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Abstract 

China is a country with a rapid economic development and fast population 
growth. This is causing environmental pollution. Eutrophication has been a 
problem in the coastal waters of southern China since the 1970s. This is a result 
of increased nitrogen (N) and phosphorus (P) inputs from rivers such as the Pearl 
River (Zhujiang). The Pearl River is the third largest river in China. It serves as 
an important water supplier for irrigation and human water consumption. Human 
activities on land, however, have increased the nutrient content of the Pearl River 
water considerably. The objective of our study is to quantify the relative 
contribution of the anthropogenic and non-anthropogenic sources of dissolved 
inorganic N and P export by the Pearl River to coastal seas. We describe a 
method to model dissolved N and P export at the sub-basin scale. Results 
indicate that in 2000 about 90% of the dissolved N and P inputs exported by the 
Pearl River to the coastal waters were from anthropogenic sources (e.g. 
agriculture, sewage, and biological N2-fixation by agricultural crops). In the 
future the relative share of anthropogenic sources may increase. We show that 
nutrient inputs from land to rivers vary among sub-basins. We conclude that 
modelling and scenario analyses may support the formulation of effective 
strategies to reduce N and P export by the Pearl River, and thus to effective 
management of coastal eutrophication in the coming decades. 
Keywords:  nutrient modelling, N and P export, the Pearl River, China. 
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1 Introduction 

Coastal eutrophication is a worldwide environmental problem [1–3]. Also in the 
Chinese coastal waters events of eutrophication and hypoxia have occurred since 
the 1970s [2–5]. Coastal eutrophication typically occurs when coastal waters 
receive large amounts of nutrients such as nitrogen (N) and phosphorus (P) [3]. 
Increased concentrations of these nutrients in coastal waters may generate 
harmful algal blooms (of non-siliceous algae) and lead to hypoxia (oxygen 
depletion) [6–8]. 
     Increased N and P inputs to coastal waters largely result from human 
activities on land [2, 9, 10] such as agriculture [11] and urbanisation [12]. China 
is a country with a rapid economic development and a fast growing population 
[13–19]. For example, the number of cities in China more than quadrupled and 
the urban population increased by over 20 times between the 1950s and 2008 
[17]. The consumption of synthetic N fertilizers also quadrupled between the 
1980s and 2005 [20] indicating intensifying agriculture. This contributed to 
increased N and P inputs to Chinese rivers such as the Pearl River and 
consequently to coastal waters [21, 22].   
     The Pearl River (the Zhujiang in Chinese) is the third largest river in China. 
Its drainage basin covers about 440 thousand km2 (see Methodology). It is 
located in the southern part of China and serves as an important water supplier 
for irrigation and human water consumption [23]. Nutrient pollution in the 
coastal waters, however, has become a serious problem because of the human 
pressure [5, 24]. The associated eutrophication is causing environmental (e.g. 
biodiversity loss) and economic damages (e.g. less fish and thus less profits) [5].    
     A better understanding of the sources of N and P in the Pearl River water 
would support the reduction or prevention of further coastal eutrophication. So 
far, however, no systematic analyses of nutrients and their sources in the Pearl 
River basin have been published. Some analyses of nutrients in coastal waters 
have been published [24–27], but these are limited to specific areas within the 
Pearl River estuary and to specific nutrient sources. Some studies cover the 
entire river basin [28–31], however, without a focus on the sources of nutrients.    
     This objective of this study, therefore, is to quantify the relative contributions 
of the sources of N and P export by the Pearl River to coastal seas for the period 
1970–2050. We will do this by considering sub-basin characteristics (e.g. human 
activities, nutrient retentions and hydrology). In this study we distinguish 
between anthropogenic and non-anthropogenic sources of nutrients (see 
Methodology). The outcomes of this study may help to formulate strategies to 
reduce N and P loads to seas in southern China, and thus to reduce coastal 
eutrophication.  

2 Methodology 

2.1 The Pearl River basin 

We modelled the N and P export by the Pearl River at the sub-basin scale for the 
period of 1970–2050. To this end, six sub-basins of the Pearl River were 
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identified based on the literature [23, 28, 30–32]. These sub-basins are Yujiang, 
and Liujiang (up-stream), Xijiang, and Beijiang (middle-stream), and Dongjiang 
and Zhujiang delta (down-stream). Figure 1 shows the locations of these sub-
basins. One-third of the Pearl River basin is considered up-stream sub-basins 
here. Half of the basin area is middle-stream sub-basins and the rest (20%) are 
the down-stream sub-basins (see Figure 1).  

 

   
 

Figure 1: The Pearl River basin and its sub-basins (indicated by ID number). 
Boundaries of the sub-basins were delineated using the Simulated 
Topological Network (STN-30 v6.01) [33, 34]. 

2.2 Modelling nitrogen and phosphorus export 

Our research focuses on dissolved inorganic forms of N and P (DIN and DIP). 
These are readily bioavailable forms of N and P, and thus directly contribute to 
eutrophication [35].  
     As mentioned above, we distinguish between anthropogenic and non-
anthropogenic sources of N and P in the Pearl River. Anthropogenic sources 
include a number of diffuse sources: animal manure excretion (for DIN, DIP), 
synthetic fertilizer use (DIN, DIP), biological N2-fixation by agricultural crops, 
atmospheric N-deposition on agricultural land (DIN) and P-weathering (DIP) in 
agricultural areas. In addition, there are anthropogenic point sources including 
sewage inputs of human waste (DIN, DIP) and detergents (DIP). Non-
anthropogenic diffuse sources include biological N2-fixation, atmospheric N-
deposition (for DIN) and P-weathering (DIP) in non-agricultural areas. These 
two main groups of nutrient sources are included in the Global NEWS-2 
(Nutrients Export from WaterSheds, updated version 2) model [10, 34]. This 
model can be used to quantify the relative shares of these sources in river export 
of nutrients for past (1970, 2000) and future (2030, 2050) years.  
     We quantified the contributions of the nutrient sources in two steps. The first 
step is to quantify inputs of DIN and DIP to the outlet of each sub-basin by 
source. To this end, we followed the approach of the Global NEWS-2 model 
[34]:   
     DIN  and DIP export at the sub-basin outlet from by source (ton km-2) = DIN 
and DIP inputs to rivers from each source (ton km-2) * river export fraction (0-1) 
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     Detailed descriptions of this approach are provided by Mayorga et al. [34]. In 
brief, nutrient inputs from land to rivers by source (anthropogenic and non-
anthropogenic) are modelled based on a mass-balance approach, except for 
weathering of P-contained minerals. The latter is quantified using an export-
coefficient approach. The mass-balance approach implies quantification of the 
net N and P inputs to land from the diffuse sources and multiplying these inputs 
by the export watershed fraction, which describes the nutrient retention within 
the watershed (land) [11, 34]. The export-coefficient approach implies that 
nutrient inputs to rivers are calculated as a function of annual runoff from land to 
streams. For anthropogenic point sources, DIN and DIP inputs to surface waters 
are quantified using fractions of N and P removal during sewage treatment, the 
fraction of the population connected to sewage systems and the amount of 
human waste (for both DIN, DIP) and detergents (for DIP) produced by the 
urban population. These are multiplied by the fraction of elemental N and P 
inputs to rivers that are DIN or DIP [12, 34]. Table 1 presents the DIN and DIP 
inputs to rivers by source.  
     In the Global NEWS-2 model, the river export fractions describe the N and P 
removal from and retention within the river system. This fractions account for: 
(1) consumptive water use (generic for DIN and DIP), (2) N and P retention in 
dammed reservoirs (for DIN, DIP) and in the river (e.g. denitrification for DIN 
only) [34]. We improved the Global NEWS-2 approach by including P 
retention/losses in the river system for DIP (e.g. accumulation of DIP in 
sediments by iron binding).  
     The Global NEWS-2 model was validated for large Chinese rivers, including 
the Pearl River [21]. The validation results indicate an acceptable match between 
observed DIN and DIP river export [36] and modelled values [34]. These results 
give us confidence in the model approach to quantify DIN and DIP inputs to the 
outlets of the sub-basin.     
     The second step in our study is to quantify inputs of DIN and DIP exported by 
the Pearl River to coastal waters by source. We account for nutrient transport 
from sub-basin to sub-basin. The DIN and DIP export by up-stream sub-basins 
(ton km-2) is multiplied by river export fractions of the middle- and down-stream 
sub-basins to calculate how much of this DIN and DIP is exported to the coastal 
seas. Likewise, the DIN and DIP export by middle-stream sub-basins (ton km-2) 
is multiplied by river export fraction of the down-stream sub-basins. This way 
we take into account DIN and DIP losses and retentions through the river 
network of the entire Pearl River basin. The sum of DIN and DIP inputs at the 
Pearl River mouth from all sub-basins is the total input to the coastal seas. 
     The model inputs were derived from various sources [11, 12, 34, 37, 38]. 
Model inputs for diffuse sources are from Bouwman et al. [11], for point sources 
from Van Drecht et al. [12], and for climate and hydrology from Fekete et al. 
[37]. These inputs are for past and future years. In this study future trends in DIN 
and DIP export are based on storylines of the Global Orchestration (GO) 
scenario of the Millennium Ecosystem Assessment (MEA). These storylines 
were quantitatively interpreted by Bouwman et al. [11], Van Drecht et al. [12] 
and Fekete et al. [37] to produce input databases for the Global NEWS-2 model. 
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GO assumes a globalized world with a reactive approach to manage 
environmental problems [10, 39, 40]. Details on the scenario are presented by 
Seitzinger et al. [10], Alcamo et al. [39] and Carpenter et al. [40]. Data regarding 
dams and their associated reservoirs are from Lehner et al. [38] and Lehner et al. 
[41].  

3 DIN and DIP export by the Pearl River in 1970–2050  

3.1 DIN export  

Between 1970 and 2000 DIN inputs exported by the Pearl River to the coastal 
waters increased by about 60%. This is because of increased anthropogenic 
inputs during this period (Figure 2).  
     In 1970 about half of the total DIN export (around 0.10 ton km-2) to the 
coastal waters was from anthropogenic sources (bar charts in Figure 2). These 
sources include human waste (point source), agriculture, atmospheric N-
deposition and biological N2-fixation by agricultural crops (diffuse sources). In 
2000, almost 90% of the total DIN export by the Pearl River to the coastal waters 
was from these anthropogenic sources. We calculated the increased DIN inputs 
to rivers by sub-basin during the period 1970  2000 (pie charts in Figure 2). The  
DIN inputs from land to rivers in the down-stream sub-basins exceed those in 
up-stream basins (maps in Figure 2). This can be explained by more human 
activities in down-stream than in up-stream basins. Other studies [24  26] confirm 
that down-stream areas of the Pearl River have become densely populated with 
intensive economic activities. Our study shows that in 2000 over half of DIN 
inputs to rivers of the down-stream and other sub-basins originated from 
anthropogenic sources. This was different in 1970, when only in the Xijiang and 
Zhujiang delta sub-basins more than half of the DIN inputs to rivers can be 
considered anthropogenic (maps in Figure 2).      
     Between 2000 and 2050 DIN inputs from land to rivers of the sub-basins may 
continue to increase. These inputs will mainly be from anthropogenic sources, 
except for the Yujiang (see maps in Figure 2). For the Yujiang sub-basin, we 
calculate a decrease in DIN inputs from agriculture (but not from sewage), but an 
increase in DIN inputs from non-anthropogenic sources. A possible reason for 
this may be a decline in agricultural areas in the coming decades [11]. As a result 
of increased DIN inputs to rivers, DIN fluxes to coastal waters may increase by 
up to 30% during the period 2000  2050 (bar charts in Figure 2). These  results  are  
for a scenario assuming a globalising world and a reactive approach towards 
environmental management. Anthropogenic sources may contribute by 90% to 
the total DIN inputs in the coastal waters in 2050 (Figure 2).  

3.2 DIP export 

DIP inputs to coastal waters of the Pearl River were 45% higher in 2000 
(0.010 ton km-2) than in 1970 (0.006 ton km-2) (bar charts in Figure 3).  
     Human activities are the main reason for this increase. Anthropogenic sources 
of DIP include sewage inputs of human waste and detergents (point sources), 
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Figure 2: Dissolved inorganic nitrogen (DIN) inputs from land to rivers in 
each sub-basin in ton km-2 (maps on the left-hand side) and the 
fraction of these inputs originating from anthropogenic and non-
anthropogenic sources (pie charts on the maps, 0-1), and DIN 
inputs exported by the Pearl River to coastal waters from all sub-
basins in ton km-2 (bar charts on the right-hand side) for 1970, 2000 
and 2050. GO is the Global Orchestration scenario of the 
Millennium Ecosystem Assessment. See Figure 1 for sub-basin 
names. Anthropogenic diffuse sources include animal manure 
excretion, synthetic fertilizer use, biological N2-fixation by 
agricultural crops, and atmospheric N-deposition on agricultural 
land. Anthropogenic point sources include human waste. Non-
anthropogenic sources include biological N2-fixation and 
atmospheric N-deposition on non-agricultural areas.  

 

animal manure excretion, synthetic fertilizers use, P-weathering in agricultural 
areas (diffuse sources). These sources were major contributors to DIP in rivers in 
all sub-basins in 2000 (maps in Figure 3). And this explains their major 
contribution to DIP fluxes at the coastal waters (bar charts in Figure 3).  
     In general, DIP inputs from land to rivers in the down-stream sub-basins are 
higher compared to the other sub-basins. This can be explained by the relatively 
large percentage of the population that is connected to sewage systems [12]. 
Increased sewage connection means that more phosphorus may enter rivers, even 
in case sewage treatment is efficiently removing DIP from sewage effluents. 
Several studies [24, 26, 42, 43] confirm the fast economic development in the 
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Figure 3: As Figure 2 but for dissolved inorganic phosphorus (DIP). 
Anthropogenic diffuse sources include animal manure excretion, 
synthetic fertilizer use and P-weathering in agricultural areas. 
Anthropogenic point sources include sewage inputs of human waste 
and detergents. Non-anthropogenic sources include P-weathering in 
non-agricultural areas. 

 
down-stream areas of the Pearl River, as a result of which large amounts of 
nutrients have entered the estuary of the Pearl River during the past decades.     
     In the future, the DIP exported to the coastal waters by the Pearl River is 
calculated to be largely anthropogenic (Figure 3). We calculate an increase in 
river export of DIP of about 70% at the Pearl River mouth between 2000 and 
2050 (bar charts in Figure 3). DIP inputs from land to rivers are calculated to 
increase in all sub-basins between 2000 and 2050 (maps in Figure 3). For 
example, DIP inputs to rivers in the Zhujiang delta and Dongjiang may double 
during this period. For the Beijiang sub-basin, DIP inputs to rivers are calculated 
to increase from 0.04 ton km-2 in 2000 to 0.28 ton km-2 in 2050. In the other sub-
basins, DIP inputs to rivers are calculated to triple except for the Yujiang (for 
which a doubling is calculated) (maps in Figure 3). Anthropogenic sources are 
responsible for these increases (pie charts on maps in Figure 3).    

4 Conclusions 

Eutrophication in the Chinese seas is a result of increased nutrient export by 
large rivers such as the Pearl River (Zhujiang in Chinese). We modelled the 
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relative contributions of the main sources of dissolved inorganic N (DIN) and P 
(DIP) in the Pearl River for the period 1970  2050.  Our  model  takes  into  account  
sub-basin characteristics like human activities on land (e.g. agriculture, sewage) 
and nutrient retentions in soils and in river systems.  
     Our study shows that DIN and DIP export to the coastal waters of the Pearl 
River increased by 60% for DIN and by 45% for DIP between 1970 and 2000 
and may continue increasing in the future. Various anthropogenic sources 
contribute to these increases (e.g. agriculture, sewage, atmospheric N-deposition, 
biological N2-fixation by agricultural crops, and P-weathering in agricultural 
areas). Anthropogenic sources of DIN and DIP dominate in most of the sub-
basins.    
     In 1970 non-anthropogenic sources (atmospheric N-deposition and biological 
N2-fixation by natural vegetation in non-agricultural areas) contributed by about 
half to the DIN export to the coastal waters, but this has been changing over 
time. By 2000 almost 90% of the total DIN inputs to the coastal waters were 
from anthropogenic sources (e.g. agriculture, sewage, atmospheric N-depositions 
and biological N2-fixation by agricultural crops on agricultural land). In contrast 
with DIN, in 1970 most DIP in the Pearl River was from anthropogenic sources 
(sewage, agriculture, P-weathering over agricultural areas). By 2000 the 
anthropogenic contribution increased.   
     Between 2000 and 2050 the export of anthropogenic DIN and DIP by the 
Pearl River to coastal waters may further increase. This is associated with 
increased anthropogenic DIN and DIP inputs from land to rivers in the sub-
basins. These results indicate that in the future human activities on land will still 
dominate DIN and DIP in the river water, unless nutrient management (e.g. 
efficient use of fertilizers, better sewage treatment) will effectively reduce N and 
P inputs to the river.    
     This study is a first step towards identifying the main sources of DIN and DIP 
in the Pearl River water by considering sub-basin characteristics. We show that 
down-stream sub-basins have a larger impact on nutrient inputs to coastal seas 
than up-stream sub-basins. Future research could focus on analysing the 
contributions of anthropogenic sources to the river exports of DIN and DIP and 
the contributions of sub-basins to these exports. This will help to formulate 
strategies to reduce nutrient inputs to rivers by sub-basin so that nutrient inputs 
to the coastal waters can be reduced as well. This could consequently slow down 
the increase in future coastal eutrophication in southern China.       
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