., 2012) and future (i.e., 2050)
nutrient loads from Chapters 2–4 with the critical nutrient loads. Lastly, I discuss the
possibilities for nutrient management in the sub-basins of Lake Baiyangdian.

In Chapter 6, I discuss the main findings and modeling approaches. I draw the main
conclusions of this thesis and provide recommendations for science and policy.
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Chapter 2. Seasonal river export of nitrogen to

Guanting and Baiyangdian lakes in the Hai He Basin
Abstract
Eutrophication refers to the nutrient enrichment, leading to blooms of algae. Such
blooms in lakes can happen throughout the year because of the changes in nutrient and
hydrological cycles. Nutrient export to lakes from rivers is the main cause of
eutrophication problems. Seasonal trends in nitrogen (N) export by rivers to lakes are
still not well understood. The objective of this study is, therefore, to better understand

the seasonal trends in river export of dissolved inorganic N (DIN) to lakes of the Haihe
Basin. To this end, we selected Guanting and Baiyangdian as representative lakes, whose

drainage areas include various cropping systems. We developed a seasonal version of
the MARINA-Lakes (Model to Assess River Inputs of Nutrients to lAkes) model for
Guanting and Baiyangdian while assessing N flows from the land to the lakes. The model

accounts for the seasonality in human activities (e.g., cropping systems, fertilizer

practices), climate and hydrology. The effective seasons are winter (December–

February), spring (March–May), summer (June–August), and fall (September–
November). The model results for the year 2012 indicate that river export of DIN was
highest in winter and lowest in summer. Point sources accounted for over 50% of DIN

exports to Guanting and Baiyangdian across seasons. Avoiding direct discharges of

animal manure (point source) in winter is needed to reduce future lake pollution. We
argue that effective lake pollution control requires accounting for seasonal N cycles. Our
study can support effective nutrient management and environmental policies.
Accepted for publication as:

Jing Yang, Maryna Strokal, Carolien Kroeze, Xuanjing Chen, Zhaohai Bai, Hongbo Li,

Yihong Wu, Lin Ma. Seasonal River Export of Nitrogen to Guanting and Baiyangdian
Lakes in the Haihe Basin. To be published in JGR: Biogeosicences
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2.1 Introduction
Human activities have greatly altered the global nitrogen (N) cycle (Stevens, 2019).

Nitrogen is an essential nutrient element to secure crop and livestock production to

meet food demand. However, not all N applied to land can be used completely by crops.
There are losses of N throughout the food chain (crop production, animal production,

and human consumption). Dissolved inorganic N (DIN) is considered as most
bioavailable for aquatic organisms. However excess export of DIN from rivers to lakes

could degrade water quality and trigger blooms of harmful algae, fish kills, and hypoxia

(Flö rke et al., 2018; Strokal et al., 2016a; Van Vliet et al., 2017). These problems often

create serious threats to aquatic systems and society because of the decreased
availability of clean water.

Anthropogenic reactive N losses to the environment have tripled during the past three
decades in China. Important reasons are the overuse of synthetic fertilizers on land to

maintain increasing food demand (Gu et al., 2015) and poor animal manure

management (Strokal et al., 2016a). River export of DIN to many lakes (Li et al., 2019b;

Wang et al., 2019) has increased over past decades in China, contributing to
eutrophication problems. This holds especially for lakes in the Hai He Basin.

The Hai He Basin is the political center and the agricultural base of China. In 2012, this
basin provided 10% of grain yield, 20% of milk, 10% of meat and 21% of eggs for more

than 100 million people in China. The total agricultural N loading to the rivers of the Hai
He Basin was 1,079 Gg N in 2012 (Zhao et al., 2019). Yang et al. (2019) showed that river
export of nutrients to Guanting Reservoir and Baiyangdian Lake in the Hai He basin is

expected to increase in the coming years. On the other hand, the basin is one of the most
water scarce areas in China with only 355 m3 of water resources per capita (Xia, 2002).

Water systems in the basin have been shown to be as polluted by Liu et al. (2010b) and
Wu et al. (2011). In 2019, 44% of rivers in the Hai He Basin had eutrophication problems.
Such polluted rivers often export N to lakes. Today, many lakes shift from slight eutrophic

to moderate eutrophic. Guanting reservoir and Baiyangdian lake are examples of such

polluted lakes (Fu, 2015; HBWRB, 2010-2014; Zhang et al., 2015; Zhu et al., 2016).
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Moreover, river export of N to these lakes may increase in the coming years because of
increasing human activities around the lake.

Crop production in the Hai He Basin includes single and double cropping systems.

Examples of double cropping systems are wheat-maize rotations. Cropping systems
differ with respect to crop categories, and fertilizer application. More than 90% of
synthetic fertilizers and animal manure are applied to cropland between March and

August (spring and summer) in the Guanting basin, and between March and October

(spring, summer and fall) in the Baiyangdian basin. This is driven by the crop phenology

and farm practices (Table 2.1, Table A.10 and Figure A.3 in Appendix I). The Hai He Basin
is characterized by a temperate monsoon climate showing a seasonal pattern. The multi-

year average precipitation is approximately 520 mm (1961–2012), and 75–85% of

rainfall is concentrated in the rainy season (June to September) (Cheng et al., 2019). The
period of the highest temperature coincides with the period of the highest rainfall

patterns. This period is from June to September (summer) in the Hai He Basin (Table
A.11 and A.12 in Appendix I).

There are many factors, including human activities, climate and hydrology, that may
influence the seasonality in river export of DIN. As a result, algal blooms in the lakes of

the Hai He Basin may also occur seasonally (Anderson et al., 2008; Turner et al., 2006).
Human activities can largely alter N cycling patterns. For example, N inputs to land can

be higher in seasons with intensive crop production because more fertilizers are applied
to grow different crops in those seasons (Penuelas et al., 2013). Seasonal rainfall could

alter hydrological processes such as evaporation and influence river discharges. For
example, lower river discharges could bring less N to the lakes. More N is expected to be

exported during the wet season because of more river discharges. However, N losses can

also be higher in warm periods with high precipitation (due to denitrification), leading
to less N in rivers. Previous studies showed that temperature can influence seasonal N

export because of its impact on rates of denitrification and plant N uptake (McCrackin

et al., 2014). When temperature is higher, denitrification processes are more active,

leading to higher N losses from rivers before reaching the lakes. Therefore, it is essential
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to understand the impact of seasonal variation in human activities, climate and

hydrology on river export of DIN to lakes. This will help to formulate effective
management measures for reducing N pollution in lakes.

Modeling tools can help to address the knowledge gaps. However, modeling of seasonal
river export of DIN is, generally, limited for lakes in the Hai He Basin. The MARINA-Lakes

model (Model to Assess River Inputs of Nutrients to lAkes) quantifies river export of DIN

to Guanting Reservoir and Baiyangdian Lake in the Hai He Basin (Yang et al., 2019). The
model was specifically developed for the lakes of the Hai He Basin and applied to

Guanting Reservoir and Baiyangdian Lake (Yang et al., 2019). The model quantifies river

exports for the past and future in a spatially explicit way (sub-basins). However, the
model is annual and does not account for the seasonality in N cycling, hydro-climatic
conditions and human activities.

The objective of this study is, thus, to better understand the seasonal trends in river

export of DIN to lakes of the Hai He Basin. To this end, we selected the Guanting and

Baiyangdian as representative lakes of the Hai He Basin, whose drainage areas cover

different cropping systems. To meet this objective, we first developed a seasonal version
of the MARINA-Lakes model (section 2.2). Second, we applied the model to analyze the

seasonal patterns of N inputs to the basins and DIN exports to the lakes under different
cropping systems (section 2.3). Third, the model uncertainty and implications of our
results on effective nutrient management are discussed (section 2.4). Finally, we draw
conclusions (section 2.5).

2.2 Materials and Methods
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2.2.1 Study area
We study Guanting Reservoir and Baiyangdian Lake in the Hai He Basin (Figure 2.1a).
Guanting Reservoir is an important source of drinking water for Beijing. It is located in
the mountainous area (Figure 2.1a). In 2012, the total population in the Guanting basin

was 8.3 million and approximately half of this population lived in urban areas. Due to

the local climate, farmers cultivate crops once per year (single cropping system, see
Table A.6 in Appendix I). The Guanting basin is located in the water conservation area.
Many plans and measures have been implemented for preserving water quantity and

quality. In addition, the Winter Olympic Games in 2022 will be held in a county (Chongli)
located upstream in the Guanting Basin.

Baiyangdian Lake is located in the plain area (Figure 2.1a). It is the largest shallow lake
in the Hai He Basin and plays an important role in water supply, flood regulation,

fisheries, and biodiversity conservation. The total population of the Baiyangdian basin

was 16 million, but only 20% of this population lived in urban areas in 2012. This is
much lower compared to the Guanting basin. This implies that more people live,
generally, in rural areas with poor sewer connections. Crop production is dominated by

double cropping systems (see Table A.6 in in Appendix I). Xiong’an, a new urban area
will be established close to Baiyangdian Lake. Therefore, considerable changes are

anticipated in the near future. The changes will entail the transition from a rural area
with agriculture and villages towards an urban area with a high population density.

2.2.2 Sub‐basin delineation

The drainage areas of the two lakes are divided into the sub-basins (Figure 2.1b). The
delineated sub-basins are taken from our earlier study (Yang et al., 2019). Yang et al.
(2019) delineated the sub-basins using the information from an online database

(Lehner and Grill, 2013). This database includes a series of polygon layers delineating
sub-basin boundaries (Lehner and Grill, 2013). Yang et al. (2019) aggerated polygon

layers into the sub-basins of Guanting and Baiyangdian by following the information on
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the river networks of the Guanting and Baiyangdian basins (Figure 2.1c).

The drainage area of Guanting reservoir is 43,889 km2. The Guanting basin has four subbasins: Yanghe, Sanggan, Yongding and Guishui (Figure 2.1b). The drainage area of these
four sub-basins ranges from 1040 km2 to 12,347 km2 (Table A.6 in in Appendix I).

The Baiyangdian basin covers around 31,200 km2.This basin has eight rivers, forming

eight sub-basins: Baigouhe, Pinghe, Baohe, Caohe, Fuhe, Tanghe, Xiaoyihe and
Zhulonghe (Figure 2.1b). The drainage area of eight sub-basins ranges from 544 km2 to

10,178 km2 (Table A.6 in in Appendix I). In the Baiyangdian basin, only Baigouhe, Fuhe,

and Xiaoyihe rivers flow into the lake. The other five rivers are dry and hardly export
water to the lake.

Details on wastewater treatment plants and intensive livestock farms are shown in Figure A.2 in Appendix I.

water for calculating observed nitrogen concentrations water quality (black stars) and for calculating observed river discharges (green circles).

plants and their associated capacity (purple circles, 104 m3 per day). Source: Chen et al. (2019b). Observed sites indicate the sample locations of

one comparable unit. Source: Liu et al. (2017b). (c) River networks of Guanting and Baiyangdian basins, the locations of wastewater treatment

livestock units (yellow circles, LSU). Source: Yang et al. (2019), MEP (2015). LSU is a Livestock Unit that aggregates different livestock species into

Baiyangdian Basins. Source: Yang et al. (2019). (b) Sub-basins of Guanting and Baiyangdian, the locations of intensive livestock farms and their

Figure 2.1 The main characteristics of the Guanting and Baiyangdian basins. (a) Locations of the Hai He Basin in China, and the Guanting and
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2.2.3 A seasonal model for river export of nitrogen to lakes
In the following sections, we first present the annual version of the existing MARINALakes model for Guanting and Baiyangdian (Yang et al., 2019). Then, we describe the
seasonal version of this model that we developed in this study.

The existing MARINA-Lakes model was developed using the MARINA 1.0 model (Model
to Assess River Inputs of Nutrients to seAs). Strokal et al. (2016) applied the MARINA 1.0

model to six large river basins in China: the Yellow (Huang in Chinese), Liao, Hai, Yangtze

(Changjiang in Chinese), Huai, and Pearl (Zhujiang in Chinese) rivers. Yang et al. (2019)
modified the MARINA 1.0 into the annual MARINA-Lakes model for Guanting and

Baiyangdian. This MARINA-Lakes model quantifies annual river export of dissolved

inorganic (DIN, DIP) and dissolved organic (DON, DOP) N and phosphorus (P) to specific
lakes and reservoirs. This is done for sub-basins accounting for different sources of N
and P in rivers.

The existing MARINA-Lakes model quantifies annual flows of nutrients from land to

lakes by accounting for both hydrological (water flows), natural processes and
anthropogenic factors (Yang et al., 2019). First, nutrients flow from land to rivers are

quantified. This is quantified as the net nutrient inputs to soils (inputs minus crop

uptake) that are corrected for nutrient retentions in soils. Then, nutrients flow from
rivers to lakes are quantified. Nutrients in rivers can be either lost or retained before

reaching the river mouth (the point of entering the lakes). All this is done at the sub-

basin scale by source. Nutrients in rivers are from diffuse and point sources. Diffuse
sources for N are the use of synthetic fertilizers, animal manure and human excreta on

agricultural land, atmospheric N deposition, biological N2 fixation (BNF) on agricultural

and natural land. Point sources for N in rivers are sewage systems, direct discharges of
animal manure and human waste to rivers without treatment (Yang et al., 2019).

In this study, we developed a seasonal version of the MARINA-Lakes model by adding
seasonality of climate, hydrology, and human activities. Anthropogenic factors such as
agricultural practices are distributed across seasons by following existing approaches
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(see details in Step 2 below). Retentions and losses of nutrients in rivers are quantified

as a function of temperature and associated processes (e.g., denitrification), river
damming and water consumption (see details in Steps 3 and 4 below). We did this based
on the existing seasonal modeling approaches that are implemented for the world

(McCrackin et al., 2014), individual rivers in China (Chen et al., 2019a), and for individual

lakes (Goshu et al., 2020). We implement the seasonal approach to Guanting and

Baiyangdian lakes with the three modifications. First, effective seasons were classified
based on local air temperature, precipitation and agricultural practices for our study
areas. The model takes seasonal runoff and river discharges in modeling seasonality in
river export of N. Precipitation is only used to define the seasons. Second, dry and wet N
deposition was distinguished separately in the total N deposition because of the heavier

dry deposition in the Hai He Basin (Liu et al., 2013; Lu and Tian, 2007; Pan et al., 2012;
Xu et al., 2015). Third, we used largely the local information for model inputs (see
Appendix I).

The seasonal MARINA-Lakes model follows the basic structure of the annual MARINA-

Lakes model (Yang et al., 2019), but accounts for seasonality. Seasonal export of DIN to

specific lakes and reservoirs are quantified using the overall equation (modified from
Yang et al. (2019)):

M���.�.�.� = (RSdif���.�.�.� + RSpnt ���.�.�.� ) × FE���.���.������.�.� × FE���.���.�����.�.� (1)

Where, MDIN.y.j.s refers to the river export of DIN to lakes in season s, by source y, from

sub-basin j (kg season-1). RSdifDIN.y.j.s and RSpntDIN.y.j.s refer to the DIN inputs to rivers in
sub-basin j by diffuse (dif) and point (pnt) source y in season s (kg season-1).

FEriv.DIN.outlet.j.s is the fraction of DIN in rivers reaching the outlet of sub-basins j in season

s (0-1). FEriv.DIN.mouth.j.s is the fraction of DIN that is exported by rivers to the lake or
reservoir from sub-basin j in season s (0-1).

We developed the seasonal version of the MARINA-Lakes in four Steps.
Step 1: To identify effective seasons

Effective seasons were defined on seasonal characteristics of air temperature,
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precipitation and cropping systems (crop phenology, fertilizer practices). We analyzed
the 30-year mean values of monthly air temperature and precipitation (Table A.11 and

Table A.12 in in Appendix I). The three months with the greatest average air temperature
and precipitation were chosen as summer and the other seasons shifted according to the
calendar.

The seasons differ in cropping systems (Figure 2.2). Representative crops were selected
based on the results from the NUFER model (Nutrient flows in Food Chains,
Environment and Resource use) (Table A.7 in in Appendix I). Representative crops
included wheat, maize, other cereals (naked oat for Guanting, millet for Baiyangdian),

beans, potatoes, vegetables (Chinese cabbage and greenhouse cucumber) and fruit

(apple) (Shi et al., 2013; Wang et al., 2018b). Crop phenology and farm practices for

representative crops were determined based on existing databases (MOA, 2012; MOA,

2016; NDRCPD, 2013), literature (Zhang, 2006; Zhang et al., 2009; Zhao, 2017), and
expert knowledge (Table A.8, A.9, and Table A.10 in Appendix I).

Based on the information about the cropping systems, air temperature and precipitation,
four effective seasons were defined. The period of March to May was classified as Spring
(the first round of farming practices). The period of June to August was selected as

Summer (greatest average air temperature and precipitation), September to November
as Fall (the second round of farming practices), and December to February as Winter.
Step 2: To quantify seasonal nitrogen inputs to land and to rivers

We started with annual N inputs to land and rivers using the model inputs from Yang et
al. (2019) for the sub-basins of Guanting and Baiyangdian. We allocated the annual

values to the four seasons. We did this for diffuse-source inputs of N to land (WSdifN.y.j.s,

kg season-1, see Step 3) and for direct N inputs to rivers (point sources, RSpntN.y.j.s, kg

season-1, see Step 3). Diffuse N sources include synthetic fertilizers, animal manure,

human excreta on agriculture land, atmospheric N deposition, and BNF by crops and

natural vegetation. We allocated annual N inputs from these diffuse sources to land
across 12 months and then aggregated to four seasons. The distribution of annual values

over months for diffuse sources accounted for the crop phenology, local farming
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practices and hygro-climatic conditions (precipitation and air temperature) in the

agricultural and non-agricultural land. For this, we followed the approach of McCrackin
et al. (2014) and Chen et al. (2019a). We include point N sources in our seasonal model

as in the model of Yang et al. (2019). Point sources do not have seasonality in our model
except for direct discharges of untreated human waste to rivers. These discharges
change over seasons because some amounts of human waste are applied to crops as
fertilizer in certain seasons (see the Text A.2 in Appendix I).

For the seasonal N inputs to land (diffuse sources), annual N in synthetic fertilizers,
animal manure, and human excreta were allocated to seasons based on the crop

phenology and farming practices for representative crops (MOA, 2012; MOA, 2016;

NDRCPD, 2013; Zhang, 2006; Zhang et al., 2009; Zhao, 2017) (Table A.8, A.9, and Table

A.10 in Appendix I). Annual atmospheric N deposition on agricultural land and nonagricultural land was divided into dry and wet fractions based on their relative share

from existing studies (Liu et al., 2013; Pan et al., 2012). Then, annual wet N deposition

was allocated in proportion to seasonal precipitation (NMIC, 2013). We distributed
annual dry deposition using the share of monthly dry deposition in the annual dry

deposition based on Pan et al. (2012). Annual BNF by natural vegetation was distributed

to seasons by following an approach reflecting the relationship between nitrogenase
activity and air temperature (Chen et al., 2019a; Houlton et al., 2008; McCrackin et al.,

2014). For crops, annual BNF only happens in the growing seasons. We calculated
seasonal BNF by crops using different fixation rates for representative crops during the

growing seasons (Bouwman et al., 2009; Ma et al., 2010) (Table A.7, A.9, and Table A.15
in Appendix I).

For point sources, we used a different approach to allocate annual values into seasons.

First, we distributed annual values into each month. This holds for direct discharges of

animal manure and for sewage effluents to surface waters (after treatment). Annual N
inputs to surface waters from these point sources were evenly distributed to the months

across the whole year (12 months). Seasonal human excreta to rivers (without treatment)
were calculated by subtracting N in human excreta applied on land and N losses to the
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air in each month. Monthly values were summed to the relative four seasons.

The model equations to calculate the seasonal N budget are shown in Appendix I Figure
A.1 and Table A.1. Details and assumptions are in Text A.2.

Chapter 2 | 27

2

Figure 2.2 The effective seasons for modeling river export of dissolved inorganic nitrogen (DIN) to
the Guanting Reservoir and Baiyangdian Lake. The effective seasons were defined using the
monthly trends in temperature (ºC), precipitation (mm) (upper graphs), and crop phenology (gray
bars in lower graphs). Single cropping system implies that farmers cultivate crops just once per
year. Double cropping system implies that farmers cultivate crops two times per year. Base
fertilizer (brown arrows) means that fertilizers are applied to the soil before crops are planted.
Topdressing (green arrows) means that extra fertilizers are applied to crops during the growing
season in order to improve plant nutrition and boost yields. Details are shown in Appendix I Tables
A.8, A.9, A.11, and A.12. Source: MOA (2012); NMIC (2012); Wang et al. (2018b).
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Step 3: To quantify seasonal DIN export to rivers

Following the approach of MARINA-Lakes (Yang et al., 2019), seasonal DIN export from

diffuse sources to rivers (RSdifDIN.y.j.s, kg season-1) was quantified accounting for seasonal

N retentions within land as:

For agricultural land: RSdif���.�.�.� = WSdif�.�.�.� × G���.�.� × FE��.���.�.�

(2)

For non − agricultural land: RSdif���.�.�.� = WSdif�.�.�.� × FE��.���.�.�

Where, WSdifN.y.j.s refers to inputs of N to agricultural land or non-agricultural land in
sub-basin j from diffuse source y in season s (kg season-1). WSdifN.y.j.s is quantified using

Step 2 above. GDIN.j.s refers to the fraction of N inputs to agricultural land that remained

in soils of sub-basin j and season s after animal grazing and crop harvesting (0-1). GDIN.j.s

is calculated by following the MARINA-Lakes model (Yang et al., 2019) (see the equation
in Box A.1 and Table A.1). FEws.DIN.j.s refers to the fraction of N export from agricultural or

non-agricultural land to rivers in the form of DIN in sub-basin j and season s (0-1). We

calculated FEws.DIN.j.s by following the seasonal approach of McCrackin et al. (2014) and

Chen et al. (2019a) as:

FE��.���.�.� = b × (4 × Rnat �.� )� × (1 − F����.�.� )
F����.�.� = d × (T�.� ⁄100)�
Rnat �.� =

Qnat �.�
�Area
�

(3)

(4)

(5)

Where, Rnatj.s is natural seasonal runoff from land to streams in sub-basin j (m season-

1).

Areaj is the drainage area of sub-basin j (km2). Qnatj.s is the natural water discharge

1).

The method to estimate Qnatj.s is explained in Step 4. We multiplied Rnatj.s by 4 to

at the outlet of sub-basin j before water is removed for consumption in season s (km3 s-

keep FEws.DIN.j.s consistent with the annual fractions, following McCrackin et al. (2014)

and Chen et al. (2019a). a and b are constants to quantify the function of natural runoff
(Table A.19 in Appendix I). Ftemp.j.s is the fraction of N lost from land due to denitrification

processes as a function of temperature. Tj.s is average seasonal air temperature in sub-
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basin j and season s (℃). We added 12.5℃ to eliminate negative values for Guanting

Reservoir and Baiyangdian Lake. The values of Tj.s were calculated by averaging the

observed air temperature of the relative three months in each season (NMIC, 2013)
(Table A.13 in Appendix I). c and d are constants that reflect the function of air
temperature (McCrackin et al., 2014) (Table A.19 in Appendix I).

DIN export from point sources to rivers (RSpntDIN.y.j.s, kg season-1 ) was quantified as
(modified from Yang et al. (2019)):

RSpnt ���.�.�.� = RSpnt �.�.�.� × FE���.���.�.�

(6)

Where, RSpntN.y.j.s refers to inputs of N to rivers from point source y in sub-basin j and

season s (kg season-1 ). RSpntN.y.j.s was quantified using Step 2. FEpnt.DIN.y.j is the fraction

of N in sewage effluents (RSpntN.y.j.s point source y) that enter rivers in the form of DIN

in sub-basin j (0-1). FEpnt.DIN.y.j was derived from previous studies (Strokal et al., 2016a;
Yang et al., 2019) (Table A.20 in Appendix I).
Step 4: To quantify seasonal river retentions

DIN export by rivers from sub-basins to lakes was quantified by correcting seasonal

inputs of DIN to rivers for seasonal retentions and losses of DIN in rivers. The seasonal
N retention within the river systems was calculated based on two parameters: the

fraction of nutrients in rivers reaching the outlets of sub-basin j in season s

(FEriv.DIN.outlet.j.s, 0-1) and the fraction of N that is exported by rivers to the lake or

reservoir from the sub-basin outlets in season s (FEriv.DIN.mouth.j.s, 0-1).

FEriv.DIN.outlet.j.s accounts for losses of N from rivers due to denitrification (LDIN.j.s 0-1),

retentions in rivers due to damming (DDIN.j 0-1), and removal from rivers as a result of
water consumption (FQremj.s 0-1) in sub-basin j and season s, following the approach of
Yang et al. (2019) and McCrackin et al. (2014):

FE���.���.������.�.� = (1 − L���.�.� ) × (1 − D���.� ) × (1 − FQrem�.� )

(7)

To consider the impact of air temperature on denitrification, annual LDIN.j was modified
into seasonal LDIN.j.s (0-1) according to McCrackin et al. (2014) as follows:
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L���.�.� = (0.0605 × ln (A� )−0.0443) × (Q�� )(��.����.�������)���

(8)

Where, Aj is the sub-basin area (km2). Q10 refers to the changes in the denitrification rate
associated with increasing air temperature. We set Q10 to 2 as in Chen et al. (2019a) for

China. Tj.s is average seasonal air temperature in sub-basin j and season s (℃). Tj.average is

the average air temperature for all seasons in sub-basin j (℃). LDIN.j.s is constrained
between 0 and 0.65 (McCrackin et al., 2014).

We assumed that there is no seasonal change for retentions due to river damming. Thus,
we used the values of annual DDIN.j from Yang et al. (2019) for all seasons (0-1).

FQremj.s is calculated using Qactj.s and Qnatj.s, following the approach of the MARINA-

Lakes model, but for seasons as:
FQrem�.� =

(Qnat �.� −Qact �.� )
�Qnat
�.�

(9)

Where, Qactj.s is the seasonal actual water discharge at the outlet of sub-basin j after

water is removed for consumption in season s (km3 s-1). Qnatj.s is the natural water
discharge at the outlet of sub-basin j before water is removed for consumption in season

s (km3 s-1). In this study, we developed an approach to allocate the amounts of annual

water consumption (Qnatj - Qactj, km3 s-1) across seasons (Chen, 1995; HBQTS, 2009;

Wang et al., 2018b; Yang et al., 2019). We distributed the amounts of annual water

consumption to different water sectors (agriculture, industry, and households) and then
the annual water consumption of each water use sector was allocated across seasons
(Qnatj.s - Qactj.s, km3 s-1). See more details in Text A.2 and Figure A.4 of Appendix I. Qnatj.s

is estimated by adding seasonal water consumption to Qactj.s in each sub-basin. Qactj.s is

the sum of the monthly measured data at the outlets of sub-basins (Table A.16 in
Appendix I).

2.2.4 Model performance
The MARINA-Lakes model was validated for the basin of Guanting and Baiyangdian in
the earlier study (Yang et al., 2019). This was done by comparing observed nutrients at

the outlets of sub-basins with modeled values. The observed nutrients were calculated
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using the observed concentrations of nutrients and observed river discharges (see

sources for the information in Yang et al. (2019), observed sites are showed in Figure
2.1c). The results showed an acceptable performance of the model to quantify annual
river export of DIN and DIP. MARINA-Lakes also has been successfully implemented for

other lakes such as Dianchi (Li et al., 2019b), Taihu (Wang et al., 2019) in China and Tana

Lake in Ethiopia (Goshu et al., 2020). The model was also validated for those lakes,
indicating a good performance.

In this study, we further evaluated our seasonal MARINA-Lakes model for Guanting and

Baiyangdian basins. We compared our modeled results of river export of DIN (kg km-2

year-1) with observed values (kg km-2 year-1; Figure 2.3). Seasonal modeled DIN exports

from sub-basins were derived from this study. Observed values for DIN at the outlet of
the Yanghe, Sanggan, Yongding, Guishui, and Fuhe sub-basins were calculated from

observed concentrations of DIN (sum of NH4-N and NO3-N) (BDMGOV, 2017; ZJKMGOV,
2016), seasonal river discharges (MWR, 2000-2015), and sub-basin areas (see details in
Appendix I Table A.6 and A.16). Figure 2.1 shows locations of water samples.

We validated the model on an annual and seasonal basis. For this, we calculated the

Pearson’s coefficient of determination (RP2), the Nash-Sutcliffe efficiency (NSE), the ratio

of the root mean square error to the standard deviation of measured data (RSR) and

Percent bias (PBIAS). RP2 is the square of the correlation coefficient (rx,y). It indicates the

percentage of the variance in measured data explained by the model: the closer RP2 is to

1, the better the fit between measured and modeled values. NSE determines how well
the plots of the measured and modeled values fit the 1:1 line. Values between 0 and 1
are acceptable levels of model performance. RSR varies between 0 and 1: the lower RSR,

the better the model performance. PBIAS measures the average tendency of the modeled
data to be larger or smaller than their observed values.

Validation results show that our model may overestimate river export of DIN in winter

and underestimate in spring (Figure 2.3). There are two possible reasons for this. First,
our model has uncertainties as any integrated water quality models (see discussion in
section 2.4.1). Uncertainty sources are associated with processing model inputs and
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data availability. Second, the differences between observed and modeled DIN at the
outlet of the sub-basins can arise from the uncertainty of sampling methods, handling,

and analytical techniques (Jarvie et al., 2002). Nevertheless, our validation results show

a good performance of the model: Rp2 = 0.90, NSE = 0.62, RSR=0.42, PBIAS = 21%

(Figure 2.3). Validation results of this study and previous studies increase trust in model
performance for analyzing annual and seasonal river export of DIN to lakes in Hai He
Basin.

Figure 2.3 Modeled versus observed seasonal river export of dissolved inorganic nitrogen (DIN) to
the Guanting Reservoir and Baiyangdian Lake in the Hai He Basin (kg N km-2 year-1). Rp2, NSE,
RSRand PBIAS are the Pearson’s coefficient of determination (0-1), the Nash-Sutcliffe efficiency (01), the ratio of the root means square error to the standard deviation of measured data (0-1) and
Percent bias (0-100%), respectively. Modeled river export of DIN was derived from the seasonal
MARINA-Lakes model (this study, see section 2.3). Observed DIN values were calculated from
observed concentrations of DIN (sum of NH4-N and NO3-N) at the five observed sites (Section 2.2,
Figure 2.1c), seasonal river discharge at the corresponding outlets of sub-basins, and their subbasin areas (see details in Appendix I Table A.6 and A.16). Source: BDMGOV (2017); MWR (20002015); ZJKMGOV (2016).
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2.3 Results
2.3.1 Guanting Reservoir
2.3.1.1 Seasonal N inputs to the basin

The total N inputs to the Guanting Basin vary among seasons and sub-basins. The total
annual N inputs to the basin were 293 Gg year-1 in 2012 (Figure 2.4a). This amount
included diffuse sources of N inputs to land (includes agricultural land and natural land)

and point sources of N to rivers. Approximately two thirds of the total N inputs to the

basin were from diffuse sources of N to the land. However, this is different among the
seasons. We quantify that 44% and 37% of the total N inputs to the basin were in spring

and summer, respectively (Figure 2.4a). The remainder was in fall (12%) and winter
(7%). In spring and summer, the Guanting Basin received more N inputs to land from

diffuse sources compared to N inputs to rivers from point sources. This is different for
fall (more diffuse-source inputs to the land) and winter (more point-source inputs to

rivers) (Figure 2.4a). Furthermore, N inputs to the land from diffuse sources ranged from
2,466 to 2,938 kg km-2 among sub-basins in spring (Table 2.1). This range was 1,982–

2,379, 359–1,456, and 116–191 kg km-2 season

-1

for summer, fall, and winter,

respectively (Table 2.1). The larger spatial variations in N inputs to land within subbasins (kg km-2 season -1) were in fall (Figure 2.5a).

Inputs of N to land varied among sources and seasons (Figure 2.5a). In winter,
atmospheric N deposition was the only source of N inputs to land for all sub-basins in

2012. This is different for the other three seasons. In spring and summer, the use of

synthetic fertilizer was an important source of N inputs to land. This source contributed
over two thirds and over 50% of the N inputs to land for all sub-basins in spring (1,654–

1,968 kg km-2) and summer (1,121–1,387 kg km-2), respectively. In fall, atmospheric N

deposition contributed over two thirds of N inputs to land in two sub-basins (Yanghe

and Sanggan). For the other two sub-basins (Yongding and Guishui) in this season, the

use of synthetic fertilizers, animal manure, and atmospheric N deposition were

dominant sources of N to land (Figure 2.5a). The difference in the diffuse sources of N to
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land among the seasons is associated with different crops and their management. For
example, the Yongding sub-basin is important for growing fruits. Farmers usually apply

animal manure to fruit crops in fall (Tables A.7, A.9, and A.10 in Appendix I). Other subbasins have different dominant crops and the source of N for them is, thus, different
compared to Yongding.

Table 2.1 Nitrogen (N) inputs to land by season and source for the sub-basins of Guanting and
Baiyangdian in the year 2012 (kg km-2 sub-basin season-1). Ranges indicate minimum and
maximum values among the sub-basins of Guanting and Baiyangdian. Source: the seasonal
MARINA-Lakes model (see section 2.2).
Source

0

Guanting
Spring Summer
1,654– 1,121–
1,968
1,387
320–
487
167–230

0.1–0.2
116–
191
116–
191

75–128
147–
280
2,466–
2,938

Winter
Synthetic
fertilizers
Animal
manure
Human
waste
Fixation

Deposition
Total

0

0

55–138

28–52

220–437
255–481
1,982–
2,379

Fall

Winter

18–478

0

4–94

0

19–610

15–30
229–
344
359–
1,456

0

1–8
172–
416
173–
422

Baiyangdian
Spring
Summer
1,851–
2,823–
6,142
9,470
938–
224–
4,542
1,344
253–753
259–
1379
234–554
3,884–
12,077

52–198
481–
1,908
373–
1,054
4,062–
12,885

Fall
2,141–
7,596
495–
1,430

87–278

78–236

282–685
3,469–
9,637

2.3.1.2 Seasonal river export of DIN by source
River export of DIN was highest in winter and lowest in summer (Figure 2.4e).

Approximately 0.8 Gg of DIN was exported by rivers to Guanting Reservoir in 2012.
Around 50% of this amount was exported by rivers in winter (0.4 Gg) and around 40%

in fall (0.3 Gg). The remainder was in spring and summer (Figure 2.4e). In winter, point
sources (to rivers) dominated N inputs to the Guanting basin (see section 2.3.1.1). In
summer, diffuse source (to land) contributed the most of N inputs to the Guanting basin

(see section 2.3.1.1). Seasonal DIN export (kg km-2) varied among the sub-basins (Figure

2.6a). For example, the river export of DIN ranged from 2 to 94 kg km-2 among the sub-

basins in winter. This range was 0.02–16 kg km-2, 0.01–5 kg km-2, and 2–87 kg km-2 for
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spring, summer, and fall, respectively (Figure 2.6a). The Yongding (downstream) subbasin exported over half of the total DIN to Guanting Reservoir.

In winter, river export of DIN (Gg) was higher than in the other seasons. The reason is
that winter is a season with low N retentions in the river systems, low precipitation and

low crop production activities. In contrast, summer is a season with high N retentions in

the river systems, high precipitation and high crop production activities. As the net effect,
river export of DIN is higher in winter (less DIN retained in rivers) and lower in summer
(more DIN retained in rivers). We give more details in the section 2.4.1.

Point sources contributed 50–96% of the total DIN entering the Guangting reservoir

across seasons from all sub-basins in 2012 (Figure 2.4e). In winter, direct discharges of
animal manure were the predominant point sources for most sub-basins. These point

sources were responsible for over 60% of DIN export to Guanting reservoir. The share
of other point sources varied among the sub-basins. For example, collected human waste

was an important source of DIN in rivers of the Yanghe and Sanggan sub-basins where
collected human waste contributed 20% of DIN in the reservoir from these sub-basins
in winter. However, the contribution of uncollected human waste in Yongding and

Guishui sub-basins was higher (11–14%). In addition, atmospheric N deposition (diffuse

source) contributed 10% to DIN export from the Yongding sub-basin in 2012 (Figure

2.6a). In general, the contribution of diffuse sources to DIN exports from the sub-basins
was much smaller compared to the point sources for winter.

In spring, the share of point sources in the river export of DIN from all sub-basins to the

reservoir was over 50% (Figure 2.6a). Among the point sources, direct discharges of
animal manure were more important. Their share in the river export of DIN ranged from
42% to 69% depending on sub-basin. Collected human waste (sewage systems) was

responsible for 17% of DIN export from the Sanggan sub-basin. Diffuse sources also
contributed, but their share in the total pollution depended on sub-basin. For example,

the contribution of synthetic fertilizers in river export of DIN to the reservoir ranged
from 13% to 36% among sub-basins. This can be explained by larger quantities of

synthetic fertilizers applied to crops in spring than in other seasons (see section 2.3.1.1).
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In summer, direct discharges of animal manure (point source) were still predominant in

the river export of DIN from many sub-basins. Other point and diffuse sources were also
important. For example, rivers in the upstream sub-basins (Yanghe and Sanggan)
together exported 23% of DIN to the reservoir from collected human waste and 35% of

DIN from uncollected human waste (point sources). Other examples are rivers in
downstream Yongding and Guishui sub-basins that exported around one fifth of DIN

from synthetic fertilizers (diffuse source, Figure 2.6a). This is because synthetic
fertilizers were applied to crops as top-dressing during summer.

In fall, point sources dominated as in other seasons. For example, point sources
accounted for over 90% of DIN in rivers of the Yanghe, Sanggan, and Guishui sub-basins

(Figure 2.6a). Diffuse sources (animal manure, fertilizers, and human waste on land)
were responsible for one third of DIN export by Yongding to the reservoir.

2.3.2 Baiyangdian Lake

2.3.2.1 Seasonal N inputs to the basin
The total N inputs to the Baiyangdian Basin varied among seasons and sub-basins

(Figure 2.4b). The total annual N inputs to the Baiyangdian Basin were 653 Gg year-1 in

2012. This amount included diffuse-source inputs of N to land and point-source inputs

of N to rivers. Over two thirds of the total inputs were in spring, summer, and fall (Figure

2.4b). The remainder was in winter (5%). N inputs to land from diffuse sources were
higher than N inputs to rivers from point sources in spring, summer, and fall (Figure

2.4b). However, the opposite applied in winter for the year 2012. This holds for all
studied sub-basins. In addition, N inputs to land varied greatly among the sub-basins.

For example, N inputs to land from diffuse sources ranged between 3,884–12,077,
4,062–12,885, 3,469–9,637, and 173–422 kg km-2 season -1 for spring, summer, fall, and

winter, respectively among the sub-basins (Table 2.1). The Pinghe sub-basin received
the highest N inputs to land, followed by the Xiaoyi, Baohe, and Fuhe sub-basins (Figure

2.5b). The lowest N inputs were to the Baigouhe sub-basin (Figure 2.5b). These
variations in N inputs among the sub-basins can be explained by spatial differences in
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social-economic development (such as population and income) and the intensity of
agricultural practices (Figure 2.1, Tables A.5 and A.6 in Appendix I).

Inputs of N to land varied among sources and seasons. In winter, atmospheric N
deposition was responsible for 99% of the total N inputs in 2012 (Figure 2.5b). In spring,

summer, and fall, synthetic fertilizers were dominant sources and accounted for 57–73%
of the total N inputs to land in 2012 (Figure 2.5b). The amount of applied synthetic

fertilizers showed a large spatial variability among the sub-basins and seasons. For

example, N inputs to land varied from 1,851 to 6,142 kg km-2 in spring, from 2,823 to
9,470 kg km-2 in summer, and from 2,141 to 7,596 kg km-2 in fall among the sub-basins

(Table 2.1). This is different for animal manure and human waste. N inputs to land from

these sources were lowest in summer and highest in spring for many sub-basins (Table

2.1). This is associated with double cropping systems that are typical in the Baiyangdian
Basin. Farmers cultivated different crops in spring and fall by applying organic and

synthetic fertilizers. In summer, manure and human waste were used less than synthetic
fertilizers. Moreover, biological N2 fixation contributed higher N inputs to land in

summer than in other seasons for most sub-basins. This is associated with the higher air
temperature (Table 2.1, Figure 2.5b).

2.3.2.2 Seasonal river export of DIN by source

Rivers exported more DIN in winter and less in summer to Baiyangdian Lake in 2012
(Figure 2.4f). This seasonal pattern is similar to the seasonal pattern of river export of
DIN to Guanting. Thus, the reasons for this seasonal pattern are similar as for the

Guanting basin (see details in section 2.4.1). However, the amounts of DIN reaching

Baiyangdian Lake were different from Guanting. Approximately 2.5 Gg of DIN was
exported by the rivers to the lake in 2012. This is much higher than river export of DIN
to Guanting (0.8 Gg, see section 2.3.1.2). Our results show that 36%, 21%, and 31% of

total DIN export was delivered to Baiyangdian in winter, spring, and fall, respectively.

Three out of eight rivers discharged DIN to Baiyangdian Lake because the other rivers
were very dry in 2012 (Figure 2.6b). These three rivers exported DIN to the lake at 13–

339 kg km-2 in winter, 7–253 kg km-2 in spring, 11–77 kg km-2 in summer, and 19–277
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kg km-2 in fall (Figure 2.6b, the range is for sub-basins). Fuhe and Xiaoyihe Rivers
together contributed 62–87% of the DIN export to Baiyangdian Lake across seasons.

Figure 2.4 Seasonal nitrogen (N) inputs to the Guanting (a) and Baiyangdian (b) basins by source
(Gg), seasonal dissolved inorganic nitrogen (DIN) to rivers in the Guanting (c) and Baiyangdian
(d) basins by source (Gg) and seasonal river export of dissolved inorganic nitrogen (DIN) to the
Guanting Reservoir (e) and the Baiyangdian (f) Lake by source in 2012 (Gg). Inputs of N to the
basins (a and b graphs) include inputs of N to land from diffuse sources and to rivers from point
sources. Diffuse N sources include synthetic fertilizers, animal manure, human excreta on
agriculture land, atmospheric N deposition, and biological N2 fixation on agricultural and nonagricultural land. Point N sources include animal manure directly discharged to rivers, human
excreta that is directly discharged to rivers (without treatment), and collected human waste by
sewage systems then discharged to rivers (after treatment). N inputs to rivers result from diffuse
and point sources (c and d graphs). River export of DIN results from diffuse and point sources (e
and f graphs). Source: the seasonal MARINA-Lakes model (see section 2.2).

Point sources contributed 58–97% of the total DIN entering the lake in all seasons in

2012 (Figure 2.6b). In winter, the share of river export of DIN from point sources varied
among sub-basins. Direct discharges of animal manure were responsible for 42–85% of
river export of DIN from all sub-basins. Point human waste (collected and uncollected)

Chapter 2 | 39

was also an important contributor, but only for river export of DIN from some sub-basins.
For example, 30% of DIN in rivers was from collected human waste in the Fuhe subbasin. Uncollected human waste contributed 35% to river export of DIN in the Baigouhe

sub-basin because of the higher total population, but fewer sewage plants with less
people connected to sewage systems (Figure 2.6b, Figure 2.1, Table A.5 and Figure A.2
in Appendix I).

In spring, summer, and fall, diffuse sources (animal manure, fertilizers, and human waste

on land) were important sources of N in rivers of the three sub-basins (Baigouhe, Fuhe,
and Xiaoyihe). The contribution of synthetic fertilizers, animal manure, and human

waste to river export of DIN was 15–36%, 7–15%, and 10–22%, respectively. This is
associated with the double cropping systems that lasted almost the whole year except
for winter in 2012. Due to the higher urbanization in the Fuhe sub-basin, collected

human waste contributed 22–25% to river export of DIN across these three seasons
(Figure 2.6b and Table A.5 in Appendix I). The contribution of uncollected human waste
to DIN export was higher in summer (20–26%) and fall (16–24%) than in spring (2–9%)

among the sub-basins. This can be explained by the fact that animal manure and human
excreta were only used as fertilizers in spring.

2

MARINA-Lakes model (see section 2.2).

basin scale (kg km-2 season-1) and their source attribution (pies, 0-1) in winter, spring, summer, and fall in the year 2012. Source: the seasonal

Figure 2.5 The diffuse inputs of nitrogen (N) to agricultural and non-agricultural land in the Guanting (a) and Baiyangdian (b) Basins at the sub-
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km-2 season-1) and their source attribution (0-1) in 2012. Source: the seasonal MARINA-Lakes model (see section 2.2).

Figure 2.6 The seasonal river export of dissolved inorganic nitrogen (DIN) to Guanting Reservoir (a) and Baiyangdian Lake (b) by sub-basin (kg
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2.4 Discussion
2.4.1 Model uncertainty
This is the first study to estimate river export of DIN to the Chinese lakes at the sub-basin

scale, accounting for the seasonal variability in human activities on land, climate and
hydrology. We developed an approach to assign annual N inputs to sub-basins into four

seasons by considering the phenology and farming practices of different crops in two

typical areas of the Hai He Basin. This approach is based on the existing seasonal
modeling approach for the world (McCrackin et al., 2014) that has been also
implemented for individual rivers in China (Chen et al., 2019a), and lakes (Goshu et al.,
2020).

Hydrology is an important factor affecting N transport from land to rivers. In our study,

we apply seasonal runoff and river discharges in modeling seasonal river export of N.

Many studies reported that the seasonal DIN export was positively related to runoff

(Chen et al., 2019a; Goshu et al., 2020). The sensitivity analyses of McCrackin et al. (2014)
revealed that river export of DIN is sensitive to changes in runoff, particularly in summer.
On the other hand, some regions with intensive agriculture are vulnerable to increased
N inputs to land especially during the seasons with low retention (McCrackin et al.,

2014). Strokal et al. (2016a) found that the DIN export by rivers was sensitive to changes

in animal manure, synthetic fertilizers and hydrology by testing the sensitivity of the
MARINA 1.0 model on the sub-basin scale. Our seasonal MARINA-Lakes model provides

a combined effect of both hydrology and anthropogenic factors, accounting for their
seasonality.

In winter, river export of DIN (Gg) was higher than in the other seasons. This may seem
unexpected considering the lower river discharges (leading to less N export to the lake)

and limited crop production (leading to less inputs to rivers, Table 2.1). However, in our

study area, we, indeed, calculate higher river export of DIN in winter, mainly from point

sources (direct discharges of manure to rivers). This is explained by DIN retention and
losses during the transport from land to the lakes. In winter, DIN retention and losses
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from rivers are lower than in other seasons. This explains the higher DIN export by rivers

to the lake. Lower losses of DIN from rivers in winter are associated with lower water

temperature and lower water consumption. Lower temperature reduces denitrification
and thus DIN losses from rivers. Likewise, lower water consumption leads to lower N
losses from rivers (Figure A.4 in Appendix I).

In summer, river export of DIN was lower than in the other seasons. In summer, the

precipitation and temperatures are higher (Figure 2.2 and Figure A.5 in Appendix I) than

in the other seasons. This, indeed, implies more water in the rivers. However,
temperature is also high in summer, activating denitrification in soils and in the rivers

draining into the lakes. This leads to more N losses to air from land and from the rivers.
Thus, we lose more N to air in summer than in the other seasons. As a result, less N
enters the rivers from croplands (more N is lost to air), implying less N from diffuse

sources in the rivers in summer than in, for example, spring (Figure 2.4c and 2.4d). In
addition, water is taken for human consumption, reducing the amount of water (and also
N) in the rivers (Figure A.4 in Appendix I). Summer is a warm period. Water evaporation

can also play a role, influencing the water balance and thus the amount of river discharge.
This explains why river discharges are not largely different among the seasons in our
study compared to the seasonality in precipitation (Table A.14 and Table A.16 in
Appendix I). In the other words, retentions and losses of N are higher in summer than

in, for example, winter (more N is lost to air or stays in the river systems without
reaching the lake). As a net effect of all these factors, we calculate lower river export of

N to the lakes in summer than in the other seasons. We calculated concentrations of DIN
at the river mouths (the point of entering the lakes). The seasonal pattern for

concentrations does not differ from the seasonal pattern of river export of DIN in loads
(Figure A.6 in Appendix I).

However, our seasonal model has uncertainties that are associated with model structure,
model inputs, and parameters. We derived annual N inputs to land from the existing

NUFER model (Wang et al., 2018b). NUFER provides consistent datasets for agricultural
activities by county. The NUFER data have been applied and evaluated on national,
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provincial, and county scales in China (Ma et al., 2013; Ma et al., 2014; Wang et al.,

2018b). Furthermore, the NUFER data have also been used in the MARINA 1.0 model of

Wang et al. (2020a) and Chen et al. (2019b) for Chinese rivers. However, we made some
assumptions to allocate annual N inputs to land and to rivers from NUFER among

seasons. For example, the direct discharges of animal manure do not vary among
seasons in our study (Text A.2 in Appendix I). In reality, some seasonality may occur
because manure may be stored (winter) and then applied to crops (summer and fall, see

Figure 2.2 and Table A.10 in Appendix I). This may affect the amount of manure
discharged to rivers in winter. Moreover, we did not explicitly model locations and

capacities of sewage plants and scales of intensive livestock farms (Figures 2.1b and
2.1c). These assumptions may have implications on water quality analyses at a local
scale (e.g., farm). However, our analysis is based on sub-basins. Thus, we believe that
these assumptions do not change the conclusions of our study for the sub-basins.

Another uncertainty in our model is associated with simplified modeling approaches for
seasonal retentions of N in soils and rivers. Soil retention (FEws.DIN.j.s, see section 2.2) is
calculated as a function of natural runoff, air temperature, and other model parameters

(see section 2.2.3 eq. (3)). We used the sub-basin runoff and air temperature database

from the local databases (NMIC, 2012; NMIC, 2013). We derived some parameters from
McCrackin et al. (2014) that are generic for all sub-basins (section 2.2.3: parameter a, b,

c, d in eq. (3) and (4)). For the N retention in rivers (FEriv.DIN.outlet.j.s), our model reflects

the most important processes (denitrification, river damming, and water consumption)

by following the existing approaches of Strokal et al. (2016a) and McCrackin et al. (2014)

(see section 2.2.3 eq.(7)). Denitrification is the most important loss of N from water

systems (Forshay and Stanley, 2005; Kreiling et al., 2011). We account for the seasonality
in N losses due to denitrification following the approach of McCrackin et al. (2014). Some

N can be retained in dammed reservoirs and retention-related processes may vary
among seasons. Our approach is simplified and does not account for seasonality in river
damming. However, we account for seasonality in N losses due to water consumption.
Our approach is based on the local information from the water resource bulletins

(BDMHB, 2013; ZJKMHB, 2012). We allocated annual water consumption among
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seasons using the local information (Text A.2 in Appendix I). These assumptions could

lead to overestimation of the fraction of retained N during the export from land to rivers

(FEws.DIN.j.s) and by rivers to lakes (FEriv.DIN.outlet.j.s) in spring and summer. This can be due

to higher temperature (Table A.13 in Appendix I) and water consumption (Figure A.4 in
Appendix I). On the other hand, our assumptions could also lead to underestimation of

N retention (FEriv.DIN.outlet.j.s) in rivers in winter. This could be associated with less water

consumption from rivers (Figure A.4 in Appendix I) and lower denitrification rates
because of the lower air temperature (Table A.13 in Appendix I). Moreover, we do not

account explicitly for the distance between the source point (e.g., pipes from sewage

systems) and the river. This is because the model runs at the sub-basin scale. However,
future studies should account for the distance between the source point and the river
for local water quality analysis (e.g., within the sub-basins).

We believe that model uncertainties do not largely influence the main messages of our

study. In winter, DIN inputs to rivers were lower and dominated by point sources, but
river export of DIN was higher compared to the other seasons. In contrast, DIN inputs to

rivers were higher in spring and summer and dominated by diffuse sources. However,
river export of DIN was lower in those seasons than in winter. This is because of high

retentions in spring and summer due to higher denitrification and water consumption.
We validated our results by comparing modeled river export of DIN to the lakes with

measured concentrations for the year 2012 (see section 2.2.4, Figure 2.3). Validation
results give confidence in using the seasonal model for sub-basin analysis of river export
of DIN. We, however, realize that our model validation is based on a limited set of

available observations. Therefore, we compared our results (seasonal MARINA-Lakes)
with results of the existing, annual MARINA-Lakes model (Yang et al., 2019). Our results
are comparable with the annual MARINA-Lakes model. For example, we quantify 293 Gg

of N inputs to the Guanting Basin and 653 Gg of N inputs to the Baiyangdian Basin in

2012. These values from the annual MARINA-Lakes model (Yang et al., 2019) are 296 Gg

for the Guanting Basin and 656 Gg for the Baiyangdian Basin. In our seasonal model,
river export of DIN to Guanting Reservoir was quantified at 0.8 Gg/year in 2012. For

Baiyangdian Lake, river export of DIN was 2.5 Gg/year. These river exports of DIN to the
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two lakes are close to the results of the annual MARINA-Lakes model (Yang et al., 2019).

We also realize that our model evaluation is for the seasons of 2012. Nevertheless, we
believe that 2012 reflects average hydro-climatic conditions and human activities

around the year of 2012 (see Figure A.5 about hydro-climatic conditions in Appendix I).
For example, applications rates of fertilizers do not differ largely between 2010 and
2014. Our study is the first step towards a better understanding of the seasonal DIN
export by rivers to the two lakes in the Hai He basin.

2.4.2 Management implications for N cycles

The model results provide novel insights about the seasonal patterns of DIN exports to

the specific lake and reservoir. This information is essential to support policy making for

effective nutrient management and environmental policies. We argue that integrated
strategies should account for seasonal N cycles to reduce future lake pollution.

Improved manure management is essential to reduce N losses to lakes in the cold
seasons. For example, our study shows that direct discharges of animal manure were the

main source of river export of DIN to Guanting and Baiyangdian across seasons,

especially in winter. The high contribution of direct manure discharges to the reservoir
and lake pollution is because of the lower application rate of manure on land and low

precipitation (Figure 2.6). Recycling manure on land may reduce N in rivers and replace
the use of synthetic fertilizers in crop production. Another way is to reduce the N content
in manure through better feeding methods (Bai et al., 2014; Oenema and Tamminga,
2005; Wang et al., 2014a). Furthermore, treating animal manure by advanced
technology such as anaerobic digestion and nutrient recovery can help reduce N inputs
from land to rivers (Nasir et al., 2012).

The Chinese government has introduced a number of environmental policies. For

example: the agricultural department published “Zero Growth in Synthetic Fertilizers
after 2020” (MOA, 2015a) and “National Agricultural Sustainable Development Plan

(2015–2030)” (MOA, 2015b) with the aim of reducing the use of synthetic fertilizers and
increasing the recycling of available manure on land. There are also plans to improve
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centralized sewage systems by “National Urban Sewage Treatment and Recycling
Planning in 13th Five-Year (2015–2020)” (MDRC and MOHURD, 2016). Integrating croplivestock production systems is an important management strategy to facilitate

implementation of environmental policies. This requires effective spatial allocation of

nutrient resources between crop and animal production (e.g., right time, right amount,
right place) that can potentially reduce N inputs to rivers in the future. Effective manure

management is essential in connecting crop and livestock production systems. For
example, manure can be separated into liquid and solid parts. The solid part of animal
manure can be applied to crops as organic fertilizer and liquid manure can be used for

irrigating crops. This will consequently reduce synthetic fertilizer and save water

resources (Yu, 2019). Saving water resources is especially relevant in the dry areas such
as the Hai He Basin.

N management should be prioritized and targeted to the specific source in different subbasins of Guanting and Baiyangdian. For example, our results indicated that sewage
systems (point source) in the Fuhe sub-basin contributed largely to N pollution in

Baiyangdian Lake. In contrast, the point human waste (uncollected) in the Baigouhe subbasin contributed largely to N pollution in the lake (Figure 2.6). This indicates that
improving N removal efficiencies of wastewater treatment plants (Fuhe sub-basin) and
reducing N pollution from uncollected human waste in rural areas (Baigouhe sub-basin)

are relevant options to avoid future N pollution in Baiyangdian Lake from these two sub-

basins. In spring and summer, more DIN was delivered to Guanting Reservoir and
Baiyangdian Lake from synthetic fertilizer due to the planting seasons. Here,
management strategies can focus on increasing N use efficiencies by limiting overuse of

fertilizer in the downstream sub-basin (Yongding) and the Fuhe sub-basin in spring and
summer (Figure 2.6). For winter, reducing direct discharges of animal manure is

important to reduce N pollution in the lakes. This can be done by recycling manure back

on the land. We argue that integrated strategies should account for seasonal N cycles to
reduce future lake pollution.

P is also an important factor in managing lake eutrophication. In general, two viewpoints
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exist how to avoid lake eutrophication. Some studies argue the importance of reducing

a limited nutrient to manage eutrophication. P is often considered as a limiting nutrient
in lakes. Existing studies argue that only P reduction could improve water quality in

many lakes (Schindler, 1974; Schindler et al., 2008). In contrast, other studies argue that
controlling eutrophication in aquatic ecosystems requires a balanced approach to
reduce both N and P simultaneously (Conley et al., 2009; Kim et al., 2020; Paerl et al.,
2016; Qin et al., 2020; Xu et al., 2009). Moreover, imbalance in the N:P ratio can have

various impacts on ecosystems (Elser et al., 2007; Ibanez and Penuelas, 2019). For

example, a higher N:P ratio is beneficial for growth of toxin-producing plankton species
(Van de Waal et al., 2014) and trigger undesirable changes in the ecosystem (Penuelas
et al., 2013). Therefore, it is crucial to understand the N:P dynamics in lakes. N:P ratios
can be influenced by external nutrient loadings from rivers. That means that various

human activities can change nutrient stoichiometry of lakes. Tong et al. (2020) found

that changes in municipal wastewater treatments are a major driver for increases in lake
N:P ratios in China. This is because P is more effectively removed than N from

wastewater. Our study provides insights into the seasonality in external N loading to the

lakes (river export) by source and sub-basin. This helps to identify causes of external N
loadings and their locations. Future research can build up on our study and include P in
our seasonal model. This will enable to analyze the N:P ratios and make next steps

towards identifying effective management strategies for balancing nutrient
stoichiometry of lakes and thus controlling eutrophication processes.

Our model can be applied to other basins. The definition of the seasons will need to be

adjusted to local conditions and climate if needed. The seasonal model can help water

managers to allocate the pollution reduction strategies effectively across the seasons
and sub-basins. We show which pollution sources are dominant and in which season and
sub-basin. Our model can be used in future research to assess effects of different

watershed management strategies to reduce lake pollution and eutrophication in the
coming years.

2.5 Conclusions
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We present a seasonal model to quantify seasonal trends in river export of DIN to
Guanting Reservoir and Baiyangdian Lake by sources and by sub-basins, and model
results for the year 2012. Below, we summarize the main messages of this study.

N inputs to the Guanting and Baiyangdian Basin area were higher in spring and lower in

winter. N inputs to the basins of Guanting and Baiyangdian were estimated to be around
293 Gg and 653 Gg in 2012, respectively. In winter, atmospheric N deposition was the
dominant source of N to land in all sub-basins. In spring and summer, synthetic fertilizer

contributed over 50% of N inputs to land in all sub-basins. In summer, the share of
biological N2 fixation for N inputs to land were highest compared with other seasons.

River export of DIN was highest in winter and lowest in summer. Rivers exported around
0.8 Gg and 2.5 Gg of DIN to Guanting Reservoir and Baiyangdian Lake, respectively, in
2012. For Guanting, around 50% and 40% of DIN was delivered by rivers in winter and

fall, respectively. Spring, summer, and fall contributed one third each of the DIN to
Baiyangdian Lake. Over half of the DIN in Guanting resulted from activities in the

downstream Yongding sub-basin. Fuhe and Xiaoyihe Rivers together exported 62–87%
of DIN to Baiyangdian across four seasons.

Point sources contributed over 50% of DIN in Guanting Reservoir and Baiyangdian Lake
across seasons. For example, in winter, direct discharges of animal manure were

responsible for over 60% and 42–85% of DIN export to Guanting Reservoir and
Baiyangdian Lake, respectively, in 2012. In spring and summer, the share of synthetic

fertilizers to the river export of DIN was higher than in the other seasons. The sources

of DIN in the lakes vary among the sub-basins. An example is the Fuhe sub-basin. Here,
the dominant source of DIN in rivers of the sub-basin was collected human waste. This
is different for the Baigouhe sub-basin where uncollected human waste dominates DIN
export by rivers.

The results of our seasonal MARINA-Lakes model provide new insights into the seasonal
patterns of DIN exports to the lake and reservoir in the Hai He Basin. We show that there
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is a need to avoid manure discharges in cold seasons to reduce lake pollution. This calls

for improved manure management in winter and fall, when DIN exports are higher. In

summer and spring, reducing N losses from crop production is more effective to reduce
DIN in rivers. We argue that integrated management should account for seasonal N
cycles to reduce future lake pollution. Our study can support policy making for effective
nutrient management and environmental policies.
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Chapter 3. Nutrient losses to surface waters in Hai
He basin: A case study of Guanting reservoir and
Baiyangdian lake
Abstract

Haihe Basin is located in the densely populated North China Plain that is providing food

to more than 100 million people. The fast developing agriculture and urbanization in
Haihe Basin have resulted in discharging nutrient-rich wastewater into lakes and
reservoirs, leading to eutrophication and water scarcity such as in Guanting reservoir

and Baiyangdian lake. In this study we analyzed future trends in nutrient inputs into
Guanting reservoir and Baiyangdian lake by applying the MARINA (Model to Assess
River Inputs of Nutrients to seAs) model. We analyzed trends between 2012 and 2050
for a business-as-usual scenario (SSP3) and a scenario based on Current Environmental

Policies (CEP). In addition, we assessed future impacts of two important events on river
export of nutrients: the 2022 Olympic Winter Games in the Guanting basin (OLY

scenario), and the development of Xiong’an in the Baiyangdian basin (URB scenario).
Finally, we assumed implementation of advanced technologies to reduce nutrients in
rivers (OLY+ and URB+). Our study has five main findings. First, nutrients in Guanting
reservoir and Baiyangdian lake were mainly from agriculture in 2012. Second, nutrient
export doubles between 2012 and 2050 in SSP3. Third, effective implementation of

current environmental policies could reduce the future pollution to levels below that in

2012. Fourth, improved sewage systems associated with the 2022 Winter Olympic

Games could not reduce nutrient pollution effectively in Guanting reservoir, indicating
that reducing nutrient losses from agriculture may be more effective to improve water

qualitythan urban waste water treatment. Fifth, urbanization in the Baiyangdian basin

may increase river export of nutrients to the lake by 28-43% compared to the CEP
scenario (URB scenario). Highly effective waste treatment is needed not only in Xiong’an

but also in surrounding areas to ensure the availability of clean water (URB+ scenario).
Our results could improve our understanding of nutrient management for specific lakes
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and reservoirs, and highly relevant for policy making for effective environmental policies.
Published as:

Jing Yang, Maryna Strokal, Carolien Kroeze, Mengru Wang, Jingfei Wang, Yihong Wu,

Zhaohai Bai, Lin Ma (2019) Nutrient losses to surface waters in Haihe basin: A case study
of Guanting reservoir and Baiyangdian lake. Agricultural Water Management 213, 62-75

3.1 Introduction
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The basin of the Hai He river, located in North China Plain, is densely populated and

provides food to more than 100 million people in China. The Hai He basin is one of three
grain production areas of China, with 0.1 million km2 of arable land (Sun et al., 2017).

The basin has been developing in recent years, with a fast economic growth and a rapid

urbanization (Hao et al., 2007). As a result, wastewater discharge from urban

households to surface waters via sewage systems is large. In addition, the increasing
food demand intensified agricultural production in Hai He basin. Nitrogen (N) and

phosphorus (P) use increased in crop and animal production. However, these nutrients
are not used efficiently because of poor nutrient management, leading to overuse of

synthetic fertilizers, and discharge of animal manure as a waste product (Strokal et al.,
2016a). This led to large N and P losses from agriculture to rivers, lakes and reservoirs,
causing water pollution.

Many models exist to quantify nutrient flows to aquatic systems, ranging from the field,
to the basin and to the global scale (Beusen et al., 2016; Fink et al., 2018; Mayorga et al.,

2010; Strokal and Vries, 2012; UNEP, 2016). Some models have been applied in the

individual basins of China such as Global NEWS-2 (Mayorga et al., 2010), MARINA
(Strokal et al., 2016a), IMAGE-GNM (Beusen et al., 2016). Several models have been used
to estimate nutrient inputs to lakes and reservoirs in China such as Miyun reservoir,

Doting lake and Dianchi lake (Ceng and Wang, 2017; Dong et al., 2018; Hou et al., 2017a;
Qiu et al., 2018). The models used in lakes and reservoirs focus on nutrient losses from
diffuse sources especially agriculture such as the export coefficient model (Zhang et al.,

2018), SWAT (Gassman et al., 2014), HSPF (Chen et al., 2013a) and AGNPS (Shen et al.,

2012). However, no models exist that can calculate river exports of N and P in different

forms to Chinese lakes or reservoirs by source and by sub-basin. The MARINA model
quantifies river export of nutrients by sources and by sub-basin, but for the large six

rivers in China and not for lakes and reservoirs. And, studies are lacking to predict

nutrient losses from land to lakes and reservoirs under future scenarios which assess
possible future climate regimes (Representative Concentration Pathways, RCPs) and
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also socio-economic changes (Shared Socio-economic Pathways, SSPs). A better

understanding of river exports to lakes and reservoirs and nutrient source attribution
in sub-basin scale is needed for effective, region-specific environmental policies. It can

help the government and water managers to implement more precise policies in specific
water systems and explore mitigation and adaptation strategies under future climate
and socio-economic changes.

Since 1949, the environmental policy system in China has developed from general

principles to specific guidance documents (Shmeleva and Wang, 2011). In recent years,
the concept of environmental protection in China has changed from separated pollution

control to integrated watershed management. The Chinese government has published

series of practical policies to protect water systems and demonstrates willingness to a

more sustainable future. However, whether these policies will be effective in improving
nutrient use efficiencies and reducing nutrient losses to surface water systems in future
is not well understood. Thus, it is necessary to analyze pollution of water systems in the

Hai He basin, especially for such new district i.e. Xiong’an, and to assess how effective
current environmental policies are to reduce this pollution.

Guanting reservoir and Baiyangdian lake in Hai He basin are important sources of water
for human needs. A new urban area, Xiong’an, will be developed soon. This new urban

area is located in one of the sub-basins draining into the Baiyangdian lake. Urbanization
may increase population density and human waste production. Another important event

is the 2022 Olympic Winter Games that will be conducted in one of the sub-basins

draining into Guanting reservoir. It is important to consider these events in future water
quality analysis.

Our study aims to analyze future trends in nutrient inputs into Guanting reservoir and
Baiyangdian lake in Hai He basin. First, we analyzed current characteristics of human
impacts on the river export of N and P into the Guanting reservoir and Baiyangdian lake.

Second, we applied the MARINA model (Model to Assess River Inputs of Nutrients to
seAs) to analyze trends between 2012 and 2050 for a business-as-usual (SSP3) and a

scenario based on Current Environmental Policies (CEP scenario). The MARINA model
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is developed for China and runs at the sub-basin scale (Strokal et al., 2016). In addition,

we assessed future impacts of two important events on river export of nutrients: the

2022 Olympic Winter Games in one of the sub-basins draining into Guanting reservoir
(OLY scenario), and the development of Xiong’an, a new urban area in parts of subbasins draining into Baiyangdian lake (URB scenario). Finally, we explored futures,

assuming implementation of advanced technologies to reduce nutrients in rivers
draining into the reservoir and lake (OLY+ and URB+ scenarios).

3.2 Methodology
3.2.1 Study area

We quantified nutrient export by rivers to a reservoir (Guanting) and a shallow lake
(Baiyangdian) in Hai He basin (Figure 3.1).

Guanting: source of water for Beijing in the mountains and home to the Olympic Games in
2022
Guanting reservoir is located in the mountainous area of Hai He basin (Figure 3.1). The

watershed area draining into Guanting reservoir is 43,889 km2. The reservoir is a source

of drinking water for Beijing during water shortage periods with a storage capacity of
4.16 billion m3 water. In addition to this, this drainage basin has some other functions.

Upstream is an ecological protection area. A mid-stream, there is an intensive livestock
farming county. In 2022, the Winter Olympic Games will be held in a county (Chongli),

located upstream in the basin. To prepare for these Games, efforts will be taken to ensure
that Guanting reservoir is in a good environmental condition. In 2017, Guanting

reservoir was included in a list of a national lakes protection project and received 257
million RMB funding to promote the implementation of an ecological environment
protection plan. This plan will last until 2020.

Baiyangdian: located in the plain and rapidly urbanizing

Baiyangdian lake is located in the plain area and the whole basin covers around 31,200

km2 (Figure 3.1). The lake is the largest shallow lake in Hai He basin and plays an
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important role in water supply, flood regulation, fisheries and biodiversity conservation.

According to the water quality reports (BDMEPB, 2012, 2013, 2014, 2015, 2016), the
water quality (Class IV or V) observed at fixed monitoring sites in Baiyangdian lake failed

to reach to the level (Class III) required by the government. Today, most of the drainage

basin consists of rural area with agriculture and villages, but large changes are
anticipated. A new urban area called Xiong’an will be established close to Baiyangdian

lake, in three counties: Xiongxian, Rongcheng and Anxin. This Xiong’an new area will be

part of the Beijing-Tianjin-Hebei (Jing-Jin-Ji) region, covering around 100 km2 initially

(by 2020), and 200 km2 after 10 more years of expansion (by 2030) and about 2,000
km2 in the long-term (by 2050). Thus, rapid urbanization is expected in this new area in

near future. This has major consequences for the land use in the drainage basin of

Baiyangdian lake: it will turn from a predominantly rural area into a predominantly
urban basin.

Sub-basin delineation

Following the MARINA model approach, we divided the drainage basins of Guanting
reservoir and Baiyangdian lake into sub-basins (Figure 3.1). The Guanting basin was

divided into five sub-basins. Sub-basin 1 covers 14,556 km2, around 33% of the whole

basin. Sub-basin 2 covers 23,808 km2, around 54% of the whole basin. Sub-basin 3

covers 3,186 km2, around 7% of the whole basin. Sub-basins 4 and 5 cover around 2%

and 3%, respectively. The Baiyangdian basin has eight rivers which are divided into eight
sub-basins. Most of these eight rivers dried up many years ago. Only the rivers in Subbasins 1, 5 and 7 have an inflow into Baiyangdian lake. Bai Gou Yin He river in Sub-basin

1 is a water regulation channel, which means it only has discharge during several months
of a year. The other two rivers have water inflow all year round.
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Figure 3.1 (A) The locations of Hai He basin, Guanting reservoir and Baiyangdian lake. (B) The
sub-basins of Guanting and Baiyangdian basins. (C) The overview of the sub-basin scale modelling
for Guanting reservoir and Baiyangdian lake.
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3.2.2 Model description
We applied the MARINA model (Model to Assess River Inputs of Nutrients to seAs) to

quantify dissolved inorganic and organic N and P export to Guanting and Baiyangdian,

by source, for 2012 and 2050. The original MARINA model is described by Strokal et al.

(2016a) and has been applied to six large river basins in China: the Yellow (Huang in

Chinese), Liao, Hai, Yangtze (Changjiang in Chinese), Huai and Pearl (Zhujiang in Chinese)
rivers. The model quantifies river export of dissolved inorganic (DIN, DIP) and dissolved
organic (DON, DOP) N and P. River export of total dissolved (TDN, TDP) N and P is the
sum of dissolved inorganic and organic forms.

We are the first to apply the MARINA model to a lake and reservoir in Hai He basin. We

modified the model to make it applicable to Guanting and Baiyangdian in three ways. (1)
We updated the MARINA model inputs to reflect the local conditions. The model inputs

for diffuse sources of nutrient inputs to land (e.g., synthetic fertilizer, animal manure,

atmospheric N deposition) were derived from the NUFER (Nutrient flows in Food Chains,
Environment and Resource use) model for China (Wang et al., 2018b).The model inputs
for point sources of nutrients to rivers (e.g., nutrients in human waste, nutrient removal
by sewage systems, and population with a sewage connection) were updated based on

a list of sewage plants in China (MEP, 2013), gross domestic product (GDP) and
population densities from statistical year books (BDMSB, 2013; BJMSB, 2013; DTMSB,

2013; IMMSB, 2013; SJZMSB, 2013; SZMSB, 2013; ZJKMSB, 2013). We also updated the

hydrology for the study area (MWR, 2000-2015). Appendix II-B gives details on the
model inputs. (2) We accounted for human waste from centralized sewage systems in

rural areas; these are not explicitly modeled in the original MARINA model. (3) We
accounted for river retention of dissolved organic N and P in the model (this was missing

in the original MARINA model). All input databases and the model framework are shown

in Figures A.1 and B.1 in Appendix II. Below, we describe the model for the reservoir and
lake and the model inputs.

The MARINA model distinguishes between diffuse and point sources of nutrients in

rivers. Equation (1) is the overall equation to quantify river export of nutrient forms F
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(for N and P) that are exported to the river mouth (the point where nutrients enter a
reservoir or lake) by source y from sub-basin j as follows:
MF.y.j = RSF.y.j ∙ FEriv.F.outlet.j ∙ FEriv.F.mouth.j

(1)

Here RSF.y.j is inputs of nutrient form F to surface waters from source y in sub-basin j (kg
year-1) from diffuse (RSdifF.y.j, kg year-1) (see Box A.1 in Appendix II-A) and point

(RSpntF.y.j, kg year-1) sources (see Box A.2 in Appendix II-A). F refers to the following

nutrient forms: DIN, DIP, DON, DOP. FEriv.F.outlet.j is the fraction of RSF.y.j exported to the

outlet of sub-basin j (0-1) (see Box A.3 in Appendix II-A). FEriv.F.mouth.j is the fraction of
RSF.y.j ∙ FEriv.F.outlet.j exported to the river mouth (0-1) (see Box A.4 in Appendix II-A).

o Diffuse (RSdifF.y.j, kg year-1 ) and point (RSpntF.y.j, kg year-1 ) sources of nutrients in
rivers

Diffuse sources (RSdifF.y.j, kg year-1) originate from agricultural and non-agricultural

areas (see Box A.1 in Appendix II-A). For agriculture areas, DIN, DON, DIP and DOP
inputs to rivers were modelled as a function of the net nutrient inputs to land from

synthetic fertilizers (WSdifE.fe.j, kg year-1), animal manure (WSdifE.ma.j, kg year-1) and

human waste (WSdifE.hum.uncon.j, kg year-1), atmospheric N deposition over agricultural

areas (WSdifN.dep.ant.j, kg year-1, only for DIN), biological N2-fixation by crops (WSdifN.fix.ant.j,
kg year-1, only for DIN) corrected for nutrient export (GF.j, 0-1) via crop harvesting and

animal grazing and nutrient retention within land (FEws.F.j, 0-1). Weathering of Pcontained minerals is a diffuse source of DIP in rivers whereas leaching of organic matter
is a diffuse source of DON and DOP in rivers. Inputs of DIP, DON and DOP to rivers from

these diffuse sources were estimated as a function of the annual mean runoff from the

land to surface waters (fF(Rnatj)) and an export coefficient (ECF) with a correction for

the fraction of agricultural areas (Agfr.j, 0-1) (see Box A.1 in Appendix II-A). For nonagriculture areas, DIN inputs to rivers were modelled as a function of N inputs to land
from atmospheric N deposition over non-agricultural areas (WSdifN.dep.nat.j, kg year-1) and

biological N2-fixation by natural vegetation (WSdifN.fix.nat.j, kg year-1), corrected for N

retention within land (FEws.F.j, 0-1). Inputs of DIP to rivers from the weathering of P-

contained minerals, and inputs of DON and DOP to rivers from leaching of organic matter
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over non-agricultural areas were modelled in a similar way as for agricultural areas but
corrected for non-agricultural areas ((1-Agfr.j), 0-1, see Box A.1 in Appendix II-A).

Model inputs for N and P synthetic fertilizers, animal manure and human waste were

derived from a county database (Wang et al., 2018b). We aggregated the county data to
sub-basins of our study area in ArcGIS. Model inputs for atmospheric N deposition over

agricultural and non-agricultural areas, and biological N2-fixation by crops and natural

vegetation were based on the MARINA model (Strokal et al., 2016b). MARINA also
provided the required parameters to quantify weathering of P-contained minerals and

leaching of organic matters to rivers (e.g., ECF). The annual runoff was calculated using

natural water discharges from the outlets of sub-basins. Details on the sources of the
model inputs and parameters are in Figure B.1, Tables B.1, B.6 and B.7 in Appendix II-B.
Point sources (RSpntF.y.j, kg year-1) include direct discharges of animal manure and

human waste to rivers (untreated waste, not collected by centralized sewage systems),
and human waste and detergents from sewage systems in rural and urban areas (see

Box A.2 in Appendix II-A). Direct inputs of N and P to rivers from animal manure were

calculated as: N and P in animal excretion was multiplied with the fraction of N and P in
animal excretion that is directly discharged to surface waters (RSpntE.ma.j, kg year-1).

These direct inputs of N and P were then multiplied with the fraction of the element (N,

P) emitted to rivers as a form: DIN, DON, DIP and DOP (FEpntF.y, 0-1) (see Box A.2 in
Appendix II-A).

Direct inputs of N and P (as element) to rivers from urban human waste without sewage
connections (RSpntE.hum.uncon.urb.j, kg year-1) were quantified as a function of urban

population without sewage connection (Popuncon.urb.j, people), corrected for N emissions
to air (frNNH3.hum, 0-1) and for N in urban waste that stays on land, for example, as
fertilizer (frNagr.hum.uncon.urb, 0-1). Direct inputs of N and P (as element) to rivers from rural

human waste were quantified in a similar way (see Box A.2 in Appendix II-A). These
inputs were multiplied with the fraction of the element (N, P) emitted to rivers as a form:
DIN, DON, DIP and DOP (FEpntF.y, 0-1) (see Box A.2 in Appendix II-A). Inputs of N and P

(as element) to rivers from sewage systems in urban (RSpntE.hum.con.urb.j, kg year-1) and
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rural (RSpntE.hum.con.rur.j, kg year-1) areas were quantified as a function of urban (Popcon.urb.j,
people) and rural (Popcon.rur.j, people) population with a sewage connection, corrected

for N and P removal during waste water treatment (hwfrem.E.j, 0-1) (see Box A.2 in

Appendix II-A). These inputs of N and P (as element) from sewage systems were then
multiplied with the fraction of the element (N or P) that was exported to rivers as a form:
DIN, DON, DIP and DOP (FEpntF.y, 0-1) (see Box A.2 in Appendix II-A).

Model inputs for direct discharges of animal manure were based on the county database
and aggregated to sub-basins in ArcGIS (details are in Figure B.1 and Table B.1 in
Appendix II-B). Sources for model inputs to quantify the other point source inputs of

nutrients to rivers were summarized in Figure B.1 and Table B.1 in Appendix II-B. We
calculated nutrient removal in sewage systems and population with or without a sewage
connection (Figure B.1 and Table B.1 in Appendix II-B).

o Retentions of nutrients within the river networks (FEriv.F.outlet.j and FEriv.F.mouth.j)

The nutrient retention within the river networks is calculated by two parameters:

FEriv.F.outlet.j (see Box A.3 in Appendix II-A) and FEriv.F.mouth.j (see Box A.4 in Appendix II-A).

FEriv.F.outlet.j is the fraction of nutrients in rivers reaching the outlets of sub-basins j. It

accounts for nutrient losses from and retentions in the river of sub-basin j. These are,

for example, denitrification for DIN and sedimentation for DIP (LF.j, 0-1), nutrient

retention caused by dammed reservoirs (DF.j, 0-1) and nutrient losses via water
consumption for different human activities, such as irrigation (FQremj , 0-1). LF.j for DIN

was estimated as a function of the sub-basin area, following Global NEWS-2 (Mayorga
et al., 2010). LF.j for DIP was derived from the MARINA model for the Hai He basin

(Strokal et al., (2016a).In this study, we also considered river retentions of DON and

DOP (e.g., by sedimentation processes) (details in Table B.9 in Appendix II-B). DF.j for
DIN and DIP was derived from (Strokal et al., 2016a). The FQremj (generic for DIN, DIP,

DON and DOP) is the fraction of nutrients removed from sub-basins for water

consumption (0-1). This fraction is the ratio between the actual water discharge (Qact,

after water is removed from river systems, km3 year-1) and the natural water discharge

(Qnat, before water is removed from river systems, km3 year-1) (see Box A.3 in Appendix
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II-A). For Guanting basin, FQremj was estimated based on literature (Rong et al., 2016b).

For Baiyangdian basin, we estimated it based on the measured hydrological data and
literature (details in Table B.6 and B.7 in Appendix II-B).

FEriv.F.mouth.j is the fraction of nutrients that reach the river mouth (the point where
nutrients enter lake or reservoir) from the sub-basin outlets. It accounts for retentions

and losses of nutrients (LF.j, DF.j, FQremj) during traveling towards the river mouth

(Strokal et al., 2016a). FEriv.F.mouth.j differs for sub-basins. We distinguished between
upstream and downstream sub-basins in our study by following the approach of Strokal

et al., (2016a) (see details in Box A.4 in Appendix II-A). For Guanting reservoir, Subbasins 1 and 2 are upstream and Sub-basins 3 and 4 are downstream. All sub-basins of
Baiyangdian lake are downstream (see Figure 3.1). Nutrients from activities in

upstream sub-basins generally travel longer towards the reservoir compared to

nutrients in downstream. During this travel, nutrients may retain or be lost (LF.j, DF.j,

FQremj). Nutrients from outlets of downstream sub-basins discharge directly into the
reservoir or lake. Box A.3 in Appendix II-A provides details on the equations.

3.2.3 Model performance

The MARINA model was validated for Chinese rivers, including the Yangtze, Huai, Pearl,
Yellow, Liao and Hai He (Strokal et al., 2016a). The results confirm an acceptable

performance of the model to quantify river export of DIN and DIP. In this paper, we used
available observations for water quality to evaluate model performance for Guanting
reservoir and Bay Yangdian lake.

We used the Pearson’s coefficient of determination (RP2), the Nash-Sutcliffe efficiency (R

NSE 2)

and the root mean-observations standard deviation ratio (RSR) (according to the

method from (Moriasi et al., 2007). The Pearson’s coefficient of determination (RP2) is

the square of the correlation coefficient (rx,y), and it indicates the percentage of the
variance in measured data explained by the model: the closer RP2 is to 1, the better the

fit between measured and modeled values. The Nash-Sutcliffe efficiency (RNSE 2)

determines how well the plots of the measured and modeled values fit 1:1 line. Values
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between 0 and 1 are acceptable levels of performance. The lower RSR, the better the

model performance is. We calculated an RP2 of 0.91, R NSE2 of 0.80 and RSR of 0.33 for

DIN, total nitrogen (TN) and total phosphorus (TP) export to Guanting reservoir and

Baiyangdian lake (Figure 3.2). These results give us trust in using the model to analyze
river export of nutrients to Guanting reservoir and Baiyangdian lake in the Hai He basin.

Figure 3.2 Modeled versus observed dissolved inorganic nitrogen (DIN), total nitrogen (TN) and
total phosphorus (TP) export to Guanting reservoir and Baiyangdian lake in Hai He basin (yields,
kg km-2 year-1). Rp2, NSE and RSR are the Pearson’s coefficient of determination (0-1), the NashSutcliffe efficiency (0-1) and RMSE-observations standard deviation ratio (0-1), respectively. TN is
the sum of DIN, dissolved organic nitrogen (DON) and particulate nitrogen (PN). TP is the sum of
dissolved inorganic phosphorus (DIP), dissolved organic phosphorus (DOP) and particulate
phosphorus (PP). Modelled yields of DIN, DON, DIP and DOP were derived from the MARINA model
for 2012 (this study, see section 3.3). Modelled yield of TDN and TDP (yields, kg km-2 year-1) were
the sum of DIN and DON, DIP and DOP. According to De Klein et al (2011), 70% of TP and 10% of
TN is transported in rivers in particulate form (PP and PN). Thus, we assumed that 90% of
modelled TN is TDN and 30% of TP is TDP. (TN = (10·TDN) /9; TP = (10·TDP) /3). Observed yields
of DIN, TN and TP were calculated from observed concentrations of DIN (sum of NH4-N and NO3N), TN and TP (BDMGOV, 2017; ZJKMGOV, 2016), annual water discharge, and sub-basin areas.
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3.2.4 Future Scenarios
We developed a scenario for 2050 taking SSP3 (Shared Socio-economic Pathways-3) as

a business-as-usual scenario. Next, we developed a scenario based on the Current
Environmental Policies in China (CEP scenario). In addition, we assessed future impacts

of two important events on river export of nutrients: the 2022 Olympic Winter Games in

the Guanting basin (OLY scenario), and the development of Xiong’an, a new urban area
in the Baiyangdian basin (URB scenario). Finally, we explored optimistic futures,
assuming implementation of advanced technologies to reduce nutrients in rivers (OLY+
and URB+ scenarios).

The SSP3 scenario is developed based on one of the five SSPs (O’Neill et al., 2015). SSPs

are meant to assess possible future climate regimes and socio-economic developments
worldwide. Wang et al. (2017) developed SSP storylines for China, and interpreted these

storylines for China’s food system in 2030 and 2050. We choose SSP3 in 2050 as a

starting point of this study to represent a business-as-usual scenario for the

environment in China. In the SSP3 scenario, a fast population growth and an increasing
preference for meat in the human diet is assumed for China (Table 3.1a and 3.1b). Crop

and animal production will be intensified to produce enough food. SSP3 assumes that

environmental policies are not effective, and technologies for better nutrient

management (e.g., animal manure and crop residues recycling, improved sewage
systems) are not implemented (Table 3.1a and 3.1b).

The CEP scenario reflects Current Environmental Policies, and assumes that population,

urbanization and the economy grow as in SSP3. The main difference from SSP3 is that
CEP assumes full implementation of recent environmental policies in China (Table 3.1a

and 3.1b). “Zero Growth in Synthetic Fertilizers after 2020” (MOA, 2015a) refers to a
policy aimed at zero growth in the use of synthetic fertilizers from the year 2020, and
60% recycling of available manure on land. “National agricultural sustainable

development plan (2015-2030)” (MOA, 2015b) implies that 90% of the available

manure will be recycled on land or biogas production in 2030. “National urban sewage
treatment and recycling planning in 13th Five-Year (2015-2020)” (MDRC and MOHURD,
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2016), prescribes that the percentage of people connected to centralized sewage

systems will reach to 95% and 85% in cities and centers of counties, respectively, in
2020. “The comprehensive improvement of the national rural environmental planning

of 13th Five-Year” implies that the 60% of the people will be connected to centralized

sewage systems in one-third of the counties of China in 2020 (MEP and MOF, 2017). “The
Action Plan for Prevention and Control of Water Pollution” (GOV, 2015a), states that in

2020, the water outflow of all sewage plants should meet the CN-IA defined

Environmental Quality Standards for Surface Water (GB 3838-2002) (MEP, 2002). Based
on these policies, we assumed that the growth in synthetic fertilizer use will be zero

from the year 2020. More manure (60%) is assumed to be recycled and applied to
cropland in 2050 (Table 3.1a and 3.1b). Only 10% of animal manure will be discharged
into water systems directly (Table 3.1a and 3.1b). Around 90% of urban and 20% of rural

population will be connected to sewage systems. Nutrient removal rates will reach to 80%
for N and 90% for P in urban, 35% for N and 45% for rural areas (Table 3.1a and 3.1b).

The OLY scenario explores the possible consequences of the Winter Olympic Games in

Guanting basin in 2022. We assume that to ensure environmental quality, sewage
systems in Sub-basin 1 will be improved in this scenario, by increasing the number of

people connected to centralized sewage systems, and advanced technologies for waste
water treatment with high nutrient removal rates (Table 3.1a). The ratio of population

connected to sewage systems will increase to 100% in urban and 60% in rural areas
(Table 3.1a). Nutrient removal rates are high (80% for N and 90% for P) (Table 3.1a) in

Sub-basin 1. In the OLY+ scenario, we assume that such technologies for high nutrient
removal from sewage are implemented in the whole Guanting basin (Table 3.1a).

The URB scenario assumes that there will be a fast urbanization and city expansion in

the Baiyangdian basin, in line with the establishment of Xiong’an new area, especially in
the Xiongxian, Rongcheng and Anxin counties. This urbanization will increase sewage

inputs to rivers and change the land use in the basin (Table 3.1b). Agricultural land will
be converted to urban areas. As a result, agriculture activities will be reduced compared

to the SSP3 and CEP scenarios. This will lead to less animal manure discharge to rivers.
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In the URB+ scenario, we assume that improved sewage systems will be constructed.

The percentage of the population connected to centralized sewage systems will increase
to 100% for the urban and 60% for the rural population (Table 3.1b). Nutrient removal

rates will reach to 80% for N and 90% for P (Table 3.1b) in the new urban area Xiong’an.

Sewage
system

Agriculture

As in 2012. 74% for urban, and
4% for rural

Nutrients
rates

removal

As in 2012. N: 29-57% in urban,
4-30% in rural
P: 37-65% in urban, 5-35% in
rural

No change for total population(a)
but with increasing urban
proportion (+20% for urban, 20% for rural)

Population connected
to sewage systems

Total population
(including urban and
rural ratios)

Increase by 30% from 2012(a)

Increase by 120% from 2012(a)

Increase by 60% from 2012(a)

Increase by 90% from 2012(a)

SSP3

Synthetic
fertilizer
application

Manure discharge to
water

Manure applications
on land

N and P in manure
excretion

Model variable

N: 70% in urban, 35%
in rural(d)
P: 80% in urban, 45%
in rural(d)

90% for urban and
20% for rural area(c)

As in SSP3

Stay at the level of
2020(b)

10% of available
manure for N and P(b)

60% of available
manure for N and P(b)

As in SSP3

CEP

For Sub-basin 1: 80% for N
and 90% for P in urban and
rural areas
For the other sub-basins: as
in CEP

80% for N and 90% for
P in urban and rural
areas

100% for urban and
60% for rural area

For Sub-basin 1: 100% for
urban and 60% for rural area
For the other sub-basins: as
in CEP

As in OLY

As in OLY

As in OLY

OLY+
As in OLY

As in OLY

OLY

As in CEP

As in CEP

As in CEP

As in CEP

As in CEP

Scenario assumption

Table 3.1a Assumptions for the scenarios to quantify nutrient export by rivers to Guanting reservoir for 2050.
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Sewage
system

Agriculture

Scenario assumption

Increase by 30% from
2012(a)

No change for total
population(a) but with
increasing urban proportion
(+20% for urban, -20% for
rural)

As in 2012. 74% for urban,
and 4% for rural

Total population
(including
urban and rural
ratios)

Population
Connected to
sewage systems

Increase by 120% from
2012(a)

Synthetic
fertilizer
application

Manure
discharge to
water

Increase by 60% from
2012(a)

Increase by 90% from
2012(a)

SSP3

Manure
applications on
land

N and P in
manure
excretion

Model variable

90% for urban and
20% for rural
area(c)

As in SSP3

Stay at the level of
2020(b)

10% of available
manure for N and
P(b)

As in CEP

For three counties and counties in
sub-basin 5: total population increase
5 times. (urban population ratio is
100%)
For other counties: Total population is
as in SSP3 (+50% for urban, -50% for
rural)

As in CEP

10% of available manure for N and P

60% of available manure for N and P

As in SSP3
60% of available
manure for N and
P(b)

URB
For three counties: 50% reduction of
amounts in CEP
For other counties: As in CEP

CEP

Table 3.1b Assumptions for the scenarios to quantify nutrient export by rivers to Baiyangdian lake for 2050
URB+

For three counties and
counties in sub-basin
5:100% for urban and 60%
for rural area
For other counties: As in
CEP

As in URB

As in URB

As in URB

As in URB

As in URB
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As in 2012. N:29%-57% in
urban,4%-30% in rural
P:37%-65% in urban,5%35% in rural

N:70% in urban,
35% in rural(d)
P:80% in urban,
45% in rural(d)

As in CEP

80% (N) and 90% (P) in
urban and rural

to Van Drecht et al. (2009).

removal are 70% and 80% respectively for urban. For rural, we assumed N and P removal could reach to the secondary level (N: 35%; P: 45%) according

sewage plants inflow according to the wastewater quality standards for discharge to municipal sewers (CJ 343-2010). We thus assumed N and P

should be limited in CN-IA defined in Environmental Quality Standards for Surface Water (GB 3838-2002). We also can get the water quality of all

(d) According to “the Action Plan for Prevention and Control of Water Pollution” (GOV, 2015a), in 2020, water quality of all sewage plants outflow

rural will be 20% in 2050.

of sewage systems will reach to 60% in one-third counties of China in 2020. Thus, we could predict population with connection to sewage systems in

“The comprehensive improvement of the national rural environmental planning of 13th Five-Year” (MEP and MOF, 2017) refers to the connection rate

in urban and centers of counties. Thus, we assumed population with connection to sewage systems in urban area will reach to 90% in urban in 2050.

sewage systems will reach to 95% and 85% in urban and centers of counties respectively in 2020. In our study, urban population includes people living

(c) “National urban sewage treatment and recycling planning in 13th Five-Year (2015-2020)” (MDRC and MOHURD, 2016), wastewater connected to

The growth rates for sub-basins were calculated from the growth rates for counties as area-weighted averages using ArcGIS.

synthetic fertilizers by sub-basin is available for 2012. We use the growth rates of synthetic fertilizer for provinces between 2013 and 2020 in China.

available manure will be applied on land. Meanwhile, only 10% of available manure will discharge to water. In our model, information on the use of

should be recycled in 2030 (MOA, 2015b). Thus, we assumed that the use of synthetic fertilizers will stay at the level of 2020 until to 2050 and 60% of

recycling of available manure on land. The “National agricultural sustainable development plan (2015-2030) indicates that 90% of available manure

(b) “Zero Growth in synthetic Fertilizers after 2020” (MOA, 2015a) implies zero growth in the use of synthetic fertilizers from the year 2020, and 60%

2010 and 2050.

available for 2012. We calculated these inputs for 2050 using growth rates based on SSP3 scenario for the whole China (Wang et al., 2017) between

(a) In our model analyses, information on animal manure, synthetic fertilizer and total population (including urban and rural ratios) by sub-basin are

Nutrients
removal rates

Chapter 3 | 69

3

70 | Chapter 3

3.3 Results
3.3.1 Guanting reservoir
Nutrient inputs to Guanting basin
Agriculture is an important driver of nutrient inputs to the basin draining into Guanting
reservoir. Around 67-75% of N and more than 90% of P inputs are from agriculture

(Figure 3.3), including synthetic fertilizer and animal excretion. In 2012, farmers used
138 kton of N synthetic fertilizer, and 30 kton of P (Figure C.1(c) in Appendix II-C).

Approximately, 100 kton of N and 19 kton of P were excreted by animals in Guanting
basin. 30% of N and 45% of P in animal excretion was applied to crop land, while 40%
of N and 55% of P in animal excretion was discharged into water directly (Figure C.1(b)

in Appendix II-C). By 2050 in the SSP3 scenario, the amount of synthetic fertilizer use

will increase by 30% (Figure C.1 in Appendix II-C), and N and P in animal excretion will

double compared with the amounts in 2012. In the CEP scenario, synthetic fertilizer will

reduce to the level in 2012 because of the “Zero Growth in Synthetic Fertilizers after
2020” policy. Almost 90% of animal manure will be recycled in different ways such as
manure application to land and biogas production according to “National agricultural
sustainable development” plan (Figure C.1(b) in Appendix II-C).

The Guanting basin is largely a rural area. Urban sources contribute less than 10% to

total N and P inputs to the whole basin in 2012 (Figure 3.3). Our results show that 34

kton of N and 5.7 kton of P in human excretion were produced in Guanting basin. About

30% of this N and P is from urban people that are connected to centralized sewage
systems, and about 60% from rural unconnected people (Figure C.1(a) in Appendix IIC). We assume that the total population will keep stable from 2012 to 2050 in SSP3, but

the fraction of urban population will increase, which is line with the abovementioned
SSPs study for China (Wang et al., 2017). The share of nutrients from urban connected
sewage and rural unconnected sewage will change a little (32% for urban and 54% for

rural) (Figure C.1 in Appendix II-C), because of higher sewage connection rates in urban

areas. We accounted for the implementation of “The comprehensive improvement of the
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national rural environmental planning of 13th Five-Year” (MEP and MOF, 2017) and

“National urban sewage treatment and recycling planning in 13th Five-Year (2015-

2020)” policies (MDRC and MOHURD, 2016) in the CEP scenario. In CEP, the population
without sewage connection in urban and rural areas will decrease. However, human

waste from urban areas that is collected by sewage systems and human waste from rural

areas without sewage systems may remain the main contributors in 2050 (Figure C.1(a)
in Appendix II-C). In OLY and OLY+ scenarios, the results indicate more population may
become connected to sewage systems than in other scenarios, especially in Sub-basins
1 and 2 (Figure C.1(a) in Appendix II-C).

River export of nutrients by source to Guanting reservoir
In 2012, rivers transported 1,478 ton year -1 of TDN and 56 ton year -1 of TDP to Guanting

reservoir (Figure 3.4). These exports vary among sub-basins, ranging from 115 to 614
ton year -1 for TDN, and from 8 to 19 ton year -1 for TDP. Sub-basins 1, 2 and 3 contribute

around 90% of TDN and TDP inputs to the reservoir (Figure 3.4). Sub-basin 3 (yellow
bar in Figure 3.4) is the dominant source of DIN and DIP and Sub-basin 2 (blue bar in

Figure 3.4) of DON and DOP in the reservoir. More than 80% of nutrients are from
agriculture. Virtually all DON, DIP and DOP in Guanting reservoir are from point sources

(manure and human waste) (Figure 3.5). In Sub-basins 1, 2 and 4, point sources
contributed more than 90% to DIN, including direct discharge of animal manure and

human waste water that is not connected to centralized sewage systems (Figure 3.5),
whilst in Sub-basin 3, diffuse sources (fertilizer, human and animal manure applied on

the crop land) and point sources have an equal share in DIN export (45% and 43%)
(Figure 3.5).
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Figure 3.3 N (nitrogen) and P (phosphorus) inputs to the four sub-basins (kton year-1) of Guanting
basin in 2012 and 2050 (four scenarios) according to the SSP3 (business-as-usual), CEP
(implementation of the current environmental policies), OLY (improved sewage treatment in the
sub-basin where the Winter Olympic Games of 2022 will be conducted) and OLY+ (improved
sewage treatment in all sub-basins). Details on the scenarios are in Section 3.2. The doughnut
charts show fractions of total N and P inputs to the sub-basins synthetic fertilizer, animal manure,
urban sources and others. N and P in synthetic fertilizers are applied to crops (diffuse source). N
and P in animal manure are applied to crops (diffuse source) and/or directly discharged into
rivers (point source). Urban sources can be diffuse and point. Urban sources represent nutrients
in human waste that is applied to crops (diffuse source), directly discharged into rivers (without
treatment, point source) and/or collected by sewage systems and then discharged into rivers
(after treatment, point source). Other sources represent nutrients from biological fixation and
atmospheric deposition into sub-basins (only for N, diffuse sources)
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Figure 3.4 Modeled dissolved inorganic (DIN, DIP), organic (DON, DOP), total dissolved nitrogen
and phosphorus (TDN, TDP) export from the sub-basins draining into Guanting reservoir in 2012
and 2050 (ton year -1). Trends for 2050 are based on the SSP3 (business-as-usual), CEP
(implementation of the current environmental policies), OLY (improved sewage treatment in the
sub-basin where the Winter Olympic Games of 2022 will be conducted) and OLY+ (improved
sewage treatment in all sub-basins). Details on the scenarios are in Section 3.2.

The SSP3 scenario projects a doubling in TDN and TDP inputs to Guanting reservoir, with

the same dominant sources as in 2012. Direct discharges of manure will remain a major
source of pollution because livestock production is assumed to continue to industrialize

without sufficient manure management (Figure 3.5). The contribution of synthetic
fertilizer use to DIN export will increase especially in Sub-basin 4. The share of human
waste is projected to decrease slightly, due to urbanization, the number of people in
urban areas with sewage systems connection is increasing (Figure C.1 (a) in Appendix
II-C).

Effective implementation of current policies (CEP scenario) is calculated to reduce
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nutrient pollution. The CEP scenario assumes that many recent policies will be

implemented (GOV, 2015a; MDRC and MOHURD, 2016; MEP and MOF, 2017; MOA,
2015b). This implies that 90% of animal manure will be recycled and only 10% will be
discharge into water system. It also implies that sewage systems will be improved in
urban and rural areas (Table 3.1a and Figure C.1(a) in Appendix II-C). In the CEP

scenario, the river export of nutrients to Guanting reservoir is decreasing sharply, to
levels below that in 2012. This holds for all forms of N and P, and most obviously for DON

and P (Figure 3.5). This illustrates that recycling of manure is an effective way to reduce

DON and P export to Guanting reservoir. The relative share of human waste in DON and

P export increases but these are not dominant sources. Diffuse sources such as synthetic
fertilizers and manure applied to crop will become more important than point sources
for DIN (Figure 3.5).

In the OLY scenario, improved waste water treatment may affect water quality. However,
this effect is smaller compared to the CEP scenario (see above). For example, only a slight

decrease in nutrient export to Guanting reservoir is projected according to the OLY

scenario. Even if we assume that in all sub-basins advanced waste water treatment

systems are applied (OLY+ scenario), nutrient pollution in the reservoir will not reduce

to a large extent. For example, 8-13 % of TDN and TDP decrease in nutrient export by
2050 in the OLY+ scenario relative to the CEP scenario. This is because most of the

nutrients in the reservoir are not from sewage, but from agriculture. Thus, to improve

water quality in Guanting reservoir, effective nutrient management in agriculture is

needed. To reduce DON and P, manure discharge (point source) needs to be reduced. For
DIN, it is more effective to reduce diffuse sources.

Figure 3.5 River export of dissolved inorganic (DIN, DIP) and organic nitrogen (DON, DOP) by sub-basin to the Guanting reservoir and their sources
in 2050 according to different scenarios. Trends for 2050 are based on the SSP3 (business-as-usual), CEP (implementation of the current
environmental policies), OLY (improved sewage treatment in the sub-basin where the Winter Olympic Games of 2022 will be conducted) and OLY+
(improved sewage treatment in all sub-basins). Details on the scenarios are in Section 3.2. Details of the location of different sub-basins can be
seen in Figure 3.1.
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3.3.2 Baiyangdian lake
Nutrient inputs to Baiyangdian basin
Agriculture is also the main driver of nutrient inputs to Baiyangdian basin. Around 7582% of N and 66-88% of P are from agricultural sources (Figure 3.6), including synthetic

fertilizer and animal manure. In 2012, farmers used 364 kton of synthetic N fertilizers

and 60 kton of P (Figure C.2 (c) in Appendix II-C). Approximately, 229 kton of N and 46
kton of P in animal excretion were produced in Baiyangdian basin (Figure C.2 (b) in
Appendix II-C). In the SSP3 scenario, the amount of synthetic fertilizer used will increase
by 30% (Figure C. 2 (c) in Appendix II-C). N and P in animal excretion will double

compared with the amounts in 2012. About 40% of N and 60% of P in animal manure
will be discharged to surface waters directly. In the CEP scenario, less animal manure

will be discharged to surface water and less fertilizer will be used in crop production.

This is a result of assumed implementation of “The comprehensive improvement of the
national rural environmental planning of 13th Five-Year” and “Zero Growth in Synthetic
Fertilizers after 2020” policies (Figure C.2 (c) and C.2 (b) in Appendix II-C).

Urban sources contribute 9-14% to N and 12-34% to P inputs to Baiyangdian basin
(Figure 3.6). This is more than that in Guanting basin, indicating that the Baiyangdian

basin is more urbanized. Our results indicate that 63 kton of N and 10 kton of P in human

excretion were produced in Baiyangdian basin (Figure C.2 (a) in Appendix II-C) in 2012.
In 2012 and the SSP3 scenario 50-90% of N and P in human excretion is from rural
population that is not connected to centralized sewage systems except for Sub-basin 5

where the connected urban population is the dominant contributor (60-100%) (Figure
C.2 (a) in Appendix II-C). In the CEP scenario, the number of people in rural areas with

no connection to centralized sewage systems will decrease by 10% due to the

implementation of “The comprehensive improvement of the national rural
environmental planning of 13th Five-Year” (MEP and MOF, 2017). However, unconnected
rural population will still be the main source of human excretion (except for Sub-basin

5). In the URB scenario, sewage inputs to the basin will double as a result of the assumed

increasing total and urban population. In this scenario, there is a large difference among
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sub-basins in terms of sewage inputs. In Sub-basins 2 and 5, most human waste is
collected in centralized sewage systems draining into rivers and the lake (73% for Subbasin 2, and 90% for Sub-basin 5). This is due to the establishment of Xiong’an. In the

other sub-basins, most human waste entering the river and lake is from the rural

population (unconnected to centralized sewage system). The differences between URB+
and URB are small, indicating that advanced technologies should be applied in Sub-

basins 2 and 5 where majority of people have connection with sewage systems. For other
sub-basins, how to manage sewage systems construction and choose proper

technologies of nutrient removal should be considered for the clean water in rural area.
River export of nutrients by source to Baiyangdian lake

Three out of eight rivers discharge to Baiyangdian lake. These three rivers transported
around 4,243 ton year -1 of TDN and 194 ton year -1 of TDP in 2012 (Figure 3.7). These

exports vary among sub-basins, ranging from 1,111 to 1,946 ton year

-1

for TDN, and

from 38 to 95 ton year -1 for TDP. Sub-basins 5 and 7 (blue and yellow bar in Figure 3.7)

were the dominant source of DIN and DIP and Sub-basin 1 (pink bar in Figure 3.7) of
DON and DOP to the lake. In Sub-basins 1 and 7, more than 80% of N and P were from

point sources, which include direct discharge of animal manure and human wastewater
(Figure 3.8). In Sub-basin 5, the main sources were same as in Sub-basins 1 and 7 for
DON and P. But the share of synthetic fertilizers (diffuse source), manure and human
waste (point source) for DIN was one-third each.

In the business-as-usual scenario (SSP3), nutrient export by rivers was predicted to

increasing by a factor of 1.5-2 for TDN and TDP (Figure 3.7), with the same dominant
sources as in 2012. The CEP scenario shows the effectiveness of current policies to

reduce nutrient pollution. All forms of N and P will reduce to below 2012 levels. The
reductions are largest for DON and P (Figure 3.7). Point sources (animal manure and

human waste) will remain major sources of nutrient pollution (except DIN) (Figure 3.8),
but the pollution from human waste exceeds that of animal manure in Sub-basins 1 and

7. The share of synthetic fertilizers will increase to 33% for DIN with the implementation
of recycling of manure in Sub-basin 5.
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Figure 3.6 N (nitrogen) and P (phosphorus) inputs to the eight sub-basins (kton year-1) of
Baiyangdian basin in 2012 and 2050 (four scenarios) according to the SSP3 (business-as-usual),
CEP (implementation of the current environmental polices), URB (development of the new
Xiong’an urban area) and URB+ (improved sewage systems) scenarios. Details on the scenarios
are in Section 3.2. The doughnut charts show fractions of total N and P inputs to the sub-basins
synthetic fertilizer, animal manure, urban sources and others. N and P in synthetic fertilizers are
applied to crops (diffuse source). N and P in animal manure are applied to crops (diffuse source)
and/or directly discharged into rivers (point source). Urban sources can be diffuse and point.
Urban sources represent nutrients in human waste that is applied to crops (diffuse source),
directly discharged into rivers (without treatment, point source) and/or collected by sewage
systems and then discharged into rivers (after treatment, point source). Other sources represent
nutrients from biological fixation and atmospheric deposition into sub-basins (only for N, diffuse
sources).
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Figure 3.7 Modeled dissolved inorganic (DIN, DIP), organic (DON, DOP), and total dissolved
nitrogen and phosphorus (TDN, TDP) export from the three rivers draining into Bai Yang Dian
lake in 2012 and 2050 (ton year -1). Trends for 2050 are based on the SSP3 (business-as-usual),
CEP (implementation of the current environmental polices), URB (development of the new
Xiong’an urban area) and URB+ (improved sewage systems) scenarios. Details on the scenarios
are in Section 3.2.

Next, we show that the establishment of Xiong’an new area may lead to an increase in
nutrient pollution in Baiyangdian lake (scenario URB). We also show that this can be

avoided by efficient waste water treatment strategies (URB+). Compared scenario URB
with CEP, we calculate an obvious increase in nutrients export to Baiyangdian lake by
28-43% (TDP and TDN), resulting from an increasing urban population. As a result of

this urbanization, there will be a reduction in livestock (around Xiong’an new area). This
explains why the dominant source of nutrients in scenario URB is no longer animal
manure, but human waste (except for DOP). In the URB+ scenario, we assume that the

percentage of the population connected to centralized sewage systems will reach to 100%
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and 60% in urban and rural areas of Xiong’an, respectively. And we assume that these

centralized sewage systems will implement the best available technologies to treat
human waste with relatively high efficiencies of nutrient removal (tertiary
treatment)(Van Drecht et al., 2009). This reduces nutrient pollution, however, not to the

level in the CEP scenario. These results indicate that to limit the pollution from
urbanization, effective waste treatment is needed not only in Xiong’an but also in
surrounding areas.

scenarios. Details on the scenarios are in Section 3.2. Details of the location of different sub-basins can be seen in Figure 3.1.

(implementation of the current environmental polices), URB (development of the new Xiong’an urban area) and URB+ (improved sewage systems)

and their source attribution in 2050 according to different scenarios. Trends for 2050 are based on the SSP3 (business-as-usual), CEP

Figure 3.8 River export of dissolved inorganic (DIN, DIP) and organic nitrogen and phosphorus (DON, DOP) by sub-basin to the Baiyangdian lake
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3.4 Discussion
This is the first study implementing the MARINA model to Guanting reservoir and
Baiyangdian lake at the sub‐basin scale, considering both point and diffuse
sources. Other studies focused more on nutrient losses from diffuse sources especially
agriculture to lakes and reservoirs (Gassman et al., 2014; Shen et al., 2012; Zhang et al.,
2018). Thus, sub-basin and all nutrient sources analyses were limited, but needed for
effective management of water quality in the basins. Furthermore, causes of water

pollution with nutrients at the sub-basin scale were not analyzed before for these two
water systems. Our study is the first to provide insights in the effects of nutrient losses

from agriculture and urbanization to Guanting reservoir and Baiyangdian lake. We
identified the causes of nutrient pollution in the reservoir and lake. This information is
relevant to formulate effective management options to reduce water pollution. We

analyzed the consequences of the Olympic Games 2022 on the quality of the reservoir
and of the rural-urban intervention on the quality of the lake.

The strengths of our study are threefold. First, the MARINA model allows to quantify

dissolved forms of nutrients that are exported to reservoirs and lakes by source and by
sub-basin (Figures 3.3-3.8). This offers the possibility to look at nutrient yields and their

sources attribution (point and diffuse source) at the sub-basin scale, while other studies
(Chen, 2005; Cui, 2011; Hao et al., 2002; Shi, 2012; Sun and Hao, 2004; Wu et al., 2017;

Zhao, 2013; Zhu, 2011) only focus on nutrient outputs to the basin outlets from diffuse
source (Table D.1 in Appendix II-D). Our results show that managing point sources of
animal manure is important for water quality improvement. This is in line with the

ongoing discussion in China on “strengthening prevention and control of N and P

pollution from point sources”(MEE, 2018). Results of our study may support policies
developments. Second, our scenario analysis provides new insights how future climate,

socio-economic changes and current environmental policies may influence water

quality in the lake and reservoir. This was not done before. It can help policy makers and
other stakeholders to evaluate the effectiveness of current environmental policies in
improving nutrient management on agriculture and urbanization. Third, we explored
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alternative future scenarios to reduce river export of nutrients to the reservoir and the
lake. We believe our results improve our understanding of nutrient management for

specific lakes and reservoirs. The results of our study are highly relevant for policy-

making for effective environmental policies. It can help to evaluate the effectiveness of
current environmental policies in improving nutrient management in agriculture and
urbanization to reduce water pollution.

As any model, our model has uncertainties. We realize that our assumptions for the
scenarios might be simplified, generating uncertainties in model results. However, we

believe that these uncertainties will not change our main messages. We adjusted the

model to the local situation by modifying some of the model inputs (county scale data
from NUFER model) and parameters (e.g. LDON, LDOP, Popcon.rur.j, see Tables A.1 and A.2 for
the description of the abbreviations in Appendix II-A). In addition, we used local
information as much as possible for model inputs (e.g. sewage plants list, Qnat, Qact, see

Tables A.3 and B.1 for details in Appendix II-A and II-B) and validated the model against
measured data (see Section 3.2.3). We believe our model is appropriate for studying
trends in nutrient exports to lakes and reservoirs by source and sub-basin.

Agriculture is the dominant source of nutrients in Guanting basin and
Baiyangdian basin. Large synthetic fertilizer use in crop production is the main source

of N inputs to these two basins (Figure 3.3 and 3.6). The share of synthetic fertilizers in
the total inputs to land are higher for Baiyangdian basin (53%) than for Guanting basin
(44%) (Figure 3.3). This is because the drainage basin of Baiyangdian reservoir has

more arable land (Table B.2 in Appendix II-B). Except for synthetic fertilizer, P from
intensive livestock industries are also important inputs of P (to land and to rivers) in

both basins (40% in Guanting basin and 33% in Baiyangdian basin). The shares of

biological N2-fixation and atmospheric N deposition on land of Guanting basin are higher

than that of Baiyangdian basin. Nutrient inputs to rivers from sewage systems
contributes more in Baiyangdian basin (9-34%) than in Guanting basin (less than 10%)
(Figure 3.3 and 3.6).

Hydrology differs in Guanting basin and Baiyangdian basin. Hydrology is crucial for

3

84 | Chapter 3

nutrient export from land to water systems. Important factors are geography,

precipitation and river networks. Human activities such as dam construction and
consumption also could affect natural hydrology processes. Guanting is a reservoir in
the mountains, while Baiyangdian is in the plain. The mountainous Guanting basin has

a different hydrology than the Baiyangdian basin in the plain area. In Guanting basin,
serious soil erosion associated with extreme rainfall results in diffuse source pollution
more easily (Hao et al., 2002; Xia and Xue, 2010). Because of the changing precipitation

and human water consumption, land runoff and water discharge are decreasing in both

study areas (Liu et al., 2017a; Liu et al., 2016; Lu et al., 2014; Wang and Qin, 2017). This
holds in particular for Baiyangdian lake, where hydrology is affected by human activities

more strongly and water discharge is extremely low to zero in some rivers (Table B.6

and Table B.7 in Appendix II-B). Less water discharge can decrease export of nutrients
from diffuse sources to surface water systems but may increase pollution of
groundwater by nutrient leaching in Baiyangdian basin (Wang, 2012).

Sources of nutrients differ for Guanting reservoir and Baiyangdian lake. Nutrient

inputs and hydrology affect nutrients transformation from land to water in different

ways and lead to water pollution at different extents. In Guanting reservoir, DIN is mainly
from diffuse sources, while point sources, especially animal manure, contribute most to

DIP, DON and DOP. These results show that agriculture strongly affects nutrient export
by rivers to Guanting reservoir. This can be explained as follows. Guanting basin is
developing towards a water conservation area with more rural areas. As a result,

agricultural activities may contribute more nutrients in rivers from these activities. Also,

the reservoir receives more water and thus rivers transport more nutrients compared
to the lake (Li et al., 2008). In Baiyangdian lake, this may not be the case in the future:

our scenarios project a shift in the dominant source from agriculture (diffuse sources
and animal manure) to urbanization (human wastewater) for DIN, DIP and DON.
Urbanization will be a main factor resulting in water pollution in Baiyangdian lake in the
future. These results could be explained by the faster urbanization contributing to
decrease in surface water quantity in Baiyangdian.
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Implication for future water quality management. In this study, we analyzed two

water bodies in Hai He basin as a case study: the Guanting reservoir and Baiyangdian

lake. We calculated increasing water pollution in the future. If the current environmental

policies in China could be implemented effectively, nutrients exports to the lake and the
reservoir could be reduced to the level of 2012 in 2050. According to the “National

ecological functional zoning”(MEP, 2008), Guanting basin is an important water
conservation area (including reservoir and its upstream) while Baiyangdian basin

belongs to the urbanizing Jing-Jin-Ji area, also Xiong’an new area. These differences in
functional zonings imply that Guanting and Baiyangdian will have different developing
aims in future. Guanting will be more rural than the fast urbanizing Baiyangdian region.
As a result, specific environmental policies need to be considered that acknowledge

differences between the two basins with respect to functions, nutrient inputs and losses,
hydrology. In Guanting basin, pollution control could follow from changes in agriculture.
Improved nutrient management can reduce the N and P losses from agriculture without

damaging food security. For example, we could adapt more scientific methods to feed
animals and reduce the nutrient excretion (Bai et al., 2014; Oenema and Tamminga,

2005; Wang et al., 2014a). Animal manure can be processed and applied on cropland to
replace synthetic fertilizer. Before discharging to surface waters, treatment of animal
manure such as anaerobic digestion and nutrient recovery could be applied to produce

biogas and reduce nutrient pollution (Nasir et al., 2012). In Baiyangdian basin, pollution
control is more effective through effective urban development planning and advanced

technologies for nutrient removal from urban waste streams. In addition, intensive
livestock production tends to cluster around Xiong’an where insufficient land is

available for recycling animal manure. This may pose a risk of water pollution in
surrounding sub-basins. In order to coordinate food provision and environmental

impacts, a specific strategy is needed for effective manure use and mitigation of nutrient
losses in the whole Baiyangdian basin.
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3.5 Conclusions
This study is the first to analyze future trends in nutrient inputs into Guanting reservoir

and Baiyangdian lake by applying the MARINA model. We analyzed trends between 2012
and 2050 for a business-as-usual scenario (SSP3) and a scenario based on Current

Environmental Policies (CEP). In addition, we assessed future impacts of 2022 Olympic
Winter Games and the establishment of Xiong’an new area. We also explored futures for

these two areas, assuming implementation of advanced technologies to reduce nutrients
in rivers. The main findings are as follows.

Water pollution caused by nutrient losses in Guanting reservoir and Baiyangdian lake

was contributing to water scarcity in 2012. Most nutrient pollution in 2012 was from

agriculture for both reservoir and lake. In Guanting reservoir, Sub-basins 1, 2 and 3
contribute around 90% of TDN and TDP inputs to the reservoir. more than half of DIN

and DIP were from Sub-basin 3, but Sub-basins 1 and 2 contributed over two-thirds of
DON and DOP. In Baiyangdian lake, Sub-basins 5 and 7 were the dominant source of DIN
and DIP and Sub-basin 1 of DON and DOP to the lake.

Between 2012 and 2050, N and P inputs to these two water bodies may double, as

indicated in the SSP3 scenario, which we consider business-as-usual. In this scenario,
most nutrients are from point sources, including direct discharge of manure into rivers.

The CEP scenario shows that current environmental policies may reduce pollution to
below 2012 levels. In the OLY scenario for Guanting reservoir, the effect of improved
waste water treatment on reducing nutrient pollution will not be to a large extent. Even

if in the OLY+ scenario applied advanced waste water treatment systems in all sub-

basins, only 8-13 % of nutrients export (TDN and TDP) decrease by 2050 relative to the
CEP scenario. To improve water quality further in Guanting, pollution from agriculture

needs to be reduced. In the URB scenario, the planned urbanization may increase in
nutrients export to Baiyangdian lake by 28-43% (TDP and TDN) as a result of increased

point source (sewage systems) emissions. In the URB+ scenario, the high percentage of

the population connected to centralized sewage systems and relatively high efficiencies
of nutrient removal (tertiary treatment) in Xiong’an will reduce nutrient pollution, but
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not to the level in the CEP scenario. Therefore, effective waste treatment is needed not

only in Xiong’an but also in surrounding areas, to ensure good water quality in this
important lake.
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Chapter 4. Manure management to improve water
quality ‐ the case of urbanizing Baiyangdian
Abstract

Livestock production pollutes lakes such as Baiyangdian, which is an important water

source in the Haihe Basin in China. Although a new urban area, Xiong’an, is developing
in the drainage basin, the effects of future urbanization and associated livestock
production on nutrient pollution in Lake Baiyangdian are not clear. The objective of this

study is to explore options to reduce nutrient losses from livestock production to Lake

Baiyangdian from 2012 to 2050, taking urbanization into account. To this end, we use
the MARINA-Lakes (Model to Assess River Inputs of Nutrients to lAkes) model to analyze
future trends in water pollution from urbanization and agriculture and develop four

scenarios for 2050. Our baseline scenario (BL) assumes the development of Xiong’an, as

well as intensified crop and animal production. Three scenarios describe alternatives to
BL, and assume the implementation of the Restrict Livestock production Policy (RLP),

Recycling Manure Policy (RMP) and Optimistic Nutrient Management (ONM). River

export of nutrients is projected to almost double between 2012 and 2050 in BL. With
RLP, river export of nutrients is lower, yet it still exceeds the 2012 level. In RMP, river

export of most nutrients is projected to decrease by 40% in 2050 compared to 2012. In
ONM, river export of all nutrients is projected to decrease by a factor of 2–3 between

2012 and 2050. In this scenario, the available animal manure is reallocated to avoid
excess manure in cropland, as well as to discharge manure directly to rivers. The

dominant source of nutrients in the surface water shifts from direct manure discharges

in BL and RLP to human waste in the ONM scenario. Our study shows the importance of

improved manure management under urbanization to reduce future lake pollution.

Additional policies are needed to effectively reallocate and recycle animal manure.
To be submitted as:

Jing Yang, Maryna Strokal, Carolien Kroeze, Zhaohai Bai, Lin Ma. Manure management to
improve water quality - the case of urbanizing Baiyangdian.
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4.1 Introduction
Livestock production in China is in transition from small to large, landless industrial

farms (Bai et al., 2018). That means the livestock farms have been intensified to satisfy

the demand for animal products. On the other hands, nutrient use efficiencies in China's
livestock farms were lower than that in the Netherlands and the United States in 2006
(Ma et al., 2012), which

signifies that manure was not managed sustainably. Manure

was largely discharged to waters resulting in losses of nutrients such as nitrogen (N) and
phosphorus (P) to waters, causing eutrophication problems. For example, the

contribution of livestock farms was 33% for N and 68% for P losses to water systems in

2005 in China (Ma et al., 2012). Zhao et al. (2019) found that 496 Gg of N and 162 Gg of
P were exported to water systems from livestock farms in 2012 in the Haihe Basin.

Nutrient export by large Chinese rivers increased by a factor of 2-8 between 1970 and
2000 (Strokal et al., 2016b, Bai et al., 2018). This increase is largely associated with

direct discharges of manure to rivers (Strokal et al., 2016b). In addition, an excess of

manure may be produced in areas where crops do not need that amount (Jin et al., 2020a;
Jin et al., 2020b; Ma et al., 2014; Zhang et al., 2019). This calls for either reallocation of
livestock farms or transportation of manure to other places with manure demands.

Lake Baiyangdian is the largest shallow lake in the Haihe Basin, and it plays an important

role in water supply, flood regulation, fisheries and biodiversity conservation. Today, the
31,200 km2 drainage basin of Lake Baiyangdian is dominated by rural activities (e.g.,

crop and animal production, low connection rate with sewage treatment plants). The

water quality of the lake is above Class III, indicating pollution (HBEPB, 2002-2018)

mainly from agriculture (Yang et al., 2019). In the coming years, this may change.
Xiong’an is a new urban area that is now developing in the drainage area around the lake

(GOV, 2019). That will result in more people in cities, increasing both demand for meat

products and production of urban sewage waste. The development of Xiong’an may

bring more pollution as a result of fast-developing agriculture (i.e., more industrial farms)
to meet food demand in cities. Rivers may export more nutrients from those activities to
the lake, leading to eutrophication problems. Several policies are introduced such as the
Restrict Livestock production Policy and Recycling Manure Policy (Bai et al., 2019; GOV,
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2015a; MOA, 2015a) aim to control water quality and reduce livestock-related nutrient
pollution. Effects of the livestock-related policies are not well studied for future river
exports of N and P to the lake.

Scenario analyses are often applied to assess and explore nutrient management

strategies in China. Several studies have focused on agricultural sectors, assessing the

effects of efficient nutrient management in crops (Gramig et al., 2013; Kalcic et al., 2016;
Muenich et al., 2016) and livestock farms on nutrient losses to freshwater (Bai et al.,

2016b; Ma et al., 2013; Wang et al., 2018a; Zhao et al., 2019). However, such studies do

not exist for Baiyangdian and do not account for effects of Xiong’an and associated
livestock developments. Other studies have analyzed effects of nutrient management in

agriculture and urbanization on reducing nutrient pollution in rivers, lakes and coastal
waters (Chen et al., 2020; Li et al., 2019a; Strokal et al., 2017; Wang et al., 2020a). Yang

et al., (2019) analyzed river export of N and P to Baiyangdian, without explicitly

considering the effects of livestock-related policies. Furthermore, there is a need to
better understand effects of reallocating manure to places with crop nutrient demand
while considering urbanization trends.

The objective of this study is to explore options to reduce nutrient losses from livestock
production to Lake Baiyangdian from 2012 to 2050, taking urbanization into account.

To this end, we use the MARINA-Lakes (Model to Assess River Inputs of Nutrients to
lAkes) model that has been recently developed for the sub-basins of Baiyangdian (Yang
et al., 2019). We develop four scenarios to analyze future trends in water pollution from

urbanization and agriculture, based on data for current 1358 livestock farms for 2050.
These scenarios incorporate relevant livestock-related policies for Baiyangdian.

4.2 Methodology
4.2.1 Study area

Eight main rivers drain into Lake Baiyangdian. These rivers form eight sub-basins

according to Yang et al., (2019): Baigouhe, Pinghe, Baohe, Caohe, Fuhe, Tanghe, Xiaoyihe
and Zhulonghe (Figure 4.1). The drainage area of the eight sub-basins range from 544
km2 to 10,178 km2. Three out of eight rivers—namely the Baigouhe, Fuhe, and Xiaoyihe
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—flow into the lake. The other five rivers are dry and do not export water or nutrients

into the lake. The Baiyangdian basin contains 443 towns (Figure 4.1c) (RESDC, 2015),

which belong to 43 counties (Wang et al., 2018b). The distribution of towns in each sub-

basin is shown in Figure 4.1c. The geographical connection between the counties, towns
and sub-basins is shown in Appendix III-A1.

In 2012, the total population of the Baiyangdian basin was 16 million. Approximately 80%
of this population lived in rural areas (Yang et al., 2021). Crop production was dominated

by double cropping systems (i.e., wheat-maize rotations). In 2012, 1358 livestock farms
were located in the Baiyangdian basin (Figure 4.1b). Xiong’an is a new urban area that

will be established near Lake Baiyangdian (GOV, 2019). This new Xiong’an area is
projected to cover approximately 100 km2 of the drainage area around the lake by 2020.

This number is 200 km2 for 2030, and approximately 2,000 km2 for 2050. The
population in the new Xiong’an area is projected to range from 2 to 2.5 million people

by 2050 (Feng et al., 2017). Thus, rapid urbanization is expected in this new area in the
near future.

The Chinese government has introduced many regulations to reduce nutrient losses to
the lake’s water systems (see Section 4.1). Examples are banning livestock farms in some

regions and recycling manure on the land instead of discharging it to rivers (i.e., the

Restrict Livestock production Policy and Recycling Manure Policy). Over 1,000 livestock

farms are still located in the drainage area of the lake after introducing the Restrict
Livestock production Policy in 2015 (Figure 4.1d). There were 1,358 livestock farms in

2012 prior the policy (Figure 4.1c). Thus, livestock production may still contribute
largely to nutrient pollution in the lake with increasing urbanization trends.

Figure 4.1 Locations of the Baiyangdian basin, its river network and livestock farms. (a) River networks in the Baiyangdian basin. The colored
lines represent the levels of the river network. Level I river networks indicate the main channel. Levels II and III river networks indicate tributaries
discharging into the main channel. Artificial channels are used for water transfer from upstream reservoirs to downstream. (b) Eight sub-basins
draining into Lake Baiyangdian and towns in each sub-basin. (c) Red dots (n=1358) represent the locations of livestock farms in 2012 and the
baseline scenario (BL) in 2050. (d) The locations of livestock farms (red dots, n=1003) in alternative scenarios that assume implementation of the
Restrict Livestock production Policy in 2050. (e) The number of towns and livestock farms in eight sub-basins of the Baiyangdian drainage area
in 2012 and in 2050 according to the baseline scenario (BL) and its alternative scenarios (see Section 4.2.3). Source: Chen et al. (2019b); Lehner
and Grill (2013); Yang et al. (2019).
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4.2.2 Model description
4.2.2.1 General overview
The MARINA-Lakes model quantifies annual river export of dissolved inorganic nitrogen

and phosphorous (DIN, DIP) and dissolved organic nitrogen and phosphorous (DON,
DOP) to specific lakes and reservoirs (Goshu et al., 2020; Li et al., 2019b; Wang et al.,

2019; Yang et al., 2019). This model was developed using the MARINA 1.0 model (Model

to Assess River Inputs of Nutrients to seAs) (Strokal et al., 2016a). The MARINA-Lakes

model has been applied to several lakes in China, such as Lake Taihu (Wang et al., 2019);
Lake Dianchi (Li et al., 2019b), Guanting Reservoir and Lake Baiyangdian (Yang et al.,

2019). Model validation and uncertainties have been discussed in previous studies (Li
et al., 2019b; Strokal et al., 2016a; Wang et al., 2019; Yang et al., 2019). Validation results

make the model trustworthy to analyze river export of nutrients to lakes. The MARINA-

Lakes model quantifies river export of nutrients to lakes from sub-basins by accounting

for anthropogenic (e.g., agriculture, sewage) and natural factors (e.g., atmospheric
deposition, weathering), as well as hydrological processes (e.g., runoff, river retention
and water consumption). Model details are in Yang et al. (2019) and Appendix III-A2.

The MARINA-Lakes model distinguishes diffuse and point sources of nutrients in rivers.
For agricultural areas, diffuse sources of nutrients in rivers include nutrients from

synthetic fertilizers, animal manure, human excretion, atmospheric N deposition (for

DIN) and biological N2 fixation (for DIN). Nutrients in rivers from these sources are

quantified as the net nutrient inputs to soils (i.e., inputs minus crop uptake) that are

corrected for nutrient retentions in soils (details are in Yang et al. (2019) and Figure A.2
in Appendix III-A2). Weathering of P-contained minerals is a diffuse source of DIP in
rivers, whereas leaching of organic matter is a diffuse source of DON and DOP in rivers.
Nutrients from these sources in rivers are quantified as a function of the annual mean

runoff from the land to surface waters (details are in Yang et al. (2019) and Figure A.2 in

Appendix III-A2). For non-agricultural areas, inputs of DIN to rivers are quantified as a
sum of N inputs to land from atmospheric N deposition and biological N2 fixation by
natural vegetation, corrected for N retention in soils. DIP inputs to rivers from

weathering of P-contained minerals, and DON and DOP inputs to rivers from leaching of
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organic matter are quantified in a similar way as for agricultural areas (details are in
Yang et al. (2019) and Figure A.2 in Appendix III-A2). Point sources of nutrients in rivers

include direct discharges of animal manure and of human waste to rivers (i.e., without
treatment) and sewage systems in rural and urban areas (details are in Yang et al. (2019)

and Figure A.2 in Appendix III-A2). Inputs of nutrients to rivers from sewage effluents
and detergents in urban and rural areas are quantified as a function of urban and rural

population with a sewage connection, corrected for N and P removal during human

waste treatment (Strokal et al., 2016a; Strokal et al., 2016b; Van Drecht et al., 2009; Yang
et al., 2019). Direct human waste to rivers (not collected by centralized sewage systems)

is quantified as a function of urban and rural population without sewage connections,

corrected for N emissions to air and for N and P in urban waste that applied to land (e.g.,

as fertilizer) (Ma et al., 2010; Moré e et al., 2013; Strokal et al., 2016a). These inputs of N
and P (as elements) from direct human waste and sewage systems to rivers are

converted to different forms (i.e., DIN, DON, DIP and DOP). Details are in Yang et al. (2019)
and Figure A.2 in Appendix III-A2.

Nutrients in rivers can be either lost or retained before reaching the lakes. Parameters

to calculate nutrient retention in rivers include: nutrient retentions and losses from
rivers as a result of denitrification (for DIN), sedimentation (for DIP), river damming,

and water consumption. In the MARINA-Lakes model for the Baiyangdian basin, nutrient
retention and loss is quantified according to the MARINA 1.0 model (Strokal et al.,

2016a), with updated information for water consumption in specific lakes, bioutilization for DON and sedimentation for DOP in rivers (Yang et al., 2019).
4.2.2.2 Model inputs

Most model inputs are derived from the NUFER model (Nutrient flows in Food Chains,
Environment and Resource use) for 2012 (Wang et al., 2018b). NUFER provides county-

scale data, including synthetic fertilizers, animal manure, atmospheric N deposition,

biological N2 fixation to land and direct discharges of animal manure to rivers. Certain

inputs are from other sources. For example, the population and gross domestic product
(GDP) used to quantify nutrient excretion in human waste are from the statistical year

books for 2012 (BDMSB, 2013; Yang et al., 2019). These inputs are also by county. We
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aggregate the county-scale inputs to sub-basins using the area-weighted method (Yang
et al. (2019) and Figure A.3 in Appendix III-A2) except for direct discharges of animal
manure to rivers. Hydrological information for each sub-basin (i.e., water discharges at

the outlets of sub-basins) is derived from observations for the year 2012 (BDMHB, 2013;
HBWRB, 2010-2014; MWR, 2000-2015). Model parameters to account for the fractions
of population with or without connections to sewage systems are from a list of sewage

plants in China for both urban and rural areas (MEP, 2013). Details on sources of model

inputs and their processing methods are shown in Figure A.3 in Appendix III-A2. Model
inputs for 2050 are based on scenarios (see Section 4.2.3).

For this study, we use an approach to quantify direct discharges of animal manure to

rivers (i.e., point source of N and P). In the existing MARINA-Lakes model (Yang et al.,

2019), direct discharges of animal manure are calculated using the fraction of manure
excretion that is directly discharged to rivers. This information was from NUFER. In this

study, we account for the locations of livestock farms. In 2012, 1,358 livestock farms
were located in the lake drainage area (Chen et al. (2019b), Figure 4.1b). We re-calculate

direct discharges of animal manure in each sub-basin considering the number of

livestock farms in two steps. First, we calculate direct discharges of nutrients in animal
manure to rivers from each livestock farm (RSpntE.ma.n, kg year-1). For this, we use direct
discharges of manure in each county from NUFER (RSpntE.ma (county), kg year-1) and the

number of livestock farms in each county for 2012 from Chen et al., (2019) (equation

(1)). In this way, we distribute the total amount of N and P manure discharges among
individual farms in each county. Second, we calculate nutrient inputs to rivers from

direct manure discharges in each sub-basin. For this, we sum the nutrient inputs to
rivers from direct manure discharges over individual farms (i.e., from equation (1)) that

are located within a sub-basin (see equation (2)). Direct discharges are also calculated
in a similar way for 2050, but with some assumptions (see Section 4.2.3).
RSpntE.ma.n= RSpntE.ma (county) / n
RSpntF.ma.j= ∑RSpntE.ma.n ·FEpnt.F.ma

(1)

(2)

where, RSpntE.ma.n refers to the inputs of nutrient element (E: N or P) to rivers from direct

discharges of animal manure resulting from livestock farm n (kg year-1 per farm).
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RSpntE.ma (county) refers to the inputs of nutrient element (E: N or P) to rivers from

direct discharges of animal manure in a county (kg year-1 per county). The variable n
refers to the number of livestock farms in a county. RSpntF.ma.j refers to the total inputs

of nutrient form (F) to rivers from direct discharges of animal manure resulting from all
livestock farms of the county (RSpntE.ma.n) in sub-basin j (kg year-1 per sub-basin).

FEpnt.F.ma refers to the fraction of nutrient entering rivers in form F (DIN, DON, DIP or

DOP) from direct discharges of animal manure (0–1).

4.2.2.3 Classification of towns for livestock and crop production
We classify towns in the sub-basins of the lake drainage area. Our classification is based
on the manure supply-demand ratio (Nm, 0-1, Box 1). This ratio is calculated as the

amount of nutrient in available manure divided by the manure demand for crops for
that nutrient (see equation in Box 4.1). The available manure is the amount of manure

corrected for N losses. The ratio reflects the areas where excessive or deficient manure
is available to satisfy crop needs. The ratio is an indication of where more manure can
be applied and transported to other towns with manure demand. Box 4.1 shows how to
calculate the ratio. According to this ratio, we identify five types of towns:

- Type I: manure production is absent, but crop production that requires manure is
present (Nm=0)

- Type II: manure and crop production are absent (Nm is not relevant)

- Type III: manure production is not enough to satisfy crop demand (Nm<1)
- Type IV: manure production is in excess of crop demand (Nm>1)

- Type V: manure production is present, but crop production is absent (Nm is not

relevant). We do not calculate the ratio for the towns without crop production because
these towns do not require manure.

In our optimistic scenario (ONM), we use the results of the Nm ratio for N to reallocate

manure from towns with excess manure to towns with manure demand (see Section
4.2.3). We describe the results of Nm in Section 4.3.

4.2.3 Scenario description

We use SSP3 (Shared Socio-economic Pathways-3) for 2050 as a baseline scenario (BL)
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from Yang et al., (2019). We develop three alternative scenarios relative to BL. These

alternative scenarios are Restrict Livestock production Policy (RLP), Recycling Manure

Policy (RMP) and Optimistic Nutrient Management (ONM). In each scenario, we apply
an indicator to gain insights into where there is excessive or deficient animal manure to

satisfy crop demand in the sub-basins of Baiyangdian (MOA, 2017; Zheng et al., 2019)
(see Box 4.1 for the description of the indicator). In addition, we redistribute animal

manure over land in the ONM scenario based on this indicator. Below, we describe each
scenario.

The Baseline scenario (BL). We modify the storyline of this scenario from Yang et al.,

(2019). In our BL scenario, we account for future urbanization trends of the new
Xiong’an area (Table 4.1 and Table A.1 in Appendix III-A2). We assume that urbanization

will develop much faster than it was assumed by Yang et al., (2019). Cities will increase
in size and number as a result of the new Xiong’an area (Table 4.1 and Table A.1 in

Appendix III-A2). We assume that the urbanization rate will increase by 100% and that
the population will double between 2012 and 2050 in three counties of Xiong’an as a
result of the implementation of the new economic area (Table 4.1). For other counties in

the Baiyangdian basin, we assume that the total population will not change between
2012 and 2050 but expect the urban proportion to increase (Table 4.1). However, not all

people will have access to sewage systems in the BL scenario. The fraction of people
connected to sewage systems will remain as it was in 2012 (Table 4.1). The same implies
to nutrient removal rates during treatment (Table 4.1). The BL scenario assumes an

increasing preference for meat products in China due to more cities and people. Crop
and livestock production will be intensified to produce enough food according to Yang
et al. (2019) (Table 4.1 and Table A.1 in Appendix III-A2). The amount of synthetic

fertilizers is projected to increase by 30% between 2012 and 2050 (Table 4.1 and Figure

4.2). We assume that the number of livestock farms in 2050 will be the same as in 2012
in the BL scenario (Figure 4.1c). However, the amount of manure produced will increase,
indicating an increase in the size of existing livestock farms. As a result, more animal
manure will be available in 2050 than in 2012 (Table 4.1 and Figure A.4 in Appendix III-

A2). Accordingly, more than half of the drainage area of the Baiyangdian basin will have
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an excess of animal manure compared to crop demands (i.e., Type IV; see Section 4.3.1
and Figure 4.2). The BL scenario assumes that environmental policies are not effective

and that advanced manure management technologies are not effectively implemented
(Table 4.1 and Table A.1 in Appendix III-A2). Therefore, only 44% and 42% of available
animal manure for N and P, respectively, will be recycled to crops on land. The remainder
will be directly discharged to rivers (Table 4.1 and Figure A.4 in Appendix III-A2).

The Restrict Livestock production Policy scenario (RLP). This scenario assumes

future trends in the population, urbanization and economy as in the BL scenario, but
incorporates the Restrict Livestock production Policy (Table 4.1, Table A.1 in Appendix
III-A2 and Figure 4.2). According to this policy, livestock farms will not be permitted in

certain regions of the Baiyangdian basin, including the new Xiong’an area and land

within one kilometer of Lake Baiyangdian and its rivers (BDMGOV, 2017; GOV, 2015a).

As a result, the number of livestock farms is assumed to be reduced from 1,358 to 1,003
(see Figure 4.1c and 4.1d). This will lead to an increase in the areas that have potential

to utilize more animal manure on land due to the shutdown of livestock farms (i.e., Types
I and III; see Section 4.3.1 and Figure 4.2). Due to reduced livestock farms, we assume

that the N and P in available animal manure will decrease by 25% compared to the BL
scenario in 2050 (Table 4.1 and Figure A.4 in Appendix III-A2). We assume that, in the
RLP scenario, the amount of synthetic fertilizers and manure application on land will

remain as in the BL to maintain crop production. This implies that the fractions of

manure application on land will increase in 2050 compared to the BL scenario (Table
4.1 and Figure A.4 in Appendix III-A2). However, the amount of manure discharged

directly to rivers will decrease compared to the BL scenario in 2050 because less
manure will be produced after shutting down livestock farms (Section 4.3.2).

The Recycling Manure Policy scenario (RMP). This scenario assumes the

implementation of environmental policies focusing on recycling of manure on land.

These policies also include technologies for better nutrient management in livestock
production (Table 4.1 and Table A.1 in Appendix III-A2). For example, the “National

Agricultural Sustainable Development Plan (2015-2030)” indicates that 90% of
available manure should be recycled in 2030 (MOA, 2015b), implying that 10% of
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available manure will be discharged to surface waters. Meanwhile, “Zero Growth in

Synthetic Fertilizers after 2020” indicates that 60% of available manure will be applied

on land (MOA, 2015a). These policies aim to reduce the amount of synthetic fertilizers
and increase the recycling rate of available animal manure (corrected for N losses to air).

Correspondingly, manure discharge rates to rivers will decrease. Thus, we assume that
60% and 10% of nutrients in the available animal manure will be recycled to crops and

discharged to rivers, respectively. The other 30% of nutrients in the available manure

will be used for other purposes (e.g., outside of the study basin) or treated with advanced

technology. We assume that nutrients from this 30% of available manure will not reach
the water (Table 4.1 and Figure A.4 in Appendix III-A2). In this scenario, we assume N

and P in available animal manure is produced from the same number of livestock farms
as in RLP. As a result, the amount of this manure remains the same in RMP as in RLP

(Table 4.1). However, more manure will be applied to grow crops in RMP. Thus, synthetic

fertilizers will be used less compared to BL and RLP due to more manure recycling. We
quantify reductions in the use of synthetic fertilizers based on a balanced fertilization

method where manure is applied on land (Ma et al., 2013; Wang et al., 2018a)(see details
in Table 4.1). This results in an 8% decrease in N and a 20% decrease in P in the use of

synthetic fertilizers compared to the BL in 2050 (Table 4.1 and Figure 4.2). In this
scenario, the areas with excess manure compared to crop demands (i.e., Type IV) will

still be higher than 2012 (Section 4.3.1 and Figure 4.2). The total (i.e., urban and rural)
population and sewage systems will remain as in the BL (Table 4.1 and Figure 4.2).

The Optimistic Nutrient Management scenario (ONM). This scenario is distinctive in
that it assumes optimistic strategies for effective nutrient management in livestock

farms in each sub-basin of Baiyangdian. Optimistic strategies are (1) reallocation of
manure across land and (2) implementation of treatment technologies.

(1) We assume reallocation of available manure from livestock farms in 2050. In other

words, we avoid application of manure (i.e., mainly slurry and solid fractions) in excess
of crop demand as in the BL, RLP and RMP scenarios. Reallocation of manure is assumed
to be realized through transportation. We assume reallocation of manure in three steps

and use towns as smallest area units in our study. Towns form counties with urban and
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rural areas. We upscale results from towns to counties and then to sub-basins.

First, we identify towns where manure is needed to grow crops in the RMP scenario (i.e.,

Type I) and calculate the amount of manure for these towns. Second, we identify where
available manure in the RMP scenario is in excess of what crops require (i.e., towns with
Types IV and V) and redistribute excess animal manure from those towns to towns with

Type I where manure is needed to grow crops. If manure remains after redistribution,
then that amount is treated using advanced technologies. In the ONM scenario, the total
amount of applied manure in Type II and III towns remain as in the RMP scenario.

Finally, we upscale results from towns to sub-basins as follows. We sum direct

discharges of animal manure and the total amount of applied manure over towns of sub-

basins. Following these reallocation assumptions, the amount of synthetic fertilizers

needed for crops will decrease by 13% for N and 25% for P relative to the BL in 2050
(Table 4.1). This is because more animal manure will be applied on land in Type I towns
(i.e., 70% of available manure, Table 4.1).

(2) Livestock farms will implement technologies to treat manure (i.e., mainly liquid) to
avoid direct discharge of manure to rivers. Livestock farms will implement technologies

with removal efficiencies of 60% for N and 90% for P (Table 4.1). This will be done in all
towns with livestock farms. As a result, 1% of N and 0.3% of P in available manure will

be discharged to rivers (Table 4.1). After the optimistic strategies, the decreasing trend
for Type IV towns and the increasing trend for Type III towns are projected in the ONM
scenario relative to the BL.
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Box 4.1 Overview of calculating an indicator called the manure supply-demand ratio (Nm) for the
towns and the sub-basins of the Baiyangdian drainage area. The relationship between towns and
each sub-basin is shown in Figure A.1 in Appendix III-A1. This indicator is used to identify areas
with excessive or deficient animal manure to satisfy crop demand in the sub-basins of Baiyangdian.
Based on this indicator, we explore the optimistic strategies for effective nutrient management of
livestock production in each sub-basin of the Baiyangdian drainage area. Optimistic strategies are
assumed in our ONM scenario (see Section 4.2.3).

The manure supply-demand ratio (Nm) is quantified as follows (MOA, 2017;
Zheng et al., 2019):
Nm = (NMm+ D) / Am
where
Nm is the ratio between the available manure and the required manure by crops
in town m (fraction, 0-1). Nm in this example is for nitrogen (N), reflecting
whether the livestock production could satisfy the crop demand in this town m.
NMm refers to the N in available animal manure (corrected for N losses to air)
that is produced in town m (kg year-1).
D refers to the amount of N animal manure that is transported to town m from
other towns (kg year-1). D is only calculated for the ONM scenario in our study.
D is assumed to be zero for the other scenarios (i.e., BL, RMP and RLP) where
redistribution of animal manure among towns is not assumed.
Am refers to the required amount of N animal manure to satisfy crop needs in
town m (kg year-1). The amount of N animal manure that crops need is assumed
to be the 50% of the crop yield for N in town m according to MOA (2017).

NMm and Am are calculated for counties using the dataset from the NUFER
model (Wang et al., 2018b). The available N animal manure in a town (NMm) is
the total manure excretion that is corrected for N losses to air (see Figure A.3 in
the Appendix). We calculate the available animal manure for N for each
livestock farm using equation 1 in the text. We sum the farm-specific values
over farms in a town to calculate the amount of available animal manure for N
for each town (NMm, kg year-1). We calculate the required N animal manure by
crops in each town (Am, kg year-1) as the 50% of the crop yield for N in this town
(see Figure A.3 in the Appendix). The variable D is calculated from
redistribution of the animal manure (see text for the ONM scenario). We
aggregate values for sub-basins by summing over towns.

Nutrients removal rates

Population Connected to
sewage systems

Total population
(including the fractions of
urban and rural people)

Synthetic fertilizer
application on land

Other manure
management pathways
(e.g., commercial organic
fertilizer)

Manure discharges to
rivers

Manure application on
land

Scenario and model
variable
N and P in available
manure 1

For the Xiong’an area (three counties):
total population will increase by 2 times
(the fraction of urban people is 100%)
between 2012 and 2050.
For other counties: No change for total
population between 2012 and 2050, but
with increasing urban proportion (+20%
for the fraction of urban people);
As in 2012 (74% for urban population,
and 4% for rural population)
As in 2012 (N: 29%-57% in urban areas
and 4%-30% in rural areas. P:37%-65%
in urban areas, 5%-35% in rural areas)

Increase by 30% from 2012

0%

For N: 56% of available manure
For P: 58% of available manure

For N: 44% of available manure
For P: 42% of available manure

Increase by 85% from 2012

BLa

As in BL

As in BL

As in BL

As in BL

As in BL

As in BL

As in BL

As in BL

8% reduction for N, 20%
reduction for P relative to
BL ***

For N: 30% of available
manure c For P: 30% of
available manure c

Assumptions for 2050
RLP b
RMP
25% reduction
As in RLP
relative to BL*
For N: 52% of
For N: 60% of available
available manure**
manure c For P: 60% of
For P: 51% of
available manure c
available manure**
For N: 48% of
For N: 10% of available
available manure**
manure c For P: 10% of
For P: 49% of
available manure c
available manure**
As in RLP

As in BL

As in BL

As in BL

13% reduction for N, 25%
reduction for P relative to
BL ****

As in RLP

For N: 69% of available
manure ****
For P: 70% of available
manure ****
For N: 1% of available
manure ****
For P: 0.3% of available
manure ****

ONMd

Table 4.1 Assumptions for the scenarios to quantify nutrient export by rivers to Lake Baiyangdian for 2050 from agriculture and sewage systems.
Scenarios are Baseline scenario (BL), Restrict Livestock production Policy (RLP), Recycling Manure Policy (RMP) and Optimistic Nutrient
Management (ONM). N: Nitrogen. P: Phosphorus.
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a The

1

Available manure is the total animal excretion corrected for nitrogen losses to the air during storage and housing.
assumptions for the BL scenario are derived from Yang et al. (2019). The ranges are for the sub-basins.
b We assume that the amounts of manure application on land in RLP remain as that in the BL scenario. The amount of synthetic fertilizers is also equal
to that in the BL scenario (increased by 30% from 2012).
c We assume that 60% of available manure will be applied on land as indicated in the “Zero Growth in Synthetic Fertilizers after 2020” policy (MOA,
2015a). The other 30% of available manure will be utilized for other purposes (e.g., outside of the basin) or treated. The N and P in available manure
will remain as in the BL scenario.
d We assume that the N and P in available manure will remain as in the BL scenario. Then we set this scenario by the following assumptions: (1)
reallocation of manure based on the RMP scenario and (2) implementation of technologies for all towns with livestock farms (removal rates: 60% for
N, 90% for P). See details in Section 4.2.
*The number of livestock farms reduces from 1,358 to 1,003 due to closing livestock farms (see Figure 1). The N and P in available manure will
decrease between the BL and RLP scenarios as a result of the decreased number of livestock farms. We calculate the percentage of N and P in available
manure reductions relative to the BL based on the differences of N and P in available manure between 1,358 and 1,003 livestock farms.
** In the RLP scenario, we calculate the fractions of manure application on land and of manure discharges to rivers for sub-basins.
*** In the RMP scenario, we quantify the percentages of synthetic fertilizer reduction based on a balanced fertilization method (Ma et al., 2013; Wang et
al., 2018a). This method implies that the amount of applied nutrient on land is equal to the requirements by crops without yield losses. This implies
that the amount of synthetic fertilizers will be reduced with the increasing manure application on land. We assume that the rate of manure to synthetic
fertilizer is 75%.
**** We calculate the amount of N and P in manure application on land and manure discharges to rivers after manure has been redistributed among
towns based on the Nm (see Box 4.1). Then, we sum the amounts from towns to sub-basins. Finally, we calculate fractions of manure application and
direct discharges for sub-basins. We also apply the balanced fertilization method to calculate the percentages of synthetic fertilizer reductions in ONM
relative to the BL.

104 | Chapter 4

4.3 Results
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4.3.1 Future cropland and livestock production in the Baiyangdian basin
In 2012, approximately two-thirds of the basin area consisted of Types III and IV and
one-third was Type I (Figure 4.2, Table A.2 in Appendix III-A2). Type IV areas dominated,
which implies that many towns in the basin had more manure than was needed to satisfy

the crop demand with nutrients. Certain towns had livestock farms producing manure
(Figure 4.1), but that amount was not enough to satisfy the crop demand (Type III, Figure

4.2). Many of these towns were located in the middle- and downstream areas of the
Baiyangdian basin. Some towns did not have livestock farms (i.e., no manure production)

but had crop fields (Type I), implying a potential for these areas to utilize more manure
(Figure 4.2). Many of these towns (Type I) were located in upstream of the basin
(mountainous areas).

In the BL scenario, the basin area with Type IV increased by 16% between 2012 and

2050 (Figure 4.2, Table A.2 in Appendix III-A2). As a result, over half of the basin area is

projected to be Type IV, which implies that more areas will have manure production that

might be in excess of the crop demand with nutrients. Many of these areas are projected
to be in the middle-, and downstream of the basin (Figures 4.1 and 4.2). In contrast, the

basin area with Type III is projected to decrease by nearly 60% between 2012 and 2050

(i.e., from 4,819km2 to 1,989km2; see Figure 4.2). This is associated with the intensive

livestock farms projected in the BL scenario, which will lead to the production of more
manure for application purposes. As a result, more manure will be available to satisfy
the crop demand with nutrients, leading to less areas with Type III (Figure 4.2).

In the RLP scenario, the basin area with Type IV is projected to decrease, whereas the

basin area with Type I is projected to increase in 2050 compared to 2012 and the BL
(Figure 4.2, Table A.2 in Appendix III-A2). As a result, almost half of the basin area will
be Type IV and less than half will be Type I in 2050 in the RLP scenario. The share of the

area with Type III will remain as in the BL (Figure 4.2). These trends are associated with
the implementation of the policy that restricts construction of livestock farms in the new
Xiong’an area and close to rivers (see Section 4.2.3). As a result, the number of livestock
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farms is projected to decrease from 1,358 to 1,003 (Figure 4.1). This results in less
manure production relative to the BL (Table 4.1). As a net effect, the areas with Type IV

(i.e., where manure is in excess of crop demand) shift to areas with Type I (i.e., no
manure production). This happens in up- and downstream areas of the basin (Figure
4.2).

In the RMP scenario, the share of the basin area with Type I will remain as in RLP

(Figure 4.2, Table A.2 in Appendix III-A2). However, the basin area with Type III is

projected to increase, whereas the basin area with Type IV is projected to decrease in
the RMP scenario compared to RLP. These trends are associated with the

implementation of the recycling manure policy in addition to the policy restricting
construction of livestock farms. In this RMP scenario, more manure is projected to be
recycled and utilized on cropland. As a net-effect, the Type IV areas (i.e., where manure
is in excess of crop demand) shift to Type III areas (i.e., where manure is not enough to
satisfy crop demand). There are exceptions; in the Pinghe and Caohe sub-basins, the

Type V towns are projected to remain as in the RLP scenario (i.e., no decreases). This
implies that the available animal manure may still be in excess of the crop demand in

those sub-basins. This indicates that implementing the recycling manure policy may not
be enough to reduce animal manure discharge.

In the ONM scenario, the share of the areas by type remains nearly the same as in the

RMP scenario (Figure 4.2, Table A.2 in Appendix III-A2). However, there are differences
in the spatial allocation of manure over cropland across towns between the ONM and

the other scenarios. In ONM, a decreasing trend for Type IV towns and an increasing
trend for Type III towns are projected for 2050. In the ONM scenario, the available
manure, which is in excess of what crops require (i.e., Type IV and V towns) are

redistributed to Type I towns where manure is needed to grow crops. The remaining

manure is treated with advanced technologies. As a net effect, the Type IV areas (i.e.,
where manure is in excess of crop demand) shift to Type III areas (i.e., where manure is

insufficient to satisfy crop demand). Type III towns increase by 15% compared to 2012
(i.e., from 4,819 km2 to 5,544 km2; see Figure 4.2). However, more sub-basins such as

Pinghe, Baohe, Caohe and Fuhe have no change in Type IV towns, and Type IV towns
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continue to dominate 40% of the total area of Baiyangdian basin (Figure 4.2).

4

Figure 4.2 Areas of towns in the sub-basins according to five types in the 2012 and 2050 scenarios.
Five maps show town types in Baiyangdian sub-basins for 2012 and 2050, according to the
following scenarios: BL (Baseline), RLP (Restrict Livestock Production Policy), RMP (Recycling
Manure Policy) and ONM (Optimistic Nutrient Management). The bars show the total areas of
towns with different types in the entire lake drainage basin (km2). Type I refers to towns without
livestock farms but with cropland (i.e., high nutrient demand for crops). Type II refers to towns
without livestock farms and cropland. Type III refers to towns with livestock farms and with
cropland; however, manure production does not satisfy the crop need (Nm <1, see Box 4.1). Type IV
refers to towns with livestock farms and cropland, but these towns have manure in excess of the
crop need (Nm >1, Box 4.1). Type V represents towns with livestock farms but without cropland (i.e.,
no nutrient demand for crops). Source: MARINA-Lakes model (see Section 4.2.3).

4.3.2 Future nutrient inputs to the Baiyangdian basin
In 2012, the Baiyangdian basin received 646 Gg of N and 112 Gg of P inputs (Figure 4.3).

These inputs included diffuse and point sources. Diffuse sources are synthetic fertilizers,
animal manure, human excretion, atmospheric N deposition and biological N2 fixation.
Point sources are direct discharges of animal manure and human waste to rivers and
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effluents from sewage systems to rivers. More than half of the N and P inputs to the basin

was from the use of synthetic fertilizers. Application of manure on land (i.e., diffuse) and
direct discharges of manure to rivers (i.e., point) were responsible for approximately
one-third of the N inputs to the basin. For P, this share was approximately 40% (Figure

4.3). In 2012, farmers used approximately 12 tons of synthetic N fertilizers per km-2 and

2 tons of synthetic P fertilizers per km2 in the entire basin. For animal manure

application, these values were 3 tons km-2 for N and 0.7 tons km-2 for P. For direct

discharges of manure to rivers, these values were 3 tons km-2 for N and 0.7 tons km-2 for
P (Table 4.2).

In the BL scenario, N and P inputs to the Baiyangdian basin are projected to increase

by 1.4 and 1.5 times, respectively, between 2012 and 2050 (Figure 4.3). Agriculture is
expected to be the main supplier of N and P inputs to the Baiyangdian basin in 2050

(Figure 4.3). Over two-thirds of N and P inputs to the basin are projected to be from
agricultural sources in the BL. Agricultural sources include the use of synthetic

fertilizers and animal manure on land and direct discharges of animal manure to rivers
(Figure 4.3). N and P inputs to the basin are projected to increase by 30% from synthetic

fertilizers, 1.5 times from animal manure applications and double from direct manure
discharges between 2012 and 2050 (Tables 4.1–4.2, Figure 4.3).

In the RLP, RMP and ONM scenarios, N and P inputs to the basin are projected to

decrease in 2050 relative to the BL scenario. These decreases range from 4% to 17% for

N inputs, and from 7% to 28% for P inputs in the three alternative scenarios. However,
inputs of N and P to the basin are projected to be higher in 2050 compared to the 2012

level in the alternative scenarios (Figure 4.3). Increases and decreases are associated
with future trends in urbanization and food production activities (Table 4.1 and Table

A.1 in Appendix III-A2). In the RLP scenario, less animal manure will be discharged to

rivers as a result of implementing the Restrict Livestock production Policy (Table 4.1 and
4.2). In the RMP scenarios, the amount of N and P in animal manure applied to crops is
projected to increase from 2012 and reach 6 tons km-2 for N and 2 tons km-2 for P in

2050. As a result, N and P in synthetic fertilizers are expected to decrease by 13% for N

and 24% for P between 2012 and 2050 in RMP. In the ONM scenario, small amounts of
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manure are projected to discharge to rivers (Table 4.2) because 30% of available animal

manure will not reach the water (Section 4.2.3), and 60% of manure will be recycled on
the land (Table 4.1). All this contributes to closing the nutrient cycles in the ONM
scenario. The share of human waste in the total N and P inputs to the Baiyangdian basin
is less than 10% in all three scenarios (Figure 4.3).

4

Figure 4.3 Total inputs of nitrogen (N) and phosphorus (P) to the Baiyangdian basin (sum of eight
sub-basins; Gg year-1) in 2012 and 2050, according to the scenarios. Inputs to the basin include
diffuse and point sources. Diffuse sources are N and P inputs to land from synthetic fertilizers,
animal manure, human waste, biological N2 fixation and atmospheric N deposition (only for N).
Point sources are N and P inputs to rivers from direct discharges of animal manure and human
waste (without treatment) and from sewage systems (after treatment). Human collected waste in
the legend refers to effluents from sewage systems. Trends for 2050 are based on the following
scenarios: BL (Baseline), RLP (Restrict Livestock production Policy), RMP (Recycling Manure
Policy) and ONM (Optimistic Nutrient Management). Source: MARINA-Lakes model (see Section
4.2.3).
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Table 4.2 Nutrient inputs to eight sub-basins of the Baiyangdian basin in 2012 and 2050. Trends

for 2050 are based on the following scenarios: BL (Baseline), RLP (Restrict Livestock production
Policy), RMP (Recycling Manure Policy) and ONM (Optimistic Nutrient Management). The ranges
are for sub-basins. The average values of sub-basins are presented inside the parentheses.* Source:
MARINA-Lakes model (see Section 4.2.2). TN: Total Nitrogen. TP: Total Phosphorus.
Source

TN and TP inputs to
land from synthetic
fertilizers
(ton km-2 year-1)

TN and TP inputs to
land from animal
manure (ton km-2
year-1)

TN and TP inputs to
land from human
waste (ton km-2
year-1)

TN inputs to land
from atmospheric N
deposition and
biological N2
fixation
(ton km-2 year-1)

Year

Nitrogen

Phosphorus

2012

7-23 (12)

1-4 (2)

9-30 (15)

2-6 (3)

BL

RLP

9-30 (15)

2-6 (3)

RMP

8-29 (14)

1-5 (3)

2012

2-7 (3)

0.5-2 (0.7)

3-12 (4)

0.8-3 (1)

4-18 (6)

1-4 (2)

ONM
BL

RLP

7-28 (13)
3-12 (4)

RMP

4-16 (6)

2012

0.5-1 (0.7)

ONM
BL

RLP

RMP

1-5 (3)

0.8-3 (1)
1-4 (2)

0.06-0.1 (0.1)

0.5-1 (0.7)

0.06-0.1 (0.1)

0.5-1 (0.7)

0.06-0.1 (0.1)

0.5-1 (0.7)

0.06-0.1 (0.1)

ONM

0.5-1 (0.7)

0.06-0.1 (0.1)

BL

2-6 (3)

-

RMP

2-6 (3)

-

2012
RLP

ONM

2-6 (3)

2-6 (3)
2-6 (3)

-

-

-
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Source

TN and TP inputs to
rivers from direct
discharges of
animal manure
(ton km-2 year-1)

TN and TP inputs to
rivers from direct
discharges of
human waste
without treatment
(ton km-2 year-1)

TN and TP inputs to
rivers from sewage
systems after
treatment
(ton km-2 year-1)

Year

Nitrogen

Phosphorus

2012

2-9 (3)

0.5-2 (0.7)

2-11 (4)

0.6-3 (1)

BL

RLP

3-19 (5)

1-5 (2)

RMP

0.4-2 (0.7)

0.1-0.5 (0.2)

2012

0.3-1 (0.4)

0.1-0.3 (0.1)

RLP

0.4-2 (0.7)

ONM
BL

<0.4 (0.1)

<0.1 (0.01)

0.4-2(0.7)

0.1-0.4 (0.2)

RMP

0.4-2 (0.7)

0.1-0.4 (0.2)

2012

0.1-2 (0.2)

ONM
BL

RLP

RMP

ONM

0.4-2 (0.7)

0.1-0.4 (0.2)

0.1-0.4 (0.2)

0.02-0.3 (0.1)

0.2-4 (0.4)

0.03-0.5 (0.1)

0.2-4 (0.4)

0.03-0.5 (0.1)

0.2-4 (0.4)

0.2-4 (0.4)

0.03-0.5 (0.1)

0.03-0.5 (0.1)

* The averaged values equal to the sum of nutrient inputs to land from diffuse sources and to
rivers from point sources in all sub-basins (kg) divided by the total area of all sub-basins (km2).

4.3.3 Future river exports of nutrients to Lake Baiyangdian

In 2012, the rivers exported 4,961 tons of total dissolved N (TDN) and 231 tons of otal
dissolved P (TDP) to Lake Baiyangdian (Figures 4.4c and 4.4f). Approximately half of

TDN and TDP were exported in dissolved inorganic forms (Figures 4.4a–4.4e). Most of

these dissolved inorganic nutrients were exported by the Fuhe and Xiaoyihe Rivers in
2012. The Baigouhe River exported more than half of the dissolved organic nutrients
(Figures 4.4b and 4.4e).

4
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In the BL scenario, river export of nutrients is projected to double between 2012 and
2050 (Figure 4.4). As a result, Lake Baiyangdian will receive 9,623 tons of TDN and 448
tons of TDP in 2050 in the BL (Figures 4.4c and 4.4f). Increasing trends in river export

of nutrients are associated with increasing trends in food demand and population for
the future. More people will drive greater food production, leading to more nutrient

export into rivers and thus to the lake. Manure discharges are projected to contribute
43–90% of N and 69–92% of P export to Lake Baiyangdian in 2050 among sub-basins

(Figures 4.5 and 4.6). The share of uncollected human waste (i.e., point source) in river

export of the nutrients is 7–21% for DIP and DOP (Figure 4.6). Synthetic fertilizers will
be a main contributor of DIN export to the lake, especially in the Fuhe sub-basin (Figure
4.5). In general, dominant amounts of nutrients are exported from the Baigouhe (i.e.,
DON and DOP) and Xiaoyihe (i.e., DIN and DIP) Rivers to the lake (Figure 4.4).

In the RLP scenario, it will be difficult to reduce future river export of nutrients to the

level of 2012 in 2050. However, river export of nutrients is projected to decrease by 8–
21% compared to BL in 2050 (Figure 4.4). Direct manure discharges are projected to be
responsible for 38–91% of river exports of nutrients to Lake Baiyangdian in 2050
(Figures 4.5 and 4.6). Synthetic fertilizers are projected to contribute to 4–21% of the
DIN in rivers in 2050. This implies that crops will have more demand for manure. The

RLP policy is not effective because direct discharges of manure are not avoided to reduce
river export of nutrients.

In the RMP scenario, it will be possible to reduce river export of nutrients below the
level of 2012 in 2050. River export of nutrients is projected to decrease by 40% between

2012 and 2050. This indicates that recycling manure is more effective to reduce future
nutrient pollution in the lake than the policy for restricting livestock production (RLP

scenario). In 2050, Lake Baiyangdian is calculated to receive 3,664 tons of TDN and 128

tons of TDP in the RMP scenario. The decreasing trends in river export of nutrients is
largely associated with manure recycling (Table 4.1). Another reason is that 30% of the
available manure (e.g., commercial organic fertilizer) will be utilized or treated, avoiding
direct discharges of manure to rivers (Table 4.1). The dominant sources vary among sub-
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basins in the RMP scenario. Uncollected human waste is projected to be the main

contributor of nutrient exports from the Baigouhe sub-basin (i.e., 33–52% for N and 53–
66% for P). Animal manure discharges are projected to dominate river export of

nutrients from the Xiaoyihe sub-basin (i.e., more than 43% for N and P). The dominant
source varies among nutrient forms in the Fuhe sub-basin (Figures 4.5 and 4.6).

4

Figure 4.4 Modeled river export of nutrients from the sub-basins draining into Lake Baiyangdian
in 2012 and 2050 (ton year -1): (a) Dissolved Inorganic Nitrogen (DIN); (b) Dissolved Organic
Nitrogen (DON); (c) Total Dissolved Nitrogen (TDN); (d) Dissolved Inorganic Phosphorus (DIP);
(e) Dissolved Organic Phosphorus (DOP); and (f) Total Dissolved Phosphorus (TDP). Trends for
2050 are based on the following scenarios: BL (Baseline), RLP (Restrict Livestock production
Policy), RMP (Recycling Manure Policy) and ONM (Optimistic Nutrient Management). Source:
MARINA-Lakes model (see Section 4.2.3).
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Figure 4.5 River export of dissolved inorganic (DIN) and dissolved organic nitrogen (DON) by subbasin to Lake Baiyangdian and their source attribution in 2050, according to the scenarios. Trends
for 2050 are based on the following scenarios: BL (Baseline), RLP (Restrict Livestock production
Policy), RMP (Recycling Manure Policy) and ONM (Optimistic Nutrient Management). Details of
the location of different sub-basins are shown in Figure 4.1c. Other diffuse sources include
atmospheric N deposition and biological N2 fixation for DIN, leaching of organic matter for DON.
Source: MARINA-Lakes model (see Section 4.2.3).
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4

Figure 4.6 River export of dissolved inorganic (DIP) and organic phosphorus (DOP) by sub-basin
to the Lake Baiyangdian and their source attribution in 2050 according to the scenarios. Trends
for 2050 are based on the following scenarios: BL (Baseline), RLP (Restrict Livestock production
Policy), RMP (Recycling Manure Policy) and ONM (Optimistic Nutrient Management). Details of
the location of different sub-basins are shown in Figure 4.1c. Other diffuse sources include
weathering of P-contained minerals for DIP and leaching of organic matter for DOP. Source:
MARINA-Lakes model (see Section 4.2.3).
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In the ONM scenario, river export of nutrients is projected to decrease by a factor of 2-

3 between 2012 and 2050. This scenario is distinctive, as it assumes the reallocation of
manure (i.e., mainly solid and slurry) across towns in the sub-basins and

implementation of additional technologies to treat manure (i.e., mainly liquid). The
contribution of sources in river export of nutrients shifts from direct discharges of
animal manure in 2012, and in the BL and RLP scenarios, to uncollected human waste

in the ONM scenario (Figures 4.5 and 4.6). Exceptions exist; for example, in the Fuhe

sub-basin, human waste from sewage systems is projected to contribute over 50% of
DIP export to the lake. For DIN, synthetic fertilizers in this sub-basin are projected to
contribute 18–29% to river export to the lake.

4.4 Discussion

4.4.1 Nutrient management in livestock production
Our results indicate that current policies can reduce future river export of nutrients to

Lake Baiyangdian to below the 2012 level. However, additional efforts are needed to

effectively manage nutrients to cycle between crop and livestock production. Recycling
of animal manure is an important policy to avoid nutrient losses to waters, as shown in

our RMP scenario. However, to use manure effectively as fertilizer, it is necessary to
consider crop needs. This should drive the distribution of manure across croplands. In

our study, we applied the Nm to identify areas (i.e., towns) where manure production is

in excess of the crop needs and areas (i.e., towns) where more manure is needed (Section
4.2.2.3). This information can reveal where manure is in excess and where more manure
is required within the sub-basins and help in spatial planning for livestock farms and

reallocation of manure. In 40% of the basin area, manure production exceeds crop needs

in the future (i.e., Type IV towns; see Figure 4.6, Section 4.3.1). This is in the scenarios
with RMP and RLP. These policies are projected to largely reduce river export of

nutrients between 2012 and 2050 (Section 4.3.2, Figures 4.5 and 4.6). However, there
are still areas with excess manure for recycling. This aligns with Jin et al. (2020a), who

found that manure production in one-third of crop planting and livestock raising
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households has exceeded the nutrient requirements of crops on their lands by using
long-term survey data (1986–2017). Jin et al. (2020b) argued that the recycling and

utilization of N and P from animal manure is only effective when considering
reallocation of livestock farms and produced manure to areas with sufficient cropland.

Clearly, policies that aim to recycle animal manure should be implemented with

additional measures for managing excess manure, including advanced technologies to
treat manure and spatial planning to reallocate manure to areas with manure demands.

In our ONM scenario, we assumed such measures. We assumed reallocation of manure
from areas with excess (i.e., Type IV towns with) to areas with the demand (i.e., Type I
towns) in the Baiyangdian drainage area. We assumed that manure technologies with
high removal efficiencies of 60% for N and 90% for P are implemented in all livestock

farms after reallocating animal manure to crops in each sub-basin (Table 4.1). Examples

of these technologies include anaerobic digestion (Lourinho et al., 2020; Qiao et al., 2009)
and nutrient recovery techniques (Cheng et al., 2020; Hou et al., 2017b; Montalvo et al.,
2020; Nancharaiah et al., 2016; Tervahauta et al., 2014). All this could reduce nutrient

exports to water systems. Moreover, better methods to feed animals could reduce the

nutrient content in animal manure (Bai et al., 2014; Oenema and Tamminga, 2005; Wang
et al., 2014a). Future policies should take a manure management chain perspective (Bai

et al., 2016a) that perspective includes precise feeding, as well as improving manure

application methods and treatment technologies to reduce nutrient losses to water
systems.

Effective spatial planning can reduce future river export of nutrients to the lake, as we

show in our ONM scenario (a factor of 2–3 reduction between 2012 and 2050; see
Section 4.3.2). However, whether this reduction is sufficient to achieve clean water in the

lake is not yet clear. Yu et al. (2019) found that the critical surface-water quality standard

was exceeded in most provinces by the mid-1980s in China. Thus, future studies could
explore the gap between the actual (or projected) and desired clean water levels of river
export of nutrients (Strokal et al., 2020). Desired levels may be established based on

indicators such as a critical nutrient load (Abell et al., 2019; Janssen et al., 2017; Tong et

4
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al., 2019; Wang et al., 2019) and the planet boundary (Campbell et al., 2017; Cole et al.,

2017; Dearing et al., 2014; Kahiluoto et al., 2015). Our study provides the levels for river

export of nutrients under different policies. The differences between the actual and
desired levels could show whether the policies are sufficient to achieve clean water in

the lake and thus to meet one of the Sustainable Development Goals (SDGs) of the United
Nations (UN) for clean water (i.e., SDG 6; United Nations, 2015).

4.4.2 Strengths and weaknesses

Our study is the first to account for effects of manure reallocation along with other

livestock policies. One of the strengths of our study is that we explored future trends in

river export of nutrients to Lake Baiyangdian from 2012 to 2050, taking livestock

policies and urbanization into account (see Section 4.1). Another strength is that our
study accounts for the capacity of livestock farms to satisfy crop demands with nutrients
in our scenarios for the Baiyangdian basin. In our ONM scenario, we used an indicator

(Nm) to reallocate manure across areas (see Section 4.2.2.3, Box 4.1). The variable Nm
is a simple indicator that enables insight into options to reduce nutrient losses from

livestock production to Lake Baiyangdian. It supports water managers in decision
making and reveals the effectiveness of current policies and of additional nutrient

management strategies. Future research can build on our study to identify effective
management strategies and thus support the search for optimal solutions.

Limitations of our study are associated with uncertainties in the MARINA-Lakes model,
scenario assumptions and the indicator, Nm. First, certain model inputs were aggregated
from a county scale to sub-basins using area-weighted methods. This study explicitly

accounts for the locations of livestock farms. However, it does not account for the

distance between livestock farms and rivers, which may lead to overestimation or
underestimation of nutrient losses to rivers from specific livestock farms (Zhu, 2011).
However, this study focuses on river export of nutrients by sub-basin. We believe that
this uncertainty does not affect the main findings for sub-basins. Second, our

assumptions for the scenarios (e.g., recycling rates) can lead to uncertainties in the
model results. We assume the impact of climate change on river export of nutrients to
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be the same in our alternative scenarios as in the BL scenario. Climate change can affect

future nutrient export by rivers, when precipitation and water temperatures change
(Wang et al., 2020a; Wang et al., 2020c). These changes are implicitly assumed in the

MARINA-Lakes model for the BL scenario for 2050. In our alternative scenarios, we
focused on the effects of agriculture and urbanization. Urbanization is an important

driver of river export of nutrients to lakes (Tong et al., 2020; van Puijenbroek et al., 2019).
We accounted for urbanization using trends in urban population and fractions of people
with sewage connections in our scenarios (Table 4.1). We did not explicitly consider

improvements in sewage systems at a local scale (e.g., cities). Local analyses should
include update in model inputs and account for local policies. In our study, we focus on

the national livestock policies and their effects on nutrient management at the subbasins scale. We explore possible futures rather than developing realistic scenarios. Our

scenarios are indications of the effects of livestock policies on future river export of
nutrients to the lake. Nevertheless, we only include policies that we believe can be

implemented in the coming 30 years (i.e., before 2050), taking the rapid development in

China into account. Third, our results might have uncertainties associated with manure
grazing on natural areas. In addition, we used Nm for N as a proxy to identify towns with
the manure demand. However, we believe that our findings are not affected by these

uncertainties. A previous study showed that hardly any amounts of animal manure were

in natural land in the counties of the Baiyangdian basin in 2012 (Wang et al., 2018b).
Based on our research, future studies could focus on a spatial planning of manure
allocation between and within counties of the urbanizing Baiyangdian basin.

4
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4.5 Conclusions
We explored options to reduce nutrient losses from livestock production to Lake
Baiyangdian from 2012 to 2050, taking urbanization into account. To this end, we

applied the MARINA-Lakes model and analyzed four scenarios that consider livestock
manure policies and urbanization. The baseline scenario (BL) is based on the Shared
Socio-economic Pathway 3 and assumes future urbanization and intensified agriculture.

Our alternative scenarios are Restrict Livestock production Policy (RLP), Recycling
Manure Policy (RMP) and Optimistic Nutrient Management (ONM).

River export of nutrients is projected to nearly double between 2012 and 2050 in the BL
scenario as a result of urbanization and intensive agriculture. Manure discharges
contribute by 43–90% to N export and 69–92% to P export to Lake Baiyangdian in the

BL scenario. Future manure management in the BL scenario is as poor as in the past.
Approximately half of the nutrients are exported to the lake in dissolved inorganic forms.
Most of these nutrients are exported by the Fuhe and Xiaoyihe Rivers.

Future river export of nutrients to Lake Baiyangdian can be reduced to below the level

of 2012, although not in all alternative scenarios. In the RLP scenario, the river export of

nutrients in 2050 is higher than in 2012, indicating that the policy focusing on restricting
livestock production may not be sufficient to reduce future nutrient exports to the lake.

Direct manure discharge is a key cause of increasing nutrients in the lake. This is
different in the RMP and ONM scenarios. In RMP, future river export of nutrients is below

the 2012 level, mainly because more manure will be recycled on land. In ONM, river

export of all nutrient forms is projected to decrease by a factor of 2-3 in 2050 relative to

2012. An important reason for this large reduction is that ONM assumes effective
reallocation of manure from areas with excess of manure (i.e., Type IV towns

downstream) to areas where manure is needed (i.e., Type I towns upstream).

Nevertheless, there are areas in the basin where manure production exceeds the crop
demand (i.e., Type IV towns). The dominant sources of river export of nutrients shift

from direct manure discharges in 2012, BL and RLP to human waste in the ONM scenario.
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Our study shows the importance of reallocating manure in addition to the recycling
manure policy. We calculate reductions in future river export of nutrients to Lake

Baiyangdian in scenarios assuming both reallocation and recycling of manure (i.e., the

ONM scenario). We argue that livestock policies should consider both to effectively
manage manure. This can be combined with advanced technologies to treat manure and
spatial planning to reallocate livestock farms and manure to areas with manure demand.
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Chapter 5. Comparing current and future nutrient

loads with critical nutrient loads to improve water
quality in Lake Baiyangdian
Abstract
Freshwater lakes supply numerous ecosystem services, though their provision is
threatened by deteriorating water quality. Ecological thresholds are useful indicators for

water quality managers to define limits to maximum stress and to set restoration goals,
thereby safeguarding vital ecosystem services. Lake Baiyangdian, the largest shallow

lake in North China, suffers from water shortage and nutrient pollution due to climate

change and human activities. Rapid urbanization is expected due to the planned

construction of a new city called Xiong’an. Consequently, the implementation of new

policies to obtain high water quality in the future is needed (i.e., Chinese water quality
standard III). The objective of this study is to compare current and future nutrient loads

with the critical nutrient loads of Lake Baiyangdian and discuss the possibilities for

nutrient management in sub-basins of Lake Baiyangdian. To this end, we applied the

PCLake+ model to Lake Baiyangdian to estimate the critical nutrient loads, and we
derived the current (i.e., 2012) and future (i.e., 2050) nutrient load from the water
quality model (i.e., MARINA-Lakes). We identified critical nutrient loads related to water

quality thresholds for the concentrations of three variables: chlorophyll a (i.e., 20 μg L-1

or 50 μg L-1), total nitrogen concentrations (i.e., 1 mg L-1), and total phosphorus

concentrations (i.e., 0.05 mg L-1). Nitrogen (N) loads exceeded only the water quality

threshold for N concentrations in 2012. Conversely, Phosphorus (P) loads were below

all water quality thresholds in 2012. In 2050, N and P nutrient loads may exceed the

water quality thresholds in 2050 with limited environmental policies (i.e., SSP3 and RLP
scenarios). Current environmental policies are projected to reduce or maintain future

nutrient loads below the critical nutrient loads (i.e., CEP scenario). Urbanization

activities may increase nutrient loads above the water quality thresholds in 2050 (i.e.,
URB and URB+ scenarios). Moreover, recycling and reallocating animal manure is

5
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needed to stay below water quality thresholds in Lake Baiyangdian (i.e., RMP and ONM
scenarios). Our analyses show that sound environmental policy is key to safeguarding
the ecosystem service delivery of the lake in the future.
To be submitted as:

Jing Yang, Maryna Strokal, Carolien Kroeze, Lin Ma, Sven Teurlincx and Annette B.G.

Janssen. Comparing current and future nutrient loads with critical nutrient loads to
improve water quality in Lake Baiyangdian

5.1 Introduction
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Worldwide, freshwater lakes provide human with numerous ecosystem services,
including drinking water, flood protection and tourism (Janssen et al., 2020; Rinke,
2019). The provisioning of ecosystem services is known to depend on lake water quality

(Hilt et al., 2017; Janssen et al., 2020; Venohr et al., 2018). Eutrophication has been a

profound determinant of deteriorating water quality in many lakes in China since the
1980s, leading to the loss of ecosystem services (Le et al., 2010; Liu et al., 2010a). A 2006
investigation showed that 80% of a total of 67 lakes located mainly in east China had
been polluted to the level of the Chinese water quality standard IV (i.e., unhealthy for

human contact) (Le et al., 2010). Tong et al. (2020) found that, in 2017, 50% of 111

surveyed lakes had total nitrogen (TN) concentrations higher than Chinese water quality
standard III (i.e., suitable for fishing and swimming; 1 mg L-1), and total phosphorus (TP)

concentrations in 27 lakes were above Chinese water quality standard III (i.e., 0.05 mg
L-1). An iconic example is Lake Taihu, where severe algal blooms resulted in a loss of

drinking water to millions of people for one month in 2017 (Janssen et al., 2017).

Shallow lakes contribute to one-third of the lakes larger than 1 km2 in China (n=2721)
with a total area of 30,340 km2 (Qin et al., 2007; Yang and Lu, 2015). Lake Baiyangdian

is situated in the North China Plain, approximately 150 km south of Beijing (see Figure
1). Being the largest shallow lake (366 km2) in North China, Lake Baiyangdian provides

important ecosystem services to its surrounding regions. The lake consists of 143 ponds
connected by 3,700 trenches, and 40 villages are situated on the lake’s various islands.

The alternating open water, marsh zones, riparian area and island form the unique
landscape of Lake Baiyangdian. Yet, this unique landscape suffers from water shortage

and nutrient pollution due to regional impacts of climate change and intensive human
activities in the drainage basin (Tang et al., 2018; Yang et al., 2016). As a result of oxygen

depletion, a fish-kill event occurred in Lake Baiyangdian and led to a major economic
loss of 8 million China Yuan (CNY) in 2006 (Cui, 2007). Moreover, the open water surface

area shrunk tremendously, thereby decreasing water storage and water depth, which
had been consistent since the 1980s. Meanwhile, the deteriorated water quality and
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changing structure of plankton community may lead to eutrophication in Lake

Baiyangdian (Tang et al., 2019). Since 2017, a new area called Xiong’an has been under
construction around Lake Baiyangdian, which will result in the area’s fast transition

from a rural to an urban landscape (GOV, 2019). Simultaneously, new policies and
actions with the aim of improving water quality have been implemented (Bai et al., 2019;

GOV, 2015a; GOV, 2019; MOA, 2015a). The question remains as to whether these policies

will be sufficient to safeguard high lake water quality in the future. Therefore, scientific
research is needed to assess the effectiveness of these policies to improve water quality
and explore potential ways to keep Lake Baiyangdian in a balanced ecological state.

Ecological thresholds are useful indicators for water quality managers. Based on
ecological thresholds, lake managers can not only define limits to maximum nutrient
stress but also set a restoration goal for supporting nutrient management (Janssen et al.,

2017). The ecological threshold in limnology is typically interpreted as the critical
nutrient load (Janse et al., 2010; Scheffer et al., 1993). Certain studies defined the critical

nutrient load as a nutrient load at which ecosystems show the transition of ecological
states. Two alternative stable states have been described to exist in shallow lake

ecosystems: a clear state dominated by various submerged macrophyte species and a
turbid state dominated by phytoplankton (Janse et al., 2010; Janssen et al., 2014;
Scheffer et al., 1993). Since not all lakes show a clear transition in the ecological state,

an alternative definition of the critical nutrient load can be used, defining it as the
maximum nutrient load that a water body or ecosystem can absorb without exceeding
water quality standards (Landis, 2008).

Many methods have been applied to estimate critical nutrient loads of lakes, including
laboratory experiments, statistical hindcasting, mass balance and complex dynamic

models (Baron et al., 2011; Carpenter and Lathrop, 2008; Carpenter et al., 1999; Ibelings

et al., 2007; Janse et al., 2010; Janssen et al., 2017; Kong et al., 2015). While laboratory

experiments are easy to conduct and replicate, they may miss essential feedback seen in
the field situation, such as the interaction between species in a food web or the effect of

wind fetch (Stewart et al., 2013). Because statistical hindcasting requires a large dataset,
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it is only suitable for lakes with long-term monitoring data available (Baron et al., 2011;

Ibelings et al., 2007). Mass balance models are widely used due to their simplicity
(Carpenter and Lathrop, 2008; Carpenter et al., 1999; Kong et al., 2015); however, they

are static and miss dynamic processes that are important for the critical nutrient load.
Many feedback loops exist in shallow lakes that keep the ecosystem in a stable state (i.e.,

clear or turbid) and include the geochemical processes (e.g., benthic-pelagic coupling)

and biological processes (e.g., interactions between communities in the food web)
(Kuiper et al., 2015). The PCLake model is a dynamic ecosystem model that simulates
closed- nutrient cycles within the food web (Janse, 1995). By simulating a nutrient load–

lake response curve using a dynamic model such as PCLake, both gradual and sudden
changes in water quality can be included for the estimation of critical nutrient loads
(Janssen et al., 2017). Critical nutrient loads provide a basin-wide pollution limit to

manage the tradeoffs between water quality and human activities (e.g., food production,
urbanization) (Teurlincx et al., 2019).

Our study aims to compare current and future nutrient loads with the critical nutrient
loads of Lake Baiyangdian and discuss the possibilities for nutrient management in sub-

basins of Lake Baiyangdian. Firstly, we determine the critical nutrient loads of Lake

Baiyangdian by applying the PCLake+ model, accounting for intensive external stresses
(e.g., nutrient losses from human activities) and its unique characteristics (e.g.,

alternating landscapes). Secondly, we compare the current (i.e., 2012) and future (i.e.,
2050) nutrient loads with the critical nutrient loads for N and P. Lastly, we discuss the

possibilities of nutrient management in the sub-basins of Lake Baiyangdian.

5.2 Methodology
5.2.1 Study area

Lake Baiyangdian (156.4 km2) has a semi-arid climate, and its average annual water
temperature ranges from 2 to 29 ℃. Historically, the Lake Baiyangdian basin included
eight rivers, of which three still feed into the lake today (Yang et al., 2019). The

construction of reservoirs since the 1950s that hold back river water flowing into
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Baiyangdian, as well as decreasing precipitation in the region, led to the disconnection

of five of the eight rivers feeding the lake (Chen et al., 2013b). The average annual
precipitation is approximately 520.5 mm (1961–2013) with uneven seasonal

distribution and great inter-annual variation with most precipitation in July and August

(Wang et al., 2014b; Zhang et al., 2020). Moreover, evaporation is much higher than

precipitation due to the shallow water depth (2–4m), long residence time (1.1 years),
semi-arid climate and massive amounts of aquatic plants such as common reed

(Phragmitescommunis L.) and Nelumbo nucifera (Tang et al., 2019), which contribute to
evapotranspiration. Lake Baiyangdian consists of many scattered open water areas (76.7

km2) and marsh zones with reed plants (79.7 km2; Figure 5.1). The areas of open water

and marsh zones have variable water depths that range between 1.1–3.4 m.

Figure 5.1 Map of Lake Baiyangdian with inflow and outflow rivers, scattered open water, marsh
zones and measurement sites.
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5.2.2 Nutrient loads to Lake Baiyangdian in current and future years

Nutrient loads to Lake Baiyangdian have previously been estimated using the MARINA-

Lakes (Model to Assess River Inputs of Nutrients to lAkes) model for current (i.e., 2012)
and future (i.e., 2050) scenarios (Yang et al., 2021; Yang et al., 2019) and Chapter 4 in

this thesis. Different forms of nitrogen (N) and phosphorus (P) loads were quantified,

including dissolved inorganic (DIN, DIP) and dissolved organic (DON, DOP) N and P

(Yang et al., 2019). Total dissolved N (TDN) and total dissolved P (TDP) were calculated
by summing the respective forms of N and P. We assume that TDN and TDP constitute

the N and P loads to the lake, and refer to them as such in the rest of this chapter.
Nitrogen and P loads in 2012 were derived from the MARINA-Lakes model at both

annual (for N and P) and seasonal time scales (only for N). Four seasons in 2012 were

distinguished: winter (December–February), spring (March–May), summer (June–
August), and fall (September–November). Nitrogen and P loads for future were

distinguished under different future scenarios in Table 5.1. Three future scenarios are
available: baseline scenario, urbanization scenario and livestock-related scenario. We
use SSP3 (Shared Socio-economic Pathways-3) for 2050 as the baseline scenario. The

urbanization scenarios include the current environmental policies in China (CEP), the

development of Xiong’an in the Baiyangdian basin (URB) and a scenario with the
development of Xiong’an with improved sewage systems (URB+). For the livestockrelated scenarios, we assumed the implementation of the Restrict Livestock production

Policy (RLP), Recycling Manure Policy (RMP) and Optimistic Nutrient Management
(ONM) in 2050. Further details on the scenario settings for the MARINA-Lakes model
can be found in Table 5.1.

5

Based on CEP, assuming fast urbanization and city expansion in the Baiyangdian basin,

Based on URB, assuming improved sewage systems will be constructed in Xiong’an.

The development of a new urban area (URB)

Sewage system improvement (URB+)

Based on RLP, assuming implementation of environmental policies focusing on the
Based on RMP, assuming optimistic strategies (1) reallocation of manure across land

Recycling Manure Policy (RMP)

Optimistic Nutrient Management (ONM)

and (2) implementation of treatment technologies.

recycling of manure on the land.

Policy

Based on SSP3, assuming implementation of the Restricted Livestock production

Restrict Livestock production Policy (RLP)

in line with the establishment of the new Xiong’an development area.

China (i.e., agriculture and sewage system)

Based on SSP3, assuming full implementation of recent environmental policies in

Current Environmental policy (CEP)

policies or advanced technologies for improved nutrient management

and intensive food production (i.e., crop and animal) without effective environmental

Based on the Shared Socio-economic Pathways-3, assuming fast population growth

Description

Baseline scenario (SSP3)

Name

Management (ONM).

Chapter 4 of
this thesis

Yang et al.
(2019); and
Yang et al.
(2021)

Source

sewage system improvement (URB+), Restrict Livestock production Policy (RLP), Recycling Manure Policy (RMP) and Optimistic Nutrient

Table 5.1 Future scenario description. Baseline scenario (SSP3), Current Environmental policy (CEP), the development of a new urban area (URB),
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5.2.3 The PCLake+ model for critical nutrient loads

Chapter 5 | 131

The effect of nutrient loads on lake water quality is calculated by the PCLake+ model, a
complex dynamic model developed to assess the trophic state of stratified and nonstratified freshwater lakes worldwide (Janssen et al., 2019b). PCLake+ is the updated

version of the PCLake model that is known for its ability to calculate critical nutrient
loads in shallow lakes. The model includes biotic (e.g., phytoplankton, submerged

vegetation and a simplified food web), abiotic (e.g., transparency and nutrients) and

marsh zone modules within the framework of an aquatic food web (Figure A.1 in

Appendix IV-1). The PCLake model describes key ecological interactions that affect state

shifts from clear to turbid water in shallow lakes, such as the bio-physicochemical
interactions between water and sediment (Janssen et al., 2017). Model results include
the concentrations of different state variables such as chlorophyll a (chl-a), total

Nitrogen concentrations (TN) and total Phosphorus concentrations (TP). The model
distinguishes open water from marsh zones. Open water is defined as the limnetic zone

that is located in the middle of lakes and typically provides habitat to sub-merged
macrophytes or algae. The marsh zone is defined as the littoral zone that near the edges

of lakes which typically provides habitat to emergent macrophytes. In most lakes, the
marsh zone is smaller than the open water area; Lake Baiyangdian is an exception on
this due to its similar areas of marsh and open water (Figure 5.1).
Setting up the model

We applied the PCLake+ model in Lake Baiyangdian by incorporating specific

characteristics of Lake Baiyangdian such as fetch, wind, sediment characteristics and the
carrying capacities of organismal groups (Table A.4 in Appendix IV-2) while using the
default parameter settings by Janse et al. (2010) for all other parameters. Our inflow and

outflow of water are based on the river inflow data from Yang et al. (2019) in
combination with lake evaporation, precipitation and groundwater seepage from the
literature (Table A.1 in Appendix IV-2). For the nutrient inflows to the lake, TN and TP
loads to Lake Baiyangdian from Baigouhe, Fuhe and Xiaoyihe Rivers were estimated by

multiplying the dissolved nutrient loads from the MARINA-Lakes model (Yang et al.,
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2019) with related conversion ratios (Yang et al., 2019; Zhang et al., 2015). Following
previous studies, the conversion ratios were applied as TDP= 3·TP/10 for total dissolved
phosphorus and TDN=5·TN/10 for total dissolved nitrogen (Yang et al., 2019; Zhang et

al., 2015). The TDN and TDP loads to the lake for the current year (i.e., in 2012) were
derived from Yang et al. (2019) (Table A.2 in Appendix IV-2). The TN and TP loads to

Lake Baiyangdian from Yellow River were estimated by TN and TP concentrations of

Chinese water quality standard III (i.e., 1 mg L-1 TN and 0.05 mg L-1 TP) and river

discharge. All of the above calculations result in an N/P ratio of nutrient loads to the lake
of 13 (gN/gP).

PCLake+ evaluation
We validated the model with a monthly and seasonal dataset. Each dataset includes five
variables—namely transparency, chl-a, O2, TN and TP—for eight measurement stations

(see Figure 5.1 for measurement stations). The monthly dataset covers the period from
2010–2014 (BDMGOV, 2017), and the seasonal dataset covers the period from 2009–
2018 (Tong, 2020). The monthly and seasonal values for each variable were averaged
across all eight measurement stations. We used the coefficient of determination (R2) and

the mean relative absolute error (RE) to evaluate model results as in Janssen et al.

(2017), see equation (1), (2) and (3). The parameters d and m refer to the observed data
and the model output, respectively.

High R2 scores indicate that model results follow the pattern of the measurement data,

whereas low RE scores show that the model output falls well within the range of the
measurement data (Table 5.2). Table 5.2 illustrates that the indicator values for the

pattern (i.e., R2) and falling within the range (i.e., RE) at different time scales (i.e.,
monthly and seasonally) and for different areas of the lake (see Figures A.2 and A.3 in
Appendix IV-3). For transparency in open water, the model validation is promising both

monthly and seasonally. For O2, the monthly and seasonal validation in open water is
better for R2 and RE than in the marsh zone. Low R2 in the marsh zone indicates a
mismatch between estimations of the correct pattern of O2 in this area, but low RE shows

that the model is in the range with the measurement data. For chl-a and TP, the seasonal
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validation is better than the monthly in both open water and the marsh zone. Contrarily,
better fits of TN are found for the monthly model (i.e., high R2 and low RE). Comparing

the RE values of this study with model validation with other studies, the seasonal
simulations of chl-a and TP more valid than the results from other studies (Table A.5 in

Appendix IV-4). We consider all values for R2 and RE to be acceptable for further
calculations of the critical nutrient loads.
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Table 5.2 The coefficient of determination (R2, 0-1) and mean absolute relative error
(RE, %) between observations for the monthly and seasonal dataset and simulated model
output. The period is 2010–2014 for the monthly dataset and 2009–2018 for the seasonal
dataset. Each dataset includes five variables for eight measurement stations (see Figure
5.1 for measurement stations). The monthly and seasonal values for each variable were
averaged across all eight measurement stations. The PCLake+ model simulates the
concentrations of five variables for the water column of the open water area and the water
column of the marsh zone.
Indicator
R2

RE

Monthly
Season
open water marsh zone open water marsh zone
transparency
0.67
0.80
chl-a
0.15
0.20
0.98
0.96
O2
0.90
0.30
0.95
0.30
TN
0.52
0.36
0.21
0.06
TP
0.15
0.12
0.63
0.59
transparency
0.26
0.03
chl-a
6.93
2.13
0.12
0.22
O2
0.66
0.32
0.23
0.10
TN
0.40
0.26
0.49
0.27
TP
3.30
2.26
1.01
0.69
Variable

Bifurcation analysis

We identified the critical nutrient loads of Lake Baiyangdian by performing a bifurcation
analysis with the validated model. A bifurcation analysis is a useful tool to evaluate the
equilibrium response of the state of lakes (i.e., clear, turbid or expected water quality) to

changes in external nutrient loads. Three steps were conducted in the bifurcation
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analysis. Firstly, a wide gradient of P-loads was defined between 0.0001 and 0.05 gP m−2

day−1 with equal intervals. The range of N loads followed the P loads according to the

N/P ratio (i.e., 13), leading to a range of 0.0013–0.65 gN m−2 day−1. Secondly, the model

was run to equilibrium twice for each P load and related N load in the selected range to
calculate the three variables at equilibrium, starting with either of the two initial states

(i.e., oligotrophication and eutrophication). The setting of initial states was derived from
Janse et al. (2010), which was calibrated with data from over 40 lakes (Janse et al., 2010).

We ran PCLake model 42 times with each run for 50 years to reach equilibrium. Thirdly,
we calculated the yearly average of the last year for three variables, namely TN, TP and
chl-a concentrations. For each variable, this resulted in two curves showing the response

of the variable during either eutrophication or oligotrophication. The results may show
one of three types of load-response curves: 1) the linear load-response curve, 2) the
nonlinear load-response curve without hysteresis and 3) the nonlinear load-response

curve with hysteresis. For both the first (Figure 5.2A) and the second type (Figure 5.2B),
these two curves overlap and do not show a sudden shift, the critical nutrient load is

defined as the maximum nutrient load that aquatic ecosystems could absorb without

exceeding water quality standards. For the third type, there are sudden shifts in the two
curves for oligotrophication and eutrophication, and the critical nutrient load is defined

as a nutrient load at which ecosystems show the transition of ecological states (Figure
5.2C) (Janssen et al., 2017; Scheffer et al., 2001). In this study, we define the critical
nutrient load as the nutrient load at which either the water quality exceeds Chinese
water quality standard III (i.e., 1 mg L-1 TN and 0.05 mg L-1 TP) (MEP, 2002) or where

the chl-a concentrations exceeded either 20 μg L-1 or 50 μg L-1 , following the standards

of Hollister and Kreakie (2016); MEP (2002). The threshold of 20 μg L-1 chl-a is a
threshold above which the water quality becomes eutrophic, and the threshold of 50 μg

L-1 chl-a is considered as serious health risk if crossed (Hollister and Kreakie, 2016). We

compared the current (i.e., 2012) and future (i.e., 2050) nutrient loads from scenarios

as calculated by MARINA-Lakes with the calculated critical nutrient loads of PCLake+ for
each of the three variables. This will reveal potential policy directions to meet critical
nutrient loads in Lake Baiyangdian.
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Figure 5.2 Three types of load-response curves: (A) refers to the linear load-response curve, (B)
refers to the nonlinear load-response curve without hysteresis, and (C) refers to the nonlinear loadresponse curve with hysteresis. The dashed black line refers to the eutrophication starting with the
clear state. The solid black line refers to the oligotrophication starting with the turbid state. The
two solid lines represent two water quality standards for chl-a or nutrients that are less strict
(green) or stricter (red).  and  represent the relevant critical nutrient loads with the water
quality standards (green and red dashed lines).  and  represent the critical nutrient loads at
the points of state shifts (orange dashed lines) during eutrophication and oligotrophication.

Source: (Janssen et al., 2017; Scheffer et al., 2001)

5.3 Results
5.3.1 Identifying critical nutrient loads
The bifurcation results indicate nonlinear load-response curves of chl-a, TN and TP

concentrations in Lake Baiyangdian to the external nutrient loads from sub-basins
(Figure 5.3). The point of hysteresis (e.g., multiple states persisting under equal nutrient
loads) occurs at a relatively high nutrient load when nutrient concentrations and chl-a
levels are high.

As the lake responded gradually to increasing nutrient loads, we were not able to use

sudden state shifts (i.e., from clear to turbid or vice versa) to define a critical nutrient
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load (Figure 5.3). Hence, we use the four critical nutrient loads based on two biological
standards (i.e., 20 μg L-1 chl-a, 50 μg L-1 chl-a) and two nutrient standards as per Chinese

water quality standard III (i.e., 1 mg L-1 TN and 0.05 mg L-1 TP). The details of the critical

nutrient loads are shown in Table 3. The critical nutrient load for the water quality

threshold of 50 μg L-1 chl-a is 0.28 gN m-2 d-1 for the N load and 0.021 gP m-2 d-1 for the

P load. The critical nutrient load for the water quality threshold of 20 μg L-1 chl-a is 0.16

gN m-2 d-1 for the N load and 0.013 gP m-2 d-1 for the P load. The critical nutrient load for

the water quality threshold of 1 mg L-1 TN and 0.05 mg L-1 TP is 0.13 gN m-2 d-1 for the N

load and 0.010 gP m-2 d-1 for the P load, respectively.

Figure 5.3 Bifurcation plots for (a) chlorophyll a (chl-a), (b) total nitrogen (TN) and (c) total
phosphorus (TP) concentrations in Lake Baiyangdian. Simulations of the PCLake+ model that were
started from a turbid initial state are marked by solid black lines. Simulations of the PCLake+
model that were started from a clear initial state are marked by dashed black lines. The solid green,
blue, pink and gold lines are the water quality thresholds for chl-a, TN and TP (Table 5.3). Source:
see Section 5.2.3 for the description of the PCLake+ model.
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Table 5.3 The critical nutrient loads used in this paper and their associated values as derived from

the PCLake+ analyses. Values of critical nutrient loads were calculated for three units commonly
used in water management.
Water quality
threshold

50 μg L-1 chl-a
20 μg L-1 chl-a
1 mg L-1 TN

0.05 mg L-1 TP

Referenced
standard of water
quality
Eutrophic to
hypereutrophic*
Mesotrophic to
eutrophic*
Water quality
standard**

Water quality
standard**

Values
gN m‐2 d‐1 or

GgN year‐1 or

gP m‐2 d‐1 a

GgP year ‐1 b

0.28

7.84

1.96

0.16

4.48

1.12

0.021
0.013
0.13

0.010

0.59

0.36

3.64

0.28

GgN season‐1 c

0.15

0.09

0.91

0.07

* Source: (Hollister and Kreakie, 2016); **Source: (MEP, 2002); a refers to the daily values derived
from Figure 5.2; b refers to the annual values converted from the daily values by multiplying them
with an open water area and 365 days; c refers to the seasonal values converted from dividing the
annual values by four because the study area has four seasons.

5.3.2 Comparing current and future nutrient loads with critical nutrient
loads
We first compared the current (i.e., 2012) and future (i.e., 2050) nutrient loads with the
critical nutrient loads, then discussed the possibilities of nutrient management in the

sub-basins of Lake Baiyangdian (Figure 5.4). In 2012, N loads exceeded the water quality

threshold for nitrogen concentrations (Figure 5.4a). The difference between current N

loads and the water quality threshold for N concentrations were up to 0.6 Gg year-1.
Seasonally, the current N load exceeded the critical N load by 0.04 to 0.7 Gg season-1,
depending on season. In summer, the current N load did not exceed the water quality

threshold for nitrogen concentrations (Figure 5.4c). A key reason for exceeding the
water quality threshold for N concentrations was direct discharge of animal manure

which contributed 60% N loads in 2012 (Figures 5.4a and 5.4c). Fertilizer and human
waste unconnected to sewage contributed 25% of the N loads to the lake (Figures 5.4a

and 5.4c). Moreover, current N loads were below the water quality threshold for 50 μg
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L-1 and 20 μg L-1 chl-a annually (Figure 5.4a). In the four seasons, the current N loads did

not exceed the water quality threshold for 50 μg L-1 chl-a, but they exceeded the water

quality threshold for 20 μg L-1 chl-a in fall and winter (Figure 5.4c). Direct discharges of

animal manure dominated in winter (i.e., 70%). Human waste and synthetic fertilizer
contributed 42% of the N loads in fall. On the contrary, the P loads were below all water
quality thresholds in 2012 (Figure 5.4b).

In 2050, nutrient loads of N and P may exceed the water quality thresholds with limited
environmental policies (i.e., the SSP3 and RLP scenarios). In the SSP3 and RLP scenarios
for 2050, future N loads will exceed the all the water quality thresholds (Figure 5.4a).
Future P loads only exceed the water quality threshold for P concentrations (Figure

5.4b). The future N loads will be 1.0–2.2 times of the water quality threshold for 50 μg
L-1 chl-a, 20 μg L-1 chl-a and 1 mg L-1 TN (Figure 5.4a). The differences between future P

loads and the water quality threshold for P concentrations will be 1.4 and 1.3 Gg year-1

for the SSP3 and RLP scenarios in 2050. Over 80% and 95% of the N and P loads are
estimated from discharging animal manure and unconnected human waste in the SSP3
and RLP scenarios for 2050 (Figure 5.4a and 5.4b). Current policies could help to reduce
or keep future nutrient loads below the critical nutrient loads (i.e., the CEP scenario).

Our results show that future N and P loads are estimated to be below all the water quality

thresholds in the CEP scenario for 2050 (Figures 5.4a and 5.4b). The reason is the
implementation of a series of environmental policies (Table 5.2). However, urbanization

activities may increase nutrient loads above the water quality thresholds in 2050 (i.e.,
the URB and URB+ scenarios). For example, in the URB scenario, future N loads will
exceed the water quality threshold for N concentrations (Figure 5.4a) by 1.3 times due
to the construction of the new Xiong’an area (Table 5.2). Although the sewage system

will be improved, future N loads will be close to the water quality threshold for N

concentrations in the URB+ scenario (Figure 5.4a). Human waste (i.e., connected and
unconnected) is predicted to contribute more than 50% of future N loads in the URB and

URB+ scenarios (Figure 5.4a), which is the main reason resulting in the exceedance.
Moreover, recycling and reallocating animal manure is necessary to stay below water
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quality thresholds in Lake Baiyangdian (i.e., the RMP and ONM scenarios). Future N and
P loads are estimated to be below the water quality thresholds in the RMP and ONM

scenarios for 2050 (Figures 5.4a and 5.4b). The contribution of discharging animal

manure will decrease by 40% compared to that in the RLP scenario. In the ONM scenario,
the dominated source will change to human waste (i.e., connected and unconnected).
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Figure 5.4 Comparisons between (a) critical nutrient loads and yearly nutrient loads of N (DON,
DIN; (b) P (DOP, DIP) for current (2012) and future (2050) scenarios and (c) seasonal nutrient
loads of N (DON, DIN) for 2012 in Lake Baiyangdian. The TDN and TDP are calculated as the sum
of DIN and DON or DIP and DOP, respectively. Future nutrient loads are derived from a series of
scenarios: Baseline scenario (SSP3), Current Environmental policy (CEP), the development of a
new urban area (URB), sewage system improvement (URB+), Restrict Livestock production Policy
(RLP), Recycling Manure Policy (RMP) and Optimistic Nutrient Management (ONM). Source:
current and future nutrient loads to the lake for 2012 and 2050 are from the MARINA-Lakes model
(Yang et al., 2021; Yang et al., 2019) and Chapter 4 in this thesis, and critical nutrient loads are
estimated using the PCLake+ model (see Table 5.3).

5.4 Discussion

Chapter 5 | 141

Through scenario analyses, we found strong indications that maintaining ecosystem

service delivery of Lake Baiyangdian in the future will be heavily dependent upon policy
decisions that aim to continue meeting water quality standards. We have shown that the
water thresholds for N and chl-a concentrations will be exceeded unless effective

policies are implemented (i.e., the SSP3 scenario). To meet water quality standards,
strict environmental policies will be required that both affect livestock and address the
human waste risks to water quality through urbanization. Through a combination of

future nutrient load projections and simulations with a lake ecosystem model, we were
able to make informed predictions about the future state of the lake to aid policy and
management moving forward.

5.4.1 Comparison to other studies
When we compare the critical nutrient loads of Lake Baiyangdian found in our study
with those of previous work (Tables A.6 and A.7 in Appendix IV-4), we found higher

critical nutrient loads for N and P in Lake Bayandian compared to the study by Xu et al.

(2016) (Table A.6 in Appendix IV-4). Xu et al. (2016) used a mass balance model to
estimate the critical nutrient load of Lake Baiyangdian, accounting for nutrients

removed from the lake mainly through water outflow, sedimentation, emergent
macrophyte uptake (i.e., reed) and biological denitrification (only for N). Nutrients can
also be taken up by other groups of the lake food web, such as algae and submerged

macrophytes that pass the nutrient on to species higher in the foodweb. This implies
that critical nutrient loads are affected by the entire food web structure. The PCLake+

model that we applied accounts for biological processes and interactions between all
components of the food web. Therefore, our estimation of critical nutrient loads is
generally larger than other studies.

The PCLake model has been applied to several lakes in China to estimate critical nutrient
loads (Janssen et al., 2017; Kong et al., 2017; Li et al., 2019b). Recently, a PCLake

application was applied to Lake Baiyangdian for P (Zhang et al., 2021). Our analysis is
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more complete in that we include both P and N, and more scenarios with management

options. Moreover, we use several critical nutrient thresholds. Spatial critical nutrient
loads for chl-a (i.e., 50 μg L-1 and 20 μg L-1) in Lake Taihu in 2010 were lower than those

found in our study (Table A.7 in Appendix IV-4). Critical nutrient loads for state shifts
estimated for Lake Chaohu and Dianchi were also much lower than this study (Kong et

al., 2017; Li et al., 2019b) (Table A.7 in Appendix IV-4). This implies that Lake
Baiyangdian is resilient to external nutrient inputs.

Three possible reasons explain this high resilience of Lake Baiyangdian to
eutrophication. First, the marsh area in Lake Baiyangdian is relatively large (Section 5.2).

In marsh areas, nutrients are absorbed by reed vegetation during the growing season,

resulting in high nutrient retention (Sollie et al., 2008). Secondly, the average depth of
Lake Baiyangdian is 2.2 m, and the lake is divided into smaller compartments. In such a

shallow lake with many compartments, it is easy for rooted submerged macrophytes to
obtain sufficient light for growth. The high amount of macrophyte biomass in Lake

Baiyangdian increases the nutrient uptake by plants and prevents nutrient resuspension

as roots stabilize the sediments (Kuiper et al., 2017; Xu et al., 2016; Xu et al., 2014; Zhao
et al., 2012). Therefore, the sub-merged macrophytes also help increase resilience to

increasing nutrient loads. Third, we found that most nutrients are discharged during the
winter when primary production of algae is low.

5.4.2 Strengths and limitations

This is the first study to determine the critical nutrient loads of Lake Baiyangdian for

both N and P by applying the PCLake+ model and linking its results for critical nutrient

loads to the MARINA-Lakes model results (Yang et al., 2021; Yang et al., 2019; Chapter
4). This is the first solution-oriented study. PCLake+ accounts for the nutrient and food
web dynamics in the shallow lake ecosystem. By comparing critical loads from PCLake+

and current and future N and P loads from MARINA-Lakes, our results allow us to
explore the possibilities for nutrient management in sub-basins of Lake Baiyangdian. To
our knowledge, this comparison has not been done before for Lake Baiyangdian for both

nutrients. Our results are useful for Baiyangdian lake managers and policymakers who
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are facing overwhelming evidence of water quality deterioration in recent decades
(Tong, 2020). Our results provide new insight into managing N and P for protecting
water quality and aquatic ecosystems, supporting the exploration of sustainable tradeoff
strategies between water quality and human activities.

There are also limitations to our approach. Firstly, we compared critical loads for TN and

TP to current and future nutrient loads for dissolved N and P (Section 5.3). Thus, in this

study, the differences between the nutrient loads for current and future and the critical
nutrient loads were likely underestimated due to the missing particulate forms of N and

P. Particulate N and P are often exported from hill areas to plain areas due to runoff and
soil erosion. The landscape of the Baiyangdian basin changes from hilly areas (60%) of

the Taihang Mountains to the plain areas of the North China Plain (40%). However, most

of the rivers discharging to Lake Baiyangdian have dried out due to extensive reservoir
constructions in the upstream basins. Two of the remaining three rivers with inflow rise
from the plain areas and have no direct connection to the hilly areas (Table A.3 in

Appendix IV-2). Therefore, ignoring particulate N and P does not affect the main

conclusions of our study. Figure 5.4 shows that only dissolved nutrients are close to or
exceeding the limitation. Therefore, our results suggest reducing nutrient loads by

implementing more effective nutrient management strategies in sub-basins of Lake
Baiyangdian.

Secondly, we compared critical nutrient loads with annual and seasonal nutrient loads

in 2012 and future nutrient loads in 2050 (Section 5.3). We quantified critical nutrient
loads based on a yearly constant nutrient load. However, the critical nutrient load could

change across seasons and in the future. Here, we took the average summer TN, TP and

chl-a (i.e., days 150–210) to calculate the yearly constant nutrient load. The summer is
considered the most critical period. For example, chl-a is most abundant during the

summer. Moreover, Chinese water quality standard III indicates high water quality for
swimming and fishing, ecosystem services that typically occur during summer. Our
results are therefore an indication of the water quality in the most critical period of the

year. The current load shows a high nutrient load during winter when the primary
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production is low. With respect to algal growth, the higher current nutrient load will

have limited effects, yet it could result in fish kills at the end of winter or beginning of
spring (Cui, 2007), for which we did not account. Calculating critical nutrient loads by

season would be an interesting and novel step in this context, although it is beyond the
scope of this research.

Finally, we did not account for the effect of future climate change on critical nutrient
loads. Climate change can result in heat uptake by natural lakes (Vanderkelen et al.,

2020). This may be the reason that observed surface temperatures of lakes have

increased rapidly in recent decades (O'Reilly et al., 2015; Schneider and Hook, 2010). A
higher temperature is beneficial for algae growth. Thus, climate change will likely lead

to decreased critical nutrient loads (Mooij et al., 2007). Moreover, climate change may

simultaneously boost nutrient loads due to the higher runoff associated with increasing
precipitation (Moss et al., 2011). The net effects of increasing temperature and nutrient

loads will likely make achieving high-quality water standards more difficult (Bennion et
al., 2011; Moss et al., 2011). Consequently, the difference determined in our study
between the future nutrient load and the critical nutrient load is likely a conservative
estimation.

5.4.3 Possibilities for nutrient management in sub‐basins
The effectiveness of nitrogen management for sub-basins of Lake Baiyangdian differs
across scenarios and depends on the water quality threshold goal. In 2012, N loads
exceeded the water quality threshold for N concentrations (Figure 5.4). Moreover, N
loads can exceed the water quality threshold for 20 μg L-1 chl-a in fall and winter of 2012

(Figure 5.4c). Conversely, P loads were below all water quality thresholds in 2012

(Figure 5.4b). If water managers aim to keep the water quality under the thresholds for

N (i.e., 1 mg L-1) and chl-a (i.e., 20 μg L-1) concentration, our results indicate that more

attention should be paid to direct discharges of animal manure, fertilizer and human
waste (i.e., unconnected to sewage), especially in fall and winter.

In 2050, nutrient loads of N and P may exceed the water quality thresholds when limited
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environmental policies are taken (i.e., the SSP3 and RLP scenarios). Future N loads will
exceed all water quality thresholds (Figure 5.4a), but future P loads only exceed the

water quality threshold for P concentrations (Figure 5.4b). This implies that future

socio-economic development (i.e., fast population growth and intensive food production)
will lead to increasing N and P loads to the lake (SSP3 in Figures 5.4a and 5.4b). The
policy of restricting livestock production is so limited that future N and P loads will likely
be above the water quality thresholds (RLP in Figures 5.4a and 5.4b). The
implementation of a series of environmental policies, including improving sewage
systems, limiting usage of synthetic fertilizer and recycling animal manure to the land,

could help reduce future N and P loads to be below all water quality thresholds in 2050
(CEP in Figures 5.4a and 5.4b).

However, urbanization activities may increase nutrient loads above the water quality
thresholds in 2050 (i.e., the URB and URB+ scenarios). The construction of the new

Xiong’an area will result in future N loads exceeding the water quality threshold for N
concentrations in the URB scenario (Figure 5.4a). An improved sewage system will be

insufficient to reduce the future N loads below the water quality threshold for N
concentrations (Figure 5.4a). This exceedance could be attributed to connected and
unconnected human waste. Moreover, recycling and reallocating animal manure is

required to stay below water quality thresholds in Lake Baiyangdian (RMP and ONM

scenarios in Figures 5.4a and 5.4b). Nutrient management for livestock production
should be given priorities because direct animal manure dominates river export of N and
P loads to Lake Baiyangdian (Figures 5.4a and 5.4b). For example, our ONM scenario

results demonstrated that reallocating animal manure across areas effectively reduces
future nutrient loads below all water quality thresholds. We propose that further studies

should focus on spatial planning of livestock farms and manure allocation to reach the
required water standards in Lake Baiyangdian.

The N/P mass ratio is a useful indicator to determine the limiting nutrient for algal

growth (Cha et al., 2016; Liang et al., 2018; Redfield, 1958), and critical nutrient loads
have been found to decrease with the increasing N/P ratio during oligotrophication
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(Chang et al., 2020). The N/P ratio in lakes could change associated with nutrient
management in sub-basins. Therefore, future nutrient management needs to consider

balanced control of N and P in the sub-basins of lakes (Paerl et al., 2016). For Chinese
lakes, Tong et al. (2020) found an increasing trend of N/P mass ratios due to the rapid
improvement in municipal wastewater. The N/P mass ratios in Chinese municipal

wastewater discharge continued to increase from 10.7 in 2008 to 17.7 in 2017. The
reason could be that removing P from municipal wastewater is a simpler and more

effective than removing N. In this study, the N/P ratio of nutrient loads in future changes
from 13 to 20 across different scenarios. For example, the N/P ratio is predicted to reach
20 in the URB+ and ONM scenarios. This aligns with the results from Tong et al. (2020).
Moreover, nutrient management strategies in these scenarios pertain to improving

sewage systems (URB+) and applying advanced technologies related to managing

animal manure (ONM). Therefore, we recommend that water managers should

prioritize the effectiveness of removal rates of different nutrient types (i.e., N and P)
associated with various nutrient management strategies to reduce harmful algal blooms
in lakes.

5.5 Conclusions
This is the first study to apply the PCLake+ model to Lake Baiyangdian, which accounts

for both N and P and food web dynamics in the shallow lake ecosystem. The critical
nutrient loads of Lake Baiyangdian were determined by accounting for intensive
external stresses (i.e., human activities and climate change) and its unique

characteristics (i.e., alternating landscapes). By comparing critical nutrient loads to

current and future nutrient loads, our results allow us to explore how various policy
scenarios will meet water quality standards now and in the future.

The bifurcation results indicate nonlinear load-response curves of chl-a, TN and TP in

Lake Baiyangdian to the external nutrient loads from sub-basins with late hysteresis. We
defined the four critical nutrient loads: two based on biological standards (i.e., 20 μg L-1

chl-a, 50 μg L-1 chl-a) and two based on Chinese water quality standard III (i.e., 1 mg L-1
TN and 0.05 mg L-1 TP).
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Nitrogen loads exceeded only the water quality threshold for N concentrations in 2012.
An exception exists from a seasonal perspective, where the N load in summer of 2012

was below the water quality threshold for N concentrations. The main N sources for

exceeding the water quality threshold for N concentrations were direct discharges of

animal manure, fertilizer and human waste unconnected to sewage. Moreover, current
N loads were below the water quality threshold for 50 μg L-1 and 20 μg L-1 chl-a annually,
but exceeded the water quality threshold for 20 μg L-1 chl-a in fall and winter. Direct

discharges of animal manure dominated in winter (70%). Human waste and synthetic
fertilizer contributed 42% of N loads in fall. In contrast, P loads were below all water
quality thresholds in 2012.

In 2050, nutrient loads of N and P may exceed the water quality thresholds with limited
environmental policies (i.e., the SSP3 and RLP scenarios). In the SSP3 and RLP scenarios

for 2050, future N loads will exceed all water quality thresholds. Future P loads only
exceed the water quality threshold for P concentrations. Over 80% and 95% of future N

and P loads are estimated from discharging animal manure and unconnected human
waste in the SSP3 and RLP scenarios for 2050. Current policies could help reduce or

maintain future nutrient loads below the critical nutrient loads (i.e., the CEP scenario).
However, urbanization activities may increase nutrient loads above the water quality

thresholds in 2050 (i.e., the URB and URB+ scenarios). Future N loads will exceed the
water quality threshold for nitrogen concentrations due to the construction of the new
Xiong’an area in the URB scenario. Although the sewage system will be improved, future

N loads be close to the water quality threshold for N concentrations in the URB+ scenario.
Human waste (i.e., connected and unconnected) is the main reason for exceedance of the

N thresholds. Moreover, recycling and reallocating animal manure is needed to stay
below water quality thresholds in Lake Baiyangdian (i.e., the RMP and ONM scenarios).

Future N and P loads are estimated to be below the water quality thresholds in the RMP
and ONM scenarios for 2050. The contribution of discharging animal manure will
decrease by 40% compared to the RLP scenario. In the ONM scenario, the dominant
source will change to human waste (i.e., connected and unconnected).
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Overall, future developments are estimated to be a risk for keeping water quality below

the required standards. Current policies need to be complemented by recycling and
reallocating animal manure. We propose that further studies should focus on spatial

planning of livestock farms and manure allocation to meeting required water quality in

Lake Baiyangdian. We expect the results of this study to provide insight into managing

nutrient for protecting water quality and aquatic ecosystem, supporting the exploration
of sustainable tradeoff strategies between water quality and human activities.
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This chapter includes the discussion and conclusions of the thesis. First, I summarize
the main findings and novelties of the thesis in Section 6.1. Second, I reflect on the
modeling approaches used in this thesis in Section 6.2. Finally, I draw lessons and
present a future outlook in Section 6.3.

6.1 Main findings and novelties
The main objective of this research is, therefore, to improve our understanding of
nutrient flows from land to the two lakes in the Haihe Basin, and possibilities to reduce

this pollution in the future. To this end, I formulated four sub-objectives on the causes

and future trends of nutrient pollution from land to the lakes (sub-objectives 1, 2, 3)
and the effects of nutrient pollution on the lakes (sub-objective 4).

Sub-objectives focusing on the causes and future trends are as follows:

1. To better understand the seasonal trends in river export of dissolved inorganic
nitrogen (DIN) to the two lakes of the Haihe Basin (Chapter 2).

2. To analyze future trends in nutrient inputs into Guanting Reservoir and Lake
Baiyangdian in the Haihe Basin (Chapter 3).

3. To explore options to reduce nutrient losses from livestock production to Lake
Baiyangdian from 2012 to 2050, taking urbanization into account (Chapter 4).

The sub-objective focusing on the effect is as follows:

4. To compare nutrient loads for current (2012) and future years (2050) with critical
nutrient loads of Lake Baiyangdian, and to discuss the possibilities for nutrient
management in sub-basins of Lake Baiyangdian (Chapter 5).

These objectives have been addressed in Chapters 2-5 of this thesis. The main findings

and novelties of Chapters 2-5 are discussed in Sections 6.1.1 to 6.1.2 with the focus on
the causes and future trends of nutrient pollution from land to the lakes and the effects

of nutrient pollution on the lake ecosystem. Figure 6.1 summarizes the main findings of
this thesis.
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6.1.1 The causes and future trends of nutrient exports from land to two lakes
in the Haihe Basin
Chapter 2 – Main Findings:
-

I present a seasonal model for the Guanting Reservoir and Lake Baiyangdian

-

River export of nitrogen to the lakes was highest in winter and lowest in summer

-

Point sources contribute over 50% of nitrogen across seasons

-

Avoiding manure discharges in winter is needed to reduce lake pollution

-

Effective lake pollution control requires accounting for seasonal nitrogen cycles

Chapter 2 is novel in presenting a seasonal version of the MARINA-Lakes (Model to

Assess River Inputs of Nutrients to lAkes) model for Guanting Reservoir and Lake

Baiyangdian in the Haihe Basin. The seasonal MARINA-Lakes model provides new
insights in the seasonal patterns of DIN exports to the selected lake and reservoir. In

2012, around 0.8 and 2.5 Gg of dissolved inorganic N (DIN) were exported from land to
the Guanting Reservoir and Lake Baiyangdian, respectively. The seasonal pattern of DIN

exports was highest in winter and lowest in summer. Approximately 50% and 40% of

DIN were delivered to Guanting in winter and fall, respectively. One-third of DIN was
exported to Lake Baiyangdian in spring, summer, and fall. Point sources dominated DIN

exports to the Guanting Reservoir and Lake Baiyangdian across seasons (i.e., over 50%).
In winter, direct discharges of animal manure contributed over 60% and 42–85% of DIN
export to Guanting Reservoir and Lake Baiyangdian, respectively. Synthetic fertilizers

contributed higher river export of DIN in spring and summer than in other seasons. The
results in Chapter 2 indicate that integrated nutrient management is likely more
effective when accounting for seasonal N cycles to reduce future lake pollution.

Chapter 3 – Main Findings:
-
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Nutrients in Guanting Reservoir and Lake Baiyangdian were mainly from agriculture
in 2012

-

Between 2012 and 2050 nutrient pollution in the lake and reservoir may double

-

Current environmental policies in China may reduce pollution to below 2012 levels

-

To further improve water in Guanting, pollution control in agriculture is needed

-

To further improve water in Baiyangdian, reduced pollution from sewage in Xiong’an
surrounding areas is needed

The main novelty of Chapter 3 is that I analyzed future trends in nutrient inputs (i.e.,

TDN and TDP) into the Guanting Reservoir and Lake Baiyangdian by developing and

applying the MARINA-Lakes model. I first analyzed trends between 2012 and 2050 for a
business-as-usual scenario (i.e., SSP3) and a scenario based on current environmental

policies (i.e., CEP). Moreover, I assessed future impacts of 2022 Olympic Winter Games
(i.e., OLY) and increasing urbanization due to the establishment of Xiong’an city (i.e.,

URB). Then, I explored futures for the Guanting Reservoir and Lake Baiyangdian by
assuming implementation of advanced technologies to reduce nutrients from urban

waste in rivers (i.e., OLY+ and URB+). Nutrient exports to both reservoir and lake were
mainly from agriculture in 2012. Between 2012 and 2050, nutrient exports to these two

water bodies may double in the SSP3 scenario. Nutrient pollution could be reduced to

below 2012 levels if current environmental policies are implemented effectively (i.e.,
CEP scenario). For the Guanting Reservoir, improved wastewater treatment may not

largely reduce future nutrient pollution (i.e., OLY scenario). Nutrient exports are
predicted to decrease by 8–13 % in 2050 relative to the CEP scenario, even though the

advanced wastewater treatment systems are assumed to be implemented in all subbasins (i.e., OLY+ scenario). This means that wastewater is not an important source and

that agriculture is an important source of future pollution. Thus, nutrient losses from
agriculture need to be reduced in order to improve water quality further in Guanting. In

contrast, for Lake Baiyangdian, nutrient exports may increase by 28–43% due to the
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future urbanization (i.e., URB scenario). The percentage of the population connected to
centralized sewage systems is projected to be high. As a result, more pollution is
expected. Advanced technologies with high efficiencies of nutrient removal are assumed

to be in place in Xiong’an and other sub-basins (i.e., URB+ scenario). This will reduce
nutrient pollution in the future. Effective waste treatment is thus needed not only in
Xiong’an but also in surrounding areas to protect the water quality of Lake Baiyangdian.
Chapter 4 – Main Findings:
-

Future nutrient pollution in Lake Baiyangdian may double without manure policies

-

Restrict Livestock Production Policy may not reduce river export of nutrients below the
2012 level

-

Recycling Manure Policy could decrease river export of nutrients by 40% by 2050

-

Optimistic Nutrient Management could decrease river export of nutrients by a factor
of 2-3 by 2050

-

The dominant source of pollution will shift from animal manure to human waste in the
future

The main novelty of Chapter 4 is that I explored options to reduce nutrient losses from
livestock production to Lake Baiyangdian from 2012 to 2050 under fast urbanization.

Based on data for the current 1,358 livestock farms, four scenarios related to livestock
manure policies and urbanization were analyzed by applying the MARINA-Lakes model.
The Baseline scenario (BL) is based on the Shared Socio-economic Pathway 3, assuming

future urbanization and intensified agriculture. The alternative scenarios are called
Restrict Livestock production Policy (RLP), Recycling Manure Policy (RMP) and

Optimistic Nutrient Management (ONM). Between 2012 and 2050, river export of
nutrients may double as a result of urbanization and intensive agriculture without

efficient manure policies in the BL scenario. Implementation of the Restrict Livestock

production Policy may not be efficient enough. River export of nutrients is still projected
to be higher than in 2012 in the RLP scenario. It is different for the scenario with the
Recycling Manure Policy (RMP). In the RMP scenario, future river export of nutrients is
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projected to decrease by 40% in 2050 relative to 2012. However, larger decreases in

river export of nutrients are projected in the scenario with optimistic nutrient
management (ONM). In this scenario, river export of nutrients are calculated to decrease

by a factor of 2-3 in 2050 relative to 2012. This large reduction can be explained by

manure management. This management accounts for effective reallocation of manure
from areas with excess of manure to areas where manure is needed. As a result, the

dominant sources of river export of nutrients are projected to shift from direct manure
discharges in 2012, the BL and the RLP scenario to human waste in the ONM scenario.

The results in Chapter 4 indicate that reallocating manure is a necessary complement to
current recycling manure policies.

6.1.2 The effects of nutrient exports on the lake ecosystem
Chapter 5 – Main Findings:
-

The MARINA-Lakes and PCLake+ models were linked for N and P in Lake Baiyangdian

-

Nitrogen loads exceeded only the water quality threshold for N concentrations in 2012

-

Phosphorus loads were below all water quality thresholds in 2012

-

Nutrient loads of N and P may exceed the water quality thresholds in 2050 with limited
environmental policies

-

Urbanization may increase nutrient loads above the water quality thresholds in 2050

-

Recycling and reallocating animal manure is needed to stay below water quality
thresholds in Lake Baiyangdian

Chapter 5 is novel in linking the MARINA-Lakes and PCLake+ models to compare current
(i.e., 2012) and future (i.e., 2050) nutrient loads of N and P with their critical nutrient
loads in Lake Baiyangdian and to discuss the possibilities for nutrient management in

sub-basins of Lake Baiyangdian. Four critical nutrient loads were defined. Two critical

nutrient loads are based on biological standards: 20 μg L-1 chl-a (i.e., strict) and 50 μg L-

1

chl-a (i.e., less strict) for both N and P. The other two critical nutrient loads are based

on Chinese water quality standard III for N (i.e., 1 mg L-1 TN) and P (i.e., 0.05 mg L-1 TP)
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concentrations in water. In 2012, N loads to the lakes exceeded the water quality

threshold for N concentrations (1 mg L-1 TN). From the seasonal perspective, N loads to
the lake exceeded the water quality threshold for 20 μg L-1 chl-a in fall and winter. Direct

discharges of animal manure, human waste and synthetic fertilizer contributed to this
exceedance in 2012. In contrast, P loads to the lake were below all water quality
thresholds in 2012. In 2050, N and P nutrient loads to the lake may exceed the water

quality thresholds in the scenarios with limited environmental policies (i.e., the SSP3

and RLP scenarios). This is due to poor manure and human waste management.
Implementing current environmental policies may reduce or maintain future nutrient

loads below the critical nutrient loads (i.e., the CEP scenario). Future urbanization is,
however, estimated to increase nutrient loads above the water quality thresholds in

2050 (i.e., the URB and URB+ scenarios) because more urban people generate more
waste. Advanced wastewater treatment technologies may not keep up with increasing

amounts of wastewater (i.e., the URB and URB+ scenarios). My results show that
recycling and reallocating animal manure is needed to stay below water quality
thresholds in Lake Baiyangdian (i.e., the RMP and ONM scenarios).

Figure 6.1 An overview of the main findings of this PhD thesis.
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6.2 Modeling nutrient losses from sub‐basins to the lakes
6.2.1 Models of this thesis
MARINA-Lakes (basin-scale nutrient export models)

The MARINA-Lakes model is a lake version of the MARINA model (Model to Assess River

Inputs of Nutrients to seAs) family. The MARINA model family quantifies river export of

nutrients to Chinese seas by accounting for human activities on land (e.g., sewage system,
agriculture), sub-basin characteristics (e.g., land use, runoff) and retentions of nutrients
in rivers (e.g., dam retention, water consumption). The first version of MARINA model
family, MARINA 1.0, was developed and applied to six large river basins in China: the

Yellow, Liao, Hai, Yangtze, Huai, and Pearl Rivers (Strokal et al., 2016a). Subsequently,

extended versions were developed to quantify river export of nutrients to Chinese seas
in more temporal detail (e.g., MARINA 1.1) (Chen et al., 2019a), or more spatial detail
(e.g., MARINA 3.0) (Chen et al., 2019b) or from a future climate change perspective (e.g.,
MARINA 2.0) (Wang et al., 2020a).

I developed the MARINA-Lakes model based on the MARINA 1.0 (Strokal et al., 2016a).
The MARINA-Lakes model differs from other family members as follows. First, it is used

to quantify not only annual, but also the seasonal river export of nutrients to lakes. Like
MARINA 1.0, it does this by source and by sub-basin. Second, the inputs for the MARINALakes model were updated to reflect the local conditions for the two selected lakes. For
example, the outputs from NUFER model (Wang et al., 2018b) are used as inputs to the
MARINA-Lakes model for nutrient losses from agricultural activities (e.g., crop and
animal production). The NUFER model accounts for the nutrient balance in crop and

animal production at the county level. Statistical year books and the government reports
provide with local information about sewage plants (i.e., point source of nutrients) and
hydrology (i.e., river discharges) (BDMSB, 2013; BJMSB, 2013; DTMSB, 2013; IMMSB,

2013; MEP, 2013; MWR, 2000-2015; SJZMSB, 2013; SZMSB, 2013; ZJKMSB, 2013). Third,
human waste from centralized sewage systems in rural areas is included as a nutrient

source, which is not explicitly modeled in the MARINA 1.0 model. Last, river retention of
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dissolved organic N and P are accounted for in the model, whereas this is missing in
other model versions.

PCLake+ (aquatic ecosystem model)
The PCLake+ model is a complex ecological model developed to assess the trophic state

of stratified and non-stratified freshwater lakes worldwide (Janssen et al., 2019b).
PCLake+ is the updated version of PCLake model which was originally developed for
shallow lakes (Janse, 1995). Both models are known for their ability to calculate critical

nutrient loads in shallow lakes. The PCLake+ model includes biotic (e.g., phytoplankton,
submerged vegetation and a simplified food web) and abiotic (e.g., transparency and
nutrients) modules within the framework of an aquatic food web (Janse et al., 2010).

The food web starts with the lowest trophic level with submerged plants and three
groups of algae (i.e., green algae, diatoms and cyanobacteria) and ends at the top of the

food web with predatory fish. The N and P cycles in the water column and the sediment

top layer are coupled with higher levels in the food web (Janse et al., 2010). The marsh
zone is also a module of the PCLake+ model. This module involves a simplified growth
model for reed (i.e., one of the emergent macrophyte species), which is coupled with

nutrient processes in the water column and the sediment top layer of the marsh zone
(Sollie et al., 2008). The marsh zone with emergent macrophytes is connected to the
open water by flowing water between them (Janssen et al., 2019b).

I soft-linked the PCLake+ model with the MARINA-Lakes model to assess actual and

critical nutrient loads of both N and P in Lake Baiyangdian (Chapter 5). This soft-linking

was done in two ways. First, the nutrient loads in 2012 from the MARINA-Lakes model
are used as inputs to the PCLake+ model to calculate the critical nutrient loads. Second,

the critical nutrient loads from PCLake+ are compared with the nutrient loads from
MARINA-Lakes across different scenarios in 2050.
Building trust for the two models

Several options exist to evaluate model performance. Validation is commonly used to
compare model results with observations. This option requires a large set of

observations to draw solid conclusions. Observations are, however, limited for my study
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area. Strokal et al. (2016a) developed an alternative approach to build trust in models.
She refers to this as the “building trust” approach to evaluate the model performance

when observations are limited and/or not consistent with the model resolution. I
evaluated the annual and seasonal version of the MARINA-Lakes model by following the
“building trust” approach.

First, I validated the model using available data. I compared modeled results for annual
and seasonal nutrient exports to lakes with observations (Figure 2.3 in Chapter 2 and

Figure 3.2 in Chapter 3). According to Moriasi et al. (2007), the Pearson’s coefficient of
determination (RP2), the Nash-Sutcliffe efficiency (R

NSE 2)

and the root mean-

observations standard deviation ratio (RSR) were chosen as the statistical indicators for
the MARINA-Lakes model. I validated the results of the PCLake+ model with a monthly
and seasonal dataset, including five variables (Table 5.2 in Chapter 5). I used the

coefficient of determination (R2) and the mean relative absolute error (RE) to evaluate

the model results by following the previous study (Janssen et al., 2017). Validation

results provide trust in modeling annual and seasonal nutrient exports to lakes in the

Haihe Basin (Chapters 2 and 3) and quantifying the critical nutrient loads for Lake
Baiyangdian (Chapter 5).

Second, I evaluated the model inputs of MARINA-Lakes. The data sources of the
MARINA-Lakes model include statistics books, government reports and NUFER model
outputs. I consider these input sources reliable because they reflect the ideal local

conditions in China and contain the most complete information that can be used in my

modeling. For example, the NUFER model quantifies nutrient flows through the whole

food chain in multiple administrative scales (e.g., national, provincial, and county) for
many years (Bai et al., 2016b; Ma et al., 2012; Wang et al., 2018b). For my thesis, NUFER
provides consistent datasets for crop and animal production on the county scale (Wang

et al., 2018b) (Figure C.1 and C.2 in Appendix II). Specific model inputs, such as total

population, population with a sewage connection and gross domestic production, were

derived from local statistical books (BDMSB, 2013; BJMSB, 2013; DTMSB, 2013; IMMSB,
2013; MEP, 2013; SJZMSB, 2013; ZJKMSB, 2013). The hydrology dataset comes from
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annual government reports, which summarize the river discharges and runoff each year
(MWR, 2000-2015). Water consumption for sub-basins was derived from local water

resource bulletins (BDMHB, 2013; ZJKMHB, 2012) (Table A.16 and Figure A.4 in
Appendix I and Table B.6 and Table B.7 in Appendix II). Multiple parameters for the

MARINA-Lakes model, such as the river retention fractions and seasonal coefficients to
quantify seasonal soil retention of nutrients, were derived from previous studies
(McCrackin et al., 2014; Strokal et al., 2016a) (Table A.19 in Appendix I and Table B.3-

B.5 and Table B.8-B.9 in Appendix II). To run the PCLake+ model, I first adopted the
standard parameter settings (Janse, 2005). These parameters were calibrated by using

data from more than 44 lakes. Second, I defined specific settings for Lake Baiyangdian,
including water balance, nutrient loads, lake mean water depth, areas of open water and

marsh zone, fetch, wind speed, water temperature, sediment type and carry capacities
(i.e., for vegetation, zoobenthos and fish) (in Appendix IV-2). This data is specific to Lake

Baiyangdian, with sources including online datasets and references (Janse, 2005; Kirillin
et al., 2011; Wang et al., 1993; Yang et al., 2019; Yang, 2010).

Third, I reflected on the modeling approach of MARINA-Lakes. The MARINA-Lakes

model is developed based on the other MARINA family models. Several applications of
the MARINA family models for Chinese river basins have been published (Chen et al.,
2019a; Chen et al., 2019b; Li et al., 2019a; Li et al., 2019b; Strokal et al., 2016a; Wang et

al., 2020a; Wang et al., 2019). I used the modeling approaches of MARINA that are widely
applied in China and that have been evaluated for different spatial and temporal level of

detail. Details on the modeling approach and its underlying assumptions can be found

in Appendices I and II. In addition, I presented the results of my model to experts in the
study area to obtain feedback.

Fourth, I compared the results of MARINA-Lakes model with other modeling studies of
the Haihe Basin. Existing modeling studies often focus on the estimation of diffuse
sources of nutrient pollution in rivers and lakes (Table D.1 in Appendix II-D). In this

thesis, I estimated nutrient export of nutrients to lakes by distinguishing both point and
diffuse sources. Simultaneously, the MARINA-Lakes model accounts for necessary
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nutrient retentions in land and rivers. Therefore, the results of this thesis provide
comprehensive insights about river export of nutrients to lakes by season, source and
sub-basin. Furthermore, I compared critical nutrient loads for Lake Baiyangdian with

previous studies for Lakes Baiyangdian, Taihu, Chaohu and Dianchi. The results show
that Lake Baiyangdian is more resilient to external nutrient loads (Table A.6 and Table

A.7 in Appendix IV-4). These four combined approaches build trust in the MARINA-Lakes
and PCLake+ model application for my study area.

6.2.2 Strengths and Limitations of the models used in this thesis
Strengths
The models of this thesis have the following strengths:
-

The MARINA-Lakes model accounts for the seasonal patterns of river export of
nutrients to lakes.

The MARINA-Lakes model is novel in quantifying seasonal river export of N to lakes. To

my knowledge, seasonal trends in N export by rivers to lakes are not widely studied
(Glibert, 2017). The MARINA-Lakes model accounts for seasonal variability in human

activities (e.g., agriculture) and natural processes (e.g., atmospheric N deposition,
biological N2 fixation) on land, climate (e.g., air temperature) and hydrology (e.g., runoff
and river discharges) (Goshu et al., 2020; Yang et al., 2021). For example, the annual N
losses from land to rivers are distributed across seasons according to crop phenology,

local farming practices and hygro-climatic conditions (e.g., runoff and air temperature)

(Chen et al., 2019a; Goshu et al., 2020; McCrackin et al., 2014; Yang et al., 2021).

Retentions and losses of N in rivers are quantified as a function of temperature and

associated processes (e.g., denitrification), river damming and water consumption (e.g.,
irrigation) (Chen et al., 2019a; Goshu et al., 2020; McCrackin et al., 2014; Yang et al.,

2021). The model results provide quantitative information on the seasonal patterns of

nutrient export to lakes. The MARINA-Lakes model is a useful tool to provide seasonal

information for decision making to reduce eutrophication problems such as harmful
algae blooms. This is because algal blooms often last for certain seasons or months

within a year (Davis et al. 2009; Tang et al. 2006a).
-
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The MARINA-Lakes model quantifies river export of nutrients by source, form and subbasin.

MARINA-Lakes model is strong in quantifying sources of nutrient export from land to
lakes by nutrient form and sub-basin (Chen et al., 2019a; Strokal et al., 2016a; Wang et

al., 2020a). The MARINA-Lakes model distinguishes between point and diffuse sources

of nutrients in rivers draining into the lakes. Diffuse sources of nutrients in rivers include
N and P from use of synthetic fertilizers, animal manure, and human excretion on land,

atmospheric N deposition, and biological N2 fixation. Point sources of nutrients in rivers

include direct discharges of animal manure and human waste to rivers (without
treatment) and sewage systems in rural and urban areas. The MARINA-Lakes model

distinguishes between dissolved inorganic (DIN and DIP) and dissolved organic (DON
and DOP) N and P. Different forms of nutrients in rivers result from different sources.

Quantitative information on sources of different nutrient forms in rivers supports the

formulation of effective policies to reduce nutrient pollution in the lakes. For example,
DON and DOP in rivers is generally dominated by human waste and animal manure. In

contrast, most DIN and DIP in rivers is often from use of synthetic fertilizers and direct
discharges of manure. The MARINA-Lakes model quantifies nutrient exports to lakes by

sub-basin (Goshu et al., 2020; Li et al., 2019b; Wang et al., 2019). It enables a better

understanding of the origin (i.e., sub-basin) of the nutrient pollution in rivers and lakes.
This can help identify critical areas for improving nutrient management practices.
-

The MARINA-Lakes model explores future trends of nutrient exports to lakes under
socio-economic development and nutrient management policies.

MARINA-Lakes model is strong in providing new insights into how socio-economic and

nutrient management policies will affect river export of nutrients to the lakes in the

future (Li et al., 2019a; Strokal et al., 2017; Wang et al., 2020a). This had not been done
previously for my study area. Future trends of nutrient exports to the two lakes in the

Haihe Basin can be predicted by using the business-as-usual scenario (SSP3) as a
starting point. The model allows for the exploration of the effects of current
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environmental policies and development of alternative future scenarios that assume

improved nutrient management in agriculture and better wastewater treatment in cities.
The model results improve our understanding of the effects of different nutrient
management options on reducing nutrient pollution in the lakes. The results are highly

relevant for policymaking related to the evaluation of the effectiveness of current
environmental policies and exploring options to improve nutrient management in
agriculture and urbanization to reduce future nutrient pollution.
-

Linking MARINA-Lakes to PCLake+ enables assess the effects of N and P export on

water quality and aquatic ecosystem of lakes.
The linking of MARINA-Lakes and PCLake+ is a novel aspect of this thesis because it is a
new application for Lake Baiyangdian that accounts for both N and P, several critical

nutrient thresholds and provides new insights into the causes and effects of nutrient
exports to Lake Baiyangdian. Such a model system is a useful tool to analyze the effects
of nutrient export on water quality and aquatic ecosystems of lakes (Li et al., 2019b;

Wang et al., 2019). This is done by quantifying the gaps between critical nutrient loads

from PCLake+ and actual nutrient loads to the lakes from MARINA-Lakes. Critical
nutrient loads indicate the maximum nutrient loads that a water body or ecosystem

could absorb without exceeding water quality standards (Landis, 2008). The exceeding
of actual nutrient loads to water quality thresholds indicates high possibilities for water
deterioration and thus for damaging the ecosystem services of the lakes.
Limitations

The models of this thesis have the following limitations:
-

Limitations of the MARINA-Lakes model are related to the model’s structure, inputs,

parameters and scenario assumptions.
First, the MARINA-Lakes model lumps processes within a sub-basin to quantify nutrient

retentions in soils and rivers. The model uses parameter-based modeling approaches
(Chapters 2, 3 and 4) that may introduce uncertainties. However, the MARINA-Lakes
model accounts for the most important processes associated with runoff, denitrification,
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river damming and water consumption. MARINA-Lakes is based on the existing

modeling approaches that have been widely accepted and applied in China and other
regions (Chen et al., 2019a; Chen et al., 2020; Chen et al., 2019b; Goshu et al., 2020;
McCrackin et al., 2014; Strokal et al., 2016a; Wang et al., 2020a; Wang et al., 2019). The
structure of the MARINA-Lakes model is transparent, facilitating implementation for

future projections to assess the impact of management options on river export of
nutrients to lakes.

Second, model inputs for MARINA-Lakes were derived from a number of sources, such
as statistics books, government reports and the NUFER model (BDMSB, 2013; BJMSB,

2013; DTMSB, 2013; IMMSB, 2013; MEP, 2013; MWR, 2000-2015; SJZMSB, 2013; SZMSB,
2013; Wang et al., 2018b; ZJKMSB, 2013). To my knowledge, these data sources are the
most complete and reliable in China. However, uncertainties exist when adjusting model

inputs from those sources to the required spatial and temporal levels of detail. For

example, I ignored seasonal variations for point sources (e.g., animal manure) when I
developed a seasonal version of the MARINA-Lakes model (Chapter 2). In reality, some

seasonality may occur because manure may be stored in winter and then applied to

crops in spring and summer. This uncertainty may result in overestimation of nutrient
export in winter and underestimation of nutrient export in summer (Chapter 2).
Moreover, the MARINA-Lakes model misses some nutrient sources such as aquaculture

and local industries. Nevertheless, I believe that my main conclusions for the drainage
areas of the two studied lakes are not greatly affected by this simplification.

Third, I explore the future with several scenarios. By definition, the future is uncertain.

Therefore, assumptions are helpful in developing future scenarios to explore trends in

societal developments and nutrient pollution (Chapters 3 and 4). Assumptions are also
uncertain. I used the business-as-usual scenario as a reference scenario for the future of

China, which was developed based on the global SSPs storylines for China’s food system

in 2050 (Wang et al., 2017). Although this scenario is based on global trends, it accounts
for trends in China and considers intensive human activities (i.e., crop and animal

production) and population growth. I developed alternative scenarios to better reflect
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future trends in the local developments of my study areas. In my alternative scenarios, I
incorporated trends in the local practices such as a new urban development (i.e.,
Xiong’an) based on local governmental reports (GOV, 2019)(Chapter 3 and 4).
-

Limitations are related to the estimation of critical nutrient loads by applying PCLake+
and the linkage of the MARINA-Lakes and PCLake+ models.

The annual critical nutrient loads in this thesis are the average concentrations of TN, TP

and chl-a during summer, which is considered the most critical period of a year. However,
the critical nutrient load may vary across seasons (Chapter 5). The seasonal pattern of

actual nutrient loads was highest in winter and lowest in summer (Chapter 2). The

effects of actual nutrient loads in winter on lake ecosystems are limited considering low
primary production. In addition, the impact of climate change on the critical nutrient

loads is not explicitly accounted for in my study of Lake Baiyangdian (Chapter 5). Critical
nutrient loads will likely decrease due to climate change because climate change may
result in the increasing water temperature which is beneficial for the growth of algae
(Mooij et al., 2007; O'Reilly et al., 2015; Schneider and Hook, 2010). Nutrient loads from

land to lakes will likely increase due to the higher runoff associated with increasing
precipitation. Therefore, I may underestimate the gaps between the actual load and the
critical nutrient load in this thesis (Chapter 5).

The linkage of MARINA-Lakes and PCLake+ models results in uncertainties with regard

to the comparison between nutrient loads for current and future years, as well as critical
nutrient loads. The critical nutrient loads were calculated as total N and P by PCLake+.

However, nutrient loads for current and future years derived from MARINA-Lakes only

account for the dissolved N and P. Therefore, the comparison between them may
underestimate the effects of nutrient loads on water quality and lake ecosystem of Lake

Baiyangdian. For example, P loads seldom exceed the water quality thresholds according
to my results (Chapter 5), yet the actual loads may exceed the thresholds if the
particulate P is accounted for.

6.2.3 Comparison to other modeling approaches
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Two different types of models are used in this thesis. MARINA-Lakes is a basin-scale
nutrient export model, while PCLake is a complex dynamic model accounting for

nutrient cycles in the food web of lakes. Below, I compare MARINA-Lakes to other basin-

scale nutrient export models and PCLake+ to other aquatic ecosystem models (i.e., lakescale).

Basin-scale nutrient export models
Basin-scale nutrient export models are often applied to estimate nutrient losses from
land to water systems such as rivers, lakes and coastal waters. In China, models such as
Global NEWS-2 (Mayorga et al., 2010), MARINA (Chen et al., 2019b; Strokal et al., 2016a;

Wang et al., 2020a) and IMAGE-GNM (Beusen et al., 2016) have been applied to the large
basins (e.g., Yellow, Yangtze and Pearl rivers). In this section, I compare models that have
been applied in the Haihe Basin for specific basins, reservoirs or lakes (Table 6.1). These

are the export coefficient model (ECM) (Ceng and Wang, 2017; Hou et al., 2017a; Wang
et al., 2020b; Zhang et al., 2018), Generalized Watershed Loading Function (GWLF) (Du
et al., 2014), Soil and Water Assessment tool (SWAT) (Dong et al., 2018; Wang et al.,

2014c) and Hydrologic Simulation Program FORTRAN (HSPF) (Chen et al., 2013a; Qiu et
al., 2018).

The ECM calculates nutrient losses from land to water systems by accounting for land

use, livestock, population and atmosphere deposition (Johnes, 1996). This model has

been widely used in the simulation of nutrient loads resulting from diffuse sources to
water systems. The model is relatively simple and does not require many parameters

(Cai et al., 2018, Liu et al., 2015). However, the model is limited in representing the
spatial variability of factors such as topography, soil type and other human activities that

affect nutrient losses from land to water systems (Chaplot et al., 2005). Moreover, the
export coefficients of the model are fixed through all hydrological years and seasons.
Thus, the model does not reflect seasonal and inter-annual changes in nutrient exports.

The GWLF estimates water quantity, sediment and nutrient loads from different land use
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types (e.g., cropland, forest land, residential areas) to water systems (Swaney et al.,
1996). Diffuse sources include rural runoff, urban runoff, groundwater and septic tanks.

Point sources can be added to the model if necessary. The GWLF is a semi-distributed,
semi-empirical model that distinguishes monthly loads of TN, TP, TDN and TDP (Wang
et al., 2013). In addition, GWLF analyzes the impacts of climate change on hydrology and
nutrient exports in the future. However, this model is more suitable for the meso-scale
basin (<10,000 km2) (Zhao et al., 2016).

The SWAT calculates pollutant fluxes based on hydrological response units, and the

outputs are further aggregated to basins (Dong et al., 2018; Wang et al., 2014c). Thus,
this model is applicable to both large and small basins, especially for predominantly

agricultural basins. Moreover, SWAT is a dynamic model, providing high-resolution
results of multiple pollutants (e.g., total N and P, pesticides, heavy metals) at daily,

monthly or seasonal scales. The spatial and temporal scales rely on the model inputs.
However, the demand for data is high. Therefore, the SWAT model is often applied to past

and present years. It is challenging to predict future trends of nutrient export from land

to water systems. Moreover, the output of SWAT cannot explicitly provide the source
attribution of nutrient loads to water systems.

The HSPF simulates changes in water quantity and quality (Dong et al., 2009). The HSPF
model is based on hydrological response units as SWAT, but it is more useful for long-

term continuous simulations for mixed agricultural and urban basins (Borah and Bera,

2003). The HSPF model also provides high-resolution temporal results at daily, monthly
or seasonal scales. The HSPF predicts the concentration of different forms of N and P,
pesticides and other water pollutants.

Differences exist between the aforementioned models (Table 6.1) in spatial and

temporal level of details and in modeling approaches for nutrient cycling (Table 6.1).

The spatial level of detail for EMC and GWLF is basin. The SWAT and the HSPF can take

hydrological response units for calculations, then aggregated to different scale basins
according to research objectives. The temporal level of detail is annual for EMC. The

SWAT, GWLF and HSPF models allow for inter-annual analyses of nutrient exports such
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as seasonal and monthly simulations. The SWAT and the HSPF can estimate nutrient

exports on a daily scale. Modeling approaches for nutrient cycles are different. ECM is a
steady-state model. However, SWAT, GWLF and HSPF are dynamic models that account
for hydrology, sediment and pollutant transport processes.

Other differences are in nutrient forms, sources, outputs and applications. The ECM and
the SWAT focus on total N and P, but GWLF can also quantify TDN and TDP. The HSPF
quantifies different forms of nutrients such as ammonia and nitrate. The HSPF model

distinguishes diffuse and point sources of nutrients to water systems. The SWAT and

GWLF models are often used to estimate nutrient exports from diffuse sources. The EMC
only focuses on diffuse sources, estimating nutrient losses from land use, livestock, rural

living, and atmospheric deposition. The SWAT, GWLF and HSPF quantify the water
quantity, sediment and nutrient loads to rivers or their outlets. The GWLF and HSPF

provide source attribution. Moreover, the GWLF model predicts future changes in water
quantity and nutrient loads under possible scenarios.

Based on the comparisons of the existing models, I consider the MARINA-Lakes model
to be appropriate for this thesis for three reasons. First, MARINA-Lakes can quantify

river export of different forms of N and P to lakes by season, source and sub-basin. This
enables a better understanding of the causes of nutrient exports from land to lakes.

Second, MARINA-Lakes is a comprehensive and transparent model. The data

requirements are such that it is possible to apply for the regions with limited data. Third,
scenario analysis can be applied to predict future trends of nutrient exports to lakes.

This information supports formulation of effective nutrient management strategies
under climate change and human activities (e.g., urbanization, intensive livestock
production) in the future.
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Table 6.1 Comparison of selected nutrient export models that have been applied to the Haihe Basin

168 | Chapter 6

Aquatic ecosystem models (lake-scale)
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Aquatic ecosystems, including rivers, wetlands, lakes and estuaries, are essential

components of basins. The application of aquatic ecosystem models can help to estimate
ecological thresholds by simulating ecosystem responses to external drivers (e.g.,

nutrient loads and climate change) or simulate the spatial-temporal variability of water
quality. Here, I discuss examples of lake-scale ecosystem models that are capable of
estimations for ecological thresholds.

Nelson et al. (2018) and Tong et al. (2019) applied the machine learning approach to
quantify the relationship between lake indicators of water quality thus estimating
ecological thresholds. This method builds on a large quantity of measured data. The
Vollenweider model adopts the mass-balance method to estimate water quality and

ecological nutrient loads (Chang and Hong, 2019; Kong et al., 2015; Lee and Jones, 1981;
Xu et al., 2016). This model accounts for the transport and transformation processes of

nutrients (Rucinski et al., 2007). For example, nutrients are removed from the lake
mainly through water outflow, sedimentation, macrophyte uptake and biological

denitrification (only for N) (Xu et al., 2016). Nitrogen and P are assumed to uniformly
mix within the lake over time (Vollenweider, 1975). Thus, the Vollenweider model is

limited in the application for possible scenario analysis (Cuddington et al., 2013).
Moreover, the Vollenweider model is based on calibrated data and thus is not flexible in
the application to lakes with different characteristics (e.g., climate, phytoplankton

community and food web structure) (Janssen et al., 2019a). Additionally, the

Vollenweider model does not account for the impact of food web structure on nutrient

removal. For example, nutrients can be taken up by microplankton and submerged
macrophyte which are important components of the lake food web (Kuiper et al., 2015;
Kuiper et al., 2017).

To better understand the response of lake ecosystems to changing nutrient loads, I chose
the PCLake+ model to draw the load-respond curves and then estimated ecological

thresholds. There are four reasons why I selected PCLake+ in my thesis. First, the
PCLake+ model is a complex dynamic model, accounting for closed nutrient cycles
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within the food web. Second, many important processes are involved in the model, such
as the interactions between water and sediment, as well as nutrient competition
between three types of phytoplankton and submerged macrophyte. Third, PCLake+ can
conduct bifurcation analysis, which helps to simulate the two load-response curves. The
first load-response curve shows the response to eutrophication starting with the clear

state, the other is the load-response curve showing the response to oligotrophication
starting with the turbid state. Forth, ecological thresholds derived from the loadrespond curves provide new insights into effective nutrient management.

6.3 Lessons and future outlook

6.3.1 Lessons for modeling nutrient losses to the lake
Based on my study, I draw four main lessons.

Lesson 1: Downscaling annual inputs of nutrients to seasonal inputs supports a better
understanding of temporal trends in river exports of nutrients to lakes.
In this thesis, I developed a seasonal MARINA-Lakes model to analyze seasonal patterns
of river export of nutrients to lakes (Chapter 2). Hydrology is an important factor

affecting N transport from land to rivers (Chen et al., 2019a; Goshu et al., 2020;

McCrackin et al., 2014). The seasonal MARINA-Lakes model accounts for this factor by
applying seasonal runoff and river discharges in modeling nutrient exports. This model

accounts for seasonal variability in human activities (e.g., agriculture), natural processes

(e.g., atmospheric N deposition, biological N2 fixation) and climate (e.g., air temperature).

The net effect of anthropogenic factors, natural processes, climate and hydrology
provides new insights into the temporal trends in river exports of nutrients to the lakes

especially for the regions with intensive agriculture and low retention during certain

seasons. I applied the seasonal MARINA-Lakes model to the sub-basins of Guanting
Reservoir and Lake Baiyangdian as illustrative examples. I learned that downscaling

annual inputs to seasons can help us to better understand the temporal trends of river

export of nutrients to lakes. This seasonal model can also be applied to other lakes
experiencing nutrient pollution problems and lacking understanding of the relevant

temporal trends.
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Lesson 2: Scenario analysis is a useful tool to explore mitigation solutions for river export
of nutrients to lakes associated with future urbanization.
I applied scenario analysis with the MARINA-Lakes model in this thesis (Chapter 3). I

showed the usefulness of using the scenario analysis to explore solutions under future

urbanization. In my thesis, I applied the Shared Socio-economic Pathways-3 to reflect

on future socio-economic developments and combined them with two important events:
the Winter Olympic Games in Guanting basin and the establishment of Xiong’an new

area around Lake Baiyangdian (Chapter 3). Future river export of nutrients to lakes will
likely be affected by future urbanization due to increasing population and food demand.

Nutrient management solutions in agriculture should be the next step for the Guanting

basin. Considering the tradeoff between food provision and environmental effects, a
specific solution is needed for effective manure utilization and mitigation of nutrient

losses from urban waste streams in the Baiyangdian basin (Chapter 3). By analyzing

causes and future trends, specific solutions to reduce nutrient pollution can be indicated
for specific lakes.

Lesson 3: Using an indicator for reallocating manure across areas may be useful in future
modeling exercises.
I applied an indicator to reallocate manure across areas when I developed a series of
alternative scenarios based on livestock production policies and an optimistic solution

(Chapter 4). This indicator is simple but can provide deeper insight into the areas where

manure is excessive or lacking according to crop demand. This indicator can be used to
develop future scenarios and support assumptions on reallocating manure. It supports

the exploration of the effects of certain livestock policies on reducing nutrient pollution.
Lesson 4: Linking two different models for the same study area helps to better understand
nitrogen and phosphorus pollution in lakes.
I linked the MARINA-Lakes and PCLake+ models to better understand the causes and

effects of N and P pollution in two Chinese lakes (Chapters 2, 3, 4 and 5). The MARINA-
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Lakes model is a transparent model that provides temporally and spatially explicit
outputs. These results help identify the causes of nutrient export to lakes and their

origin (i.e., sub-basin) over time (Chapters 2, 3 and 4). The PCLake+ model is known for

its ability to estimate critical nutrient loads of lakes, which can help to assess the effects
of nutrient exports from land on the water quality and ecosystem state of lakes (Chapter
5). Linking the MARINA-Lakes and PCLake+ models is also possible for other lakes in
China and the world. For example, this linking approach for N and P has been used in
Lake Dianchi (Li et al., 2019b) and Lake Taihu (Wang et al., 2019).

6.3.2 Future outlook
-

Recommendations for science aiming to improve model approaches

Based on my results, the following recommendations can be made for future modeling
studies. To model nutrient exports to lakes by MARINA-Lakes (i.e., the basin-scale

nutrient export model), the following steps are recommended. Firstly, the model can be
improved by including specific locations of livestock farms and by adding missing

sources such as aquaculture and local industries that are not included in the current
MARINA-Lakes model. Secondly, the model does not explicitly account for nutrient

pollution in groundwater in China. Nitrate concentrations in groundwater frequently
exceed the World Health Organization quality standard for drinking water of 50 mg L-1.

This happens especially in the intensively managed agricultural regions in northern
China (Lu et al., 2019). It is important to analyze the causes of nutrient pollution in

groundwater and to explore mitigation solutions by expanding the MARINA-Lakes

model with a ground-water module. Third, scenario analyses need to consider not only
the reduction of nutrient pollution but also the social and economic feasibility when
exploring possible options in future studies. In future studies, this could be done via

participatory approaches that involve stakeholders in scenario development. Finally, to

better validate the models, more experimental data is needed. I recommend that water
quality be systematically monitored in river and lake water.

To estimate critical nutrient loads by PCLake+ (i.e., the aquatic ecosystem model), the
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following steps are recommended. Firstly, the estimation of critical nutrient loads needs
to account for spatial heterogeneity within the lake water and temporal variation of

nutrient exports to the lake. Spatial variation within lake water could lead to variable

load-response curves and therefore critical nutrient loads could vary throughout the
lake (Janssen et al., 2017). The critical nutrient load may change across seasons due to
the seasonal patterns of nutrient exports to the lake. Secondly, the future changes of
climate and N/P mass ratio (gN/gP) could be accounted in calculating critical nutrient

loads. Climate change can result in heat uptake by natural lakes (Vanderkelen et al., 2020)
and observed surface temperatures of lakes have increased rapidly in recent decades
(O'Reilly et al., 2015; Schneider and Hook, 2010). Therefore, the critical nutrient loads

could decrease due to climate change (Mooij et al., 2007). Moreover, critical nutrient
loads have been found to decrease with the increasing N/P mass ratio during
oligotrophication (Chang et al., 2020).
-

Recommendations for improving nutrient management

Clean water is necessary for human activities and for protecting biodiversity. It is also

connected with one of the Sustainable Development Goals (SDGs) of the United Nations
(UN) for water quality (UN, 2015a). It is SDG 6 “Clean water and sanitation”. In recent

years, the Chinese government has made major efforts to keep water quality high. A
series of aquatic environmental policies have been introduced and implemented,

including controlling industrial wastewater (GOV, 2015a), enhancing connections and
improving treatment in sewage systems in urban and rural areas (MDRC and MOHURD,

2016; MEP and MOF, 2017), and managing agricultural nutrients (e.g., fertilizer use and
recycling animal manure) (MOA, 2015a; MOA, 2015b). My thesis indicates that

urbanization and livestock production are the main causes of increased nutrient exports

from land to lakes (Chapters 3 and 4). I assessed the effects of the Chinese policies on
reducing future water pollution in Chapter 3.

Direct discharge of animal manure to rivers has become an important source of nutrient
exports to lakes (Chapters 2, 3 and 4). Therefore, China introduced a policy of
“strengthening prevention and control of N and P pollution from point sources” (MEE,
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2018). Moreover, in 2014, the publishment of the “Regulation on the Prevention and

Control of Pollution from Large-Scale Breeding of Livestock and Poultry” (Li, 2013)
indicated that the policy objective of livestock production shifts from nutrient pollution

control to the comprehensive utilization of resources and sustainable development (Hu

et al., 2021). The action plan and its follow-up policies highlight the new idea of
rebuilding the links between livestock and croplands and recycling animal manure (Hu

et al., 2021). Rebuilding the links between livestock and croplands at a regional scale is

an optimistic strategy, providing opportunities for the sustainable development of

intensive agriculture in China (Jin et al., 2020a). In Chapter 4, I assessed the impact of
this optimistic strategy on river exports of nutrients to lakes and compared nutrient
loads with critical nutrient loads in Chapter 5. I provided illustrative examples of how to

use integrated water quality models to explore solutions for safeguarding agricultural
production and reducing nutrient pollution in lakes in China. This can serve as a basis
for future spatial planning and structure adjustment of livestock production in China.

Nutrient pollution management in water systems is moving from point source control

to basin management in China (Xu et al., 2019). Basin management aims to meet water

quality standards for rivers and lakes. To achieve this aim, the causes of nutrient
pollution first need to be analyzed by applying an integrated and systematic approach,

then the effects of nutrient pollution need to be mitigated by implementing precise

measures (e.g., in key periods, areas and sources) (MEE, 2019). This thesis contributes

to basin management for protecting lake water quality. In Chapter 2, river export of N to
the Guanting Reservoir and Lake Baiyangdian was highest in winter and lowest in
summer; avoiding manure discharges in winter is thus needed to reduce lake pollution.

In Chapters 3 and 4, river exports of nutrients to Guanting Reservoir and Lake

Baiyangdian were estimated by sub-basin and by source. The MARINA-Lakes model

applied in Chapter 2, 3 and 4 helps water managers to locate key periods, areas and
sources, thereby implementing effective measures for future basin management.

In addition, the focus of pollution control in China is shifting from water quality control

exclusively to include maintaining ecosystem health. Chapter 5 of this thesis is relevant
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in this respect. In Chapter 5, I identified critical nutrient loads by applying a complex
ecological dynamic model (i.e., PCLake+). Critical nutrient loads can be used as an

indicator representing the ecosystem state of lakes, as it shows whether the lakes receive

excessive nutrient loads that can cause eutrophication or the shift of ecosystem states
(i.e., clear or turbid). By comparing the nutrient loads in different scenarios (derived
from MARINA-Lakes model) with the critical nutrient loads (derived from PCLake+

model), the possible nutrient management in sub-basins of the lake were discussed. This
linking model serves as a starting point to explore nutrient management strategies for
sub-basins aiming to protect lake ecosystem health in future.

6.3.3 Closing remarks

Both industrialization of livestock production and urbanization are rapidly developing

in China, leading to increasing environmental issues. The Chinese government aims to

harmonize the relationship between human and environment. This PhD thesis provides
a relevant and comprehensive tool: the MARINA-Lakes model. This model enables a
better understanding of the causes and future trends of nutrient exports from land to
the lakes of Haihe Basin. This new information is useful to formulate effective solutions.

By linking the MARINA-Lakes and the PCLake+ models, I present a new tool to assess
the effects of N and P exports from land on the lake ecosystem. This is a starting point

for future nutrient management at the sub-basin scale based on the thresholds of lake
ecosystems.

I believe that my PhD thesis will serve as an example for the sub-basins of other lakes

for future effective nutrient management within and outside of China. The linking model

framework can be applied to other sub-basins of lakes in the semi-arid areas, which have

similar characteristics to the sub-basin lakes in the Haihe Basin (e.g., precipitation,
seasons and agricultural activities).
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Mooij WM, Janse JH, De Senerpont Domis LN, Hü lsmann S, Ibelings BW. Predicting the effect of
climate change on temperate shallow lakes with the ecosystem model PCLake.
Hydrobiologia 2007; 584: 443-454
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The Appendices contain additional information to the following chapters of the PhD
thesis:
-

Chapter 2 (accepted as Yang et al., 2021)

Chapter 3 (published as Yang et al., 2019)
Chapter 4 (will be submitted)
Chapter 5 (will be submitted)

The text, figures and table of the Appendices from the published article and to be
submitted have been adjusted to the PhD thesis format (e.g., the numbering and

formatting). This includes editorial changes for the consistency of presentation in this
PhD thesis. The adjusted PhD thesis version of the Appendices is available on request
(jjphoenix@163.com). The published versions of the Appendices are available online
with the published articles.
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Lakes and their drainage basins provide important ecosystem services and natural
resources to support human development. However, many rivers and lakes have become
polluted and eutrophied. This is causing environmental and socio-economic problems
globally, as well as in China.

Haihe Basin is one of the largest river basins of China, located in North China. There are
many human activities in the Haihe Basin because it is the politic-economic center of

China. However, the water systems in Haihe Basin are polluted and water shortage is a

serious issue. There are more than 1,000 reservoirs and natural lakes in Haihe Basin. In
this thesis, I choose Guanting Reservoir (major water resource of Beijing) and Lake

Baiyangdian (rapidly urbanizing) as case studies. The Guanting and Bayangdian basins
together host over 24 million people.

The increasing nutrient exports from land to the Haihe lakes and reservoirs can be
attributed to rapid urbanization and agricultural production. However, there are
important knowledge gaps about these nutrient flows. First, there is a lack of

information on the seasonal and annual variability in these nutrient flows. Second, the
knowledge about future trends in river export of nutrients is limited. Third, there is a

lack of studies that estimate the critical nutrient loads of the lakes in Haihe Basin. Finally,
there is a lack of studies exploring possible pathways to reduce nutrient pollution in
these lakes.

Basin-scale nutrient export models are useful tools to understand the causes of nutrient
exports from land to water systems, and to explore effective solutions. The MARINA
family models can quantify flows of different forms of nutrients from land to coastal

water areas by source and by sub-basin for current and future years. However, these
models have not been applied to the sub-basins of lakes in China while accounting for
seasonal variation. Another group of models are aquatic ecosystem models (such as
PCLake+), that can help to estimate critical nutrient loads. Critical nutrient loads reflect

the amount of nutrients that the aquatic ecosystem can absorb. Linking basin-scale
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nutrient export models and aquatic ecosystem models for nitrogen and phosphorus can

provide new insights in how to reduce external nutrient loads so that critical nutrient
loads in lakes or reservoirs are not exceeded.

The main objective of this research is, therefore, to improve our understanding of
nutrient flows from land to the two lakes in the Haihe Basin, and possibilities to reduce

this pollution in the future. To this end, I formulated four sub-objectives on the causes

and future trends of nutrient pollution from land to the lakes (sub-objectives 1, 2, 3)
and the effects of nutrient pollution on the lakes (sub-objective 4).

Sub-objectives focusing on the causes and future trends are as follows:

1. To better understand the seasonal trends in river export of dissolved inorganic
nitrogen (DIN) to the two lakes of the Haihe Basin (Chapter 2).

2. To analyze future trends in nutrient inputs into Guanting Reservoir and Lake
Baiyangdian in the Haihe Basin (Chapter 3).

3. To explore options to reduce nutrient losses from livestock production to Lake
Baiyangdian from 2012 to 2050, taking urbanization into account (Chapter 4).

The sub-objective focusing on the effect is as follows:

4. To compare nutrient loads for current (2012) and future years (2050) with critical
nutrient loads of Lake Baiyangdian, and to discuss the possibilities for nutrient
management in sub-basins of Lake Baiyangdian (Chapter 5).

Chapters 2, 3 and 4 focus on the causes and future trends of nutrient exports to Guanting

Reservoir and Lake Baiyangdian. I started with developing a seasonal version of the

MARINA-Lakes (Model to Assess River Inputs of Nutrients to lAkes) model which
accounts for the seasonality in human activities (e.g., cropping systems, fertilizer

practices), climate and hydrology (Chapter 2). I analyzed the seasonal patterns of river

export of dissolved inorganic nitrogen (DIN) to two lakes. Four seasons were defined:
winter (December-February), spring (March-May), summer (June-August), and fall

(September-November). I found that river export of DIN was highest in winter and

lowest in summer for the year 2012. Point sources contributed over 50% of DIN exports
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to Guanting and Baiyangdian across seasons. It is necessary to avoid direct discharges of
animal manure (point source) in winter in order to reduce future lake pollution. I

concluded that effective lake pollution control requires accounting for seasonal N cycles.

Next, I analyzed future trends in nutrient exports to Guanting Reservoir and Lake
Baiyangdian by applying the MARINA-Lakes model (Chapter 3). For future trends
between 2012 and 2050, I firstly assumed a business-as-usual scenario (SSP3), and the

scenario based on current environmental policies (CEP). Then two scenarios (OLY and
URB) about two important events in the Guanting and Baiyangdian basin (the 2022
Olympic Winter Games, and the development of Xiong’an) were developed. Last, two
scenarios were assumed to implement advanced technologies to reduce nutrients in
rivers (OLY+ and URB+). The main finding of this chapter was that nutrients in Guanting

Reservoir and Lake Baiyangdian were mainly from agriculture in 2012. Between 2012
and 2050, nutrient export doubles in SSP3, and effective implementation of current
environmental policies could reduce the future pollution to below that in 2012. For

Guanting basin, I found that reducing nutrient losses from agriculture may be more

effective to improve water quality than urban wastewater treatment (OLY and OLY+).
For Baiyangdian basin, I found that urbanization may increase river export of nutrients

to the lake. Highly effective waste treatment is needed in both Xiong’an and surrounding
areas to reduce nutrient exports to the lake (URB and URB+).

In Chapter 4, I applied the MARINA-Lakes model to explore options to reduce nutrient

losses from livestock production to Lake Baiyangdian from 2012 to 2050. To this end, I
developed and implemented a baseline scenario (BL) and three scenarios describing the

implementation of the Restrict Livestock production Policy (RLP), Recycling Manure

Policy (RMP) and Optimistic Nutrient Management (ONM) for 2050. The main finding of
this chapter was that river export of nutrients may double (BL) and Restrict Livestock
production Policy may not be efficient to decrease nutrient pollution (RLP) between

2012 and 2050. Recycling Manure is an efficient policy to reduce river export of most
nutrients in 2050 compared to 2012 (RMP). In ONM, the manure management and
reallocating manure could reduce river export of all nutrients by a factor of 2-3 between
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2012 and 2050.

Chapter 5 focuses on the effects of nitrogen and phosphorus loads on the aquatic

ecosystem. I compared current and future nutrient loads with the critical nutrient loads
of Lake Baiyangdian, and then discussed the possibilities for nutrient management in

sub-basins of Lake Baiyangdian (Chapter 5). To this end, the PCLake+ model was applied
to estimate the critical nutrient loads. Four critical nutrient loads were identified based
on the water quality standard: chlorophyll a (20 μg L-1 or 50 μg L-1), total nitrogen

concentrations (1 mg L-1) and total phosphorus concentrations (0.05 mg L-1). The main
finding of this chapter was that nitrogen (N) loads exceeded the water quality threshold

and that phosphorus (P) loads were below all water quality thresholds in 2012. I found

that nutrient loads of N and P may exceed the water quality thresholds in 2050 with
limited environmental policies (SSP3 and RLP). Nutrient loads may increase to above

the water quality thresholds due to future urbanization (URB and URB+). I concluded
that recycling and reallocating animal manure is needed to stay below water quality
thresholds in the future (RMP and ONM).

In Chapter 6, I discussed the main findings of this thesis, and drew four main lessons.
These lessons are 1) Downscaling annual inputs of nutrients to seasonal inputs supports

a better understanding of temporal trends in river exports of nutrients to lakes, 2)

Scenario analysis is a useful tool to explore mitigation solutions for river export of
nutrients to lakes associated with future urbanization, 3) Using an indicator for

reallocating manure across areas may be useful in future modeling exercises, 4) Linking
two different models (MARINA-Lakes and PCLake+) for the same study area helps to
better understand N and P pollution in lakes. In this chapter, I also formulated

recommendations for future research and nutrient management. Future research could
further improve nutrient modelling by accounting for the locations of point sources and

spatial-temporal changes of critical nutrient loads. Additionally, I recommend to use the
model approaches of this thesis to identify the key periods, areas and sources of nutrient
pollution for comprehensive nutrient management in lake basins. My linked model

approach can be used as a starting point to explore nutrient management strategies for

sub-basins aiming to protect lake ecosystem health.
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湖泊及其流域为人类的生存和发展提供了重要的自然资源和生态系统服务。然
而，全球范围内包括中国的许多河流和湖泊正在经历水环境污染和富营养化，
进而引发一系列社会经济问题。海河流域是中国的政治经济中心之一，人类活
动密集，水环境污染和水资源短缺严重。快速的城镇化和密集的农业生产使得
陆地向海河流域水环境输出的氮磷养分不断增加，是造成上述生态问题的主要
原因。然而，氮磷养分从陆地向水环境的输出研究较少，存在尚未解决的科学
问题，主要表现在以下四个方面。第一，缺乏氮磷养分从陆地向水环境输出年
度和季节变化特征的分析；第二，缺乏氮磷养分从陆地向水环境输出未来变化
趋势的预测；第三，缺乏对海河流域湖泊氮磷负荷阈值预测的研究；最后，缺
乏探索以满足湖泊氮磷负荷阈值为目标，减少流域氮磷养分输出调控措施的研
究。
流域尺度的养分输出模型是分析氮磷养分从陆地向水环境输出特征，并探索可
能解决方案的有效工具。MARINA (Model to Assess River Inputs of Nutrients to
seAs)系列模型在子流域尺度从不同养分来源量化当前和未来不同形态氮磷从陆
地向海洋输出的变化趋势。该模型已经用于分析中国多个流域过去（19702000）、现在（2010，2012）及未来（2030-2050）氮磷养分的输出情况，可以
很好地评估国家有关农业和环保政策，管理措施以及先进技术的实施效果，为
实现流域水环境可持续发展提供了新思路和新方法。但是该系列模型目前在中
国较少在湖泊流域的应用。水生生态系统模型可以帮助估算湖泊养分负荷阈值
（如PCLake+模型）。养分负荷阈值是指在维持水生生态系统良好状态的情况
下，该生态系统能够容纳养分的最大量。将流域尺度的养分输出模型与水生生
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态系统模型联系起来，可以为如何减少流域养分输出提供新的见解，从而满足
湖泊或水库中的湖泊养分负荷阈值的要求。
海河流域有1000多座水库和天然湖泊，本论文以其中的官厅水库和白洋淀作为
案例开展研究，针对上文陈述的科学问题，应用联合模型的方法，旨在揭示海
河两个湖泊流域氮磷养分输出的时空分布特征，分析未来可能的变化趋势并探
索湖泊流域氮磷养分优化调控途径。为此制定了以下4个研究目标：
揭示原因和预测未来变化：
1. 揭示海河两个湖泊流域溶解性无机氮输出的季节变化特征（第二章）
2. 预测海河官厅水库和白洋淀两个湖泊流域氮磷养分输出的未来变化趋势
（第三章）
3. 基于雄安新区城市化因素，探索未来减少畜牧生产氮磷养分输出对白洋淀
水环境影响的解决方案（第四章）
探索基于水生生态系统阈值的养分调控途径：
4. 比较当前和未来白洋淀流域氮磷养分输出负荷与白洋淀养分阈值的差异，
探索白洋淀流域可能的养分调控途径（第五章）
第二章、第三章和第四章的研究重点揭示官厅水库和白洋淀氮磷养分输出的原
因和未来趋势。首先，第二章开发MARINA-Lakes（湖泊流域养分输出）季节
模型，该模型综合考虑人类活动（如耕作制度、施肥方式）、气候和水文的季
节性（第二章），分析流域河流向两个湖泊输出溶解性无机氮（DIN）的季节
变化特征。本章确定了四个季节：冬季（12月-2月）、春季（3月-5月）、夏季
（6月-8月）和秋季（9月-11月）。研究结果表明，2012年，河流中DIN的输出
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量在冬季最高，夏季最低。点源在不同季节对两个湖泊流域DIN输出量的贡献
均在50%以上。为了减少未来的湖泊污染，有必要避免在冬季直接排放畜禽粪
污（点源），有效的湖泊污染控制措施需要考虑流域氮输出的季节变化特征。
接下来，本论文应用MARINA-Lakes模型分析了官厅水库和白洋淀流域氮磷养
分输出的未来趋势（第三章）。本章基于全球社会经济发展情景之一SSP3，开
发设计了一系列针对两个湖泊流域的未来情景，包括：基于当前环境政策的情
景（CEP），两个重要事件（2022年冬奥会、雄安新区建设）的情景（OLY和
URB），应用高效污染治理技术减少河流氮磷养分输出的情景（OLY+和
URB+）。研究发现，2012年官厅水库和白洋淀流域氮磷养分输出的主要贡献
来自农业生产。到2050年氮磷养分输出量增加了一倍（SSP3情景），有效实施
当前的环境政策可以将未来的污染降低到2012年以下（CEP情景）。对于官厅
水库流域，减少农业氮磷养分损失可能比建设城市污水处理设施更能有效地改
善水质（OLY和OLY+情景）。对于白洋淀流域，研究结果表明未来的城市化
可能会增加河流向湖泊输出的氮磷养分量；为了减少流域向白洋淀的氮磷养分
输出量，高效的污水处理设施需要在流域内从雄安地区推及到其他上中游区域
（URB和URB+）。
第四章重点讨论了2012年至2050年减少畜牧生产向白洋淀输出氮磷养分的方
案。在应用MARINA-Lakes模型的基础上，制定并实施一个基线情景（BL）和
三个替代情景，分别描述了限制畜牧生产政策（RLP）、畜禽粪污循环利用政
策（RMP）和优化氮磷养分管理（ONM）。研究结果表明，2012年至2050年
期间，流域养分输出可能翻倍（BL），限制畜牧生产的政策可能无法有效降低
氮磷污染（RLP）。与2012年相比，畜禽粪污循环利用是一种更加有效的政
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策，可以在2050年减少大部分氮磷养分的输出量（RMP）。在ONM情景中，
畜禽粪污的循环利用管理和重新分配可以在2050年将不同形态的氮磷输出量减
少2-3倍。
第五章深入讨论流域氮磷养分负荷对水生生态系统的影响。通过比较当前和未
来的氮磷养分负荷与白洋淀氮磷养分阈值，讨论白洋淀流域可能的养分调控途
径。通过应用PCLake+模型，针对中国地表水环境质量标准（氮和磷）和富营
养化国际标准（叶绿素），包括叶绿素-a（20μg L-1或50μg L-1）、总氮浓度
（1mg L-1）和总磷浓度(0.05mg L-1)，最终在白洋淀估算确定了四种氮磷养分阈
值。研究结果表明，2012年流域输出氮负荷超过了养分阈值，流域输出磷负荷
低于所有养分阈值。另外，在有限的环境政策下，2050年流域氮磷养分输出负
荷可能会超过养分阈值（SSP3和RLP）。雄安新区建设带来的快速城市化，可
能会导致流域氮磷养分输出负荷增加到高于水质阈值的水平（URB和
URB+）。畜禽粪污的循环利用管理和重新分配可以在未来帮助降低流域氮磷
养分输出负荷，保持其在水质阈值以下（RMP和ONM）。
第六章深入讨论了本论文的主要研究发现，通过反思总结以下四点启示：1）
氮磷养分的年度输入量降尺度为季节输入量，有助于更好地理解流域氮磷养分
输出的时间变化趋势；2）情景分析是探索与未来城市化相关的流域氮磷养分
输出减缓方案的有效工具；3）重新分配畜禽粪污的指标可能在未来畜牧生产
跨区域管理的建模工作中发挥重要作用；4）在同一研究区域将两种不同模型
联系起来（MARINA-Lakes和PCLake+），有助于更好地理解湖泊氮磷污染问
题。本章还对未来的研究和养分管理提出建议，未来的研究可以通过考虑点源
的位置和水生生态系统养分阈值的时空变化来进一步改进联合模型。此外，本

Summary (中文) | 205

论文联合模型的方法，可以用来帮助确定湖泊流域养分综合管理的关键时期、
区域和养分来源，并以此作为起点探索旨在保护湖泊生态系统健康的流域氮磷
养分管理策略。
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