Supporting information

Multi-scale modeling of nutrient pollution in the rivers of China

Xi Chen!?”, Maryna Strokal?, Michelle T.H. van Vliet?, John Stuiver®, Mengru Wang?,
Zhaohai Bai?, Lin Ma®”, Carolien Kroeze?

[1] Key Laboratory of Agricultural Water Resources, Hebei Key Laboratory of Soil Ecology, Center for Agricultural
Resources Research, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, 286
Huaizhong Road, Shijiazhuang 050021, China

[2] Water Systems and Global Change Group, Wageningen University & Research, Droevendaalsesteeg 4,
Wageningen, 6708 PB, The Netherlands

[3] Laboratory of Geo-information Science and Remote Sensing, Wageningen University & Research,
Droevendaalsesteeg 3, Wageningen, 6708 PB, The Netherlands

Correspondence to: Xi Chen (xi.chen@wur.nl); Lin Ma (malin1979@sjziam.ac.cn)

Supporting information consists of the following sections:

S1 MOGEI UESCIIPIION ..ottt bbbt b e bbbt e 2
S S (1o |V U VST 2
S1.2 GENEIAI OVEIVIEW .....vievieiieiieeie ettt sttt ste e e st e teeseeaseesteeneeaseenseeneeaneenreeneeanes 4
SL.3 POINE SOUICES ...vveueeiete sttt ettt et bbb st e st et e e st e sbesbeabeeneeneanee s 6
S1.4 DIffUSE SOUICES....eeeueeeeiesieeieatiesiee e eree s e e e sseesteeeesseesteeneessaesaeeseeaseenseeseesseesseeneeasennsens 11
SLD OBNEIS ..ttt bbbt r ettt bt e et e e e e e 19
S1.6 Model OUtputS @t MUITI-SCAIES .........ccueiiiiiiiiiiiieee s 20

S2 Treatment efficiencies of wastewater treatment technologies ...........ccccevveveiicvecic e, 22

S3 Centralized wastewater tratment plants (WWTPs) database ...........ccccoveieiiiiiciiiicienn, 24

S4 MOCEI BVAIUBLION ...t ettt 25
SA. L MOGEI INPULS .. bbbttt bbbt nas 25
S4.2 MOdeling @PPrOACRES .......c.viiiie e 25
S4.3 MOGEI PATAMETETS. ... .eeiiviitieiieiie ettt bbbt sb et bbb 26
S4.4 Comparison of model outputs with other modeling studies ...........cccceeveeiievieciiecnns 28
SA.5 UNCEITAINTIES ....vveiveieeie ettt e te et e e saeesaeereenteenaesseesseeneeaneenseans 36

S5 SUPPIEMENTANY FESUILS .....vieieiiciee et e e aeesree s 38

L E =T =] T ST 45

S1


mailto:xi.chen@wur.nl
mailto:malin1979@sjziam.ac.cn

S1 Model description

We developed a new modeling approach to simulate the nutrient inputs to rivers on multiple
scales (polygon, grid, sub-basin and county) for China. The modeling framework is based on
three existing models: the MARINA 1.0 model (Model to Assess River Inputs of Nutrients to
seAs)!, the NUFER model (NUtrient flows in Food chains, Environment and Resources use)?
and the hydrological model VIC (Variable Infiltration Capacity)®. The study area is introduced
in section S1.1. The multi-scale nutrient model is described in general in section S1.2, followed
by descriptions of point sources (section 1.3), diffuse sources (section 1.4), other sources

(section 1.5), and model outputs on multiplescales (section 1.6).

S1.1 Study area

Before we go to the details of the model, we first introduce the the study area. The study area
of China is presented in Figure S1. The county and provincial maps indicate that the total
modeling area covers 87% of the total area of China. Tibet and Taiwan are not included because
of data limitation. The sub-basin areas are delineated based on a DDM30 flow direction map of
Doll and Lehner?, which is identical to the flow direction network used in the global hydrology
model, VIC3. The sub-basins cover 14 main rivers in China (Figure S1A). The bulletin of the
ecology and environment of China reports that 30-40% of the Chinese rivers are classified as
rivers with poor water quality (i.e. class IV and below according to Chinese water quality
standards, meaning that direct contact with humans is not preferred) over the period of 2000 to
2017>5, The water quality of Changjiang improved more than that in other rivers. The drainage
area with the poor water quality reduced to 15% in the year 2017. The Hai basin is the most
polluted basin. Here, the polluted area still accounts for 58% of the total river basin area in
2017. The State Council issued an Action Plan for Prevention and Control of Water Pollution’.
Measures such as improving the treatment of wastewater, better management of rural
agricultural activities and of livestock production are proposed. The action plan remains general
on the national level. The Ministry of Agriculture proposed measures in particular for livestock
production, aiming towards sustainable resource use and a better environment®. For seven
regions, specific measures are proposed (Figure S1B). For example, for the BJS region (Beijing,
Tianjin, and Shanghai), advanced treatment of the animal manure is proposed because of the
limited crop land in that region. The North China Plain (provinces of Hebei, Shanxi, Shandong
and Henan) is the main region for crop and livestock production in China. Manure recycling on
land through centralized collection and treatment facilities is proposed in this region. For more

details we refer to the associated policies” 8.
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[} Sub-basin name Basin
(A) 1 Hanjiang Hanjiang
2 Jiulong Jiulong
3 Menjiang Menjiang
L] Qujiang Qujiang
5 Fuchun Fuchun
6 Luan Luan
7 Yalu Yalu
8 Yujiang Pearl River*
Liujiang Pear| River
Xijiang Pear| River
Beijiang Pear| River
Delta thujiang Pearl River
Dongjiang Pear| River
linsha Yangtze**
Min Yangtze
Jialing Yangtze
Wu Yangtze
Upstream Yangtze Yangtze
Han Yangtze
Dongting Yangtze
Poyang Yangtze
Middlestream Yangtze Yangtze
Delta Yangtze Yangtze
Downstream Yangtze Yangtze
Lanzhou Huang He
Wehe Huang He
Longmen Huang He
Toudaogual Huang He
Huayuankou Huang He
Delta Yellow Huang He
Huai Huai River
Hai Hai River
Liao Liao River
Legend
Administrative boundaries
County
O Province

Seven Regions***

The BJS Region
The Central East Region
W The East Coastal Region
i The North China Plain Region
M The North East Region
m The North West Region
M The South West Region

Figure S1. Maps of the study area on multiple scales: (A) Main river sub-basins in China
that are included in our study. The border black lines indicate the boundaries of the river sub-
basins. (B) The provincial and county map of China. The white area indicates that the detailed
input data are not available. Thus, these areas are not included in our study. *The Pearl River
is Zhujiang in Chinese. **: The Yangtze River is Changjiang in Chinese. ***:The seven
regions is defined as the policy that proposed measures for animal manure management®.

S3



S1.2 General overview

Figure 1 in the main text presents an overview of our modeling on different scales. Here, we
illustrate how different modeling processes are applied on different scales by source category

(diffuse, point and others).

Diffuse sources include a number of explicit land-based sources of nutrients in rivers (A) that
are modelled for each polygon while accounting for retention processes on land (C), and
parameterized export processes (B):

A. Explicit land-based sources:

1) Synthetic fertilizers (for DIN, DIP, DON and DOP);

2) Animal manure applied in the agricultural area (for DIN, DIP, DON and DOP);

3) Human excreta from population that is not connected to the centralized
wastewater treatment plants (WWTPs) (for DIN, DIP, DON and DOP)

4) Atmospheric N deposition on agricultural areas (for DIN)

5) Atmospheric N deposition on non-agricultural areas (for DIN)

6) Biological No-fixation by agricultural crops (for DIN)

7) Biological No-fixation by natural vegetation (for DIN)

8) Nutrient export from agricultural land by crop harvesting and animal grazing
(for DIN, DIP, DON and DOP)

Model inputs for (1), (2), (3), (4), (5), (6) and (8) are from the county database for 2012 and
NUFER county outputs. These inputs are first quantified on the county scale and then
transformed to polygons within counties using a land-use weighted method (see section S1.4).
Inputs for (7) are from the gridded datasets of the original Global NEWS-2° model (Nutrient
Export from WaterSheds) for the year 2000. These inputs are distributed to polygons within

grids by a simple area weighted method (see section S1.4).

B. Parameterized export processes:

9) Weathering of P-contained minerals (for DIP)
10) Leaching of organic matter from agricultural and non-agricultural soils (for
DON and DOP)

Both (9) and (10) are quantified as a function of runoff, following the Global NEWS-2 export
coefficient approach®. For runoff, the half-degree hydrology from VIC is used. Polygons within
the grid have the same value as the grid to which these polygons belong to(see section S1.4).

C. Soil retention: soil retention is calculated as a function of runoff following Global
NEWS-2°. Runoff on half-degree grids is from VIC!® L, Polygons within the grid are
assigned the value of that grid (see section S1.4).

Point sources include:
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11) Direct discharges of untreated manure to water bodies (for DIN, DIP, DON
and DOP);

12) Human waste from centralized wastewater treatment plants (WWTPs) (for
DIN, DIP, DON and DOP);

Direct discharges of manure (11) are based on the county database 2012 and NUFER county
outputs. These inputs are, first, quantified on the county scale and then transformed to polygons
within the counties using a land-use weighted method (see section S1.3). Data for (12) are based
on the WWTPs database that we developed and includes 4204 WWTPs in China. We calculate
model outputs for each WWTP and store the calculated information in the polygons according
to the XY coordinates of the WWTPs.

Others:

13) Human excreta from the urban and rural population that is discharged to water
bodies (DIN, DIP, DON and DOP);

Data for (13) are from the county database 2012, NUFER county outputs and a dataset for the
city and county levels from the China Urban-Rural Construction Statistical Yearbook for year
2012 and 2014. These sources are quantified for each county and we used a simple area

weighted method to transform to polygons (see section S1.5).
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S1.3 Point sources

Point sources of dissolved N and P inputs to rivers (RSpnt, . kg year?) include direct discharges
of manure to rivers (RS, m.r) @nd human waste emitted from centralized waste water treatment
plants (WWTPS) (RS,n: conr)- We quantify point sources based on MARINA 1.0 (Eq.S1) as..

Rspntp = RSpnt,ma,F + Rspnt,con,F (EqS]')

For the direct manure discharges (RSynt ma,r, K9 year?) the improvements relative to the

MARINA 1.0 model include:

(1) We update inputs to the year 2012 from the county database of the NUFER 12 13

RSpnt,ma,F(County) = T(E)madis ' EFpnt,,myp (Equ)

Where, T(E)ma is the nutrient element E (N or P) in animal manure that is directly discharged
to water bodies (kg year™). The T(E)mayg;, is updated with the NUFER outputs on the county
scale. It is calculated based on the product of the total manure excretion (quantified based on
the county database and literature) and the rate of the direct discharges of manure per county

(derived from on-site surveys)* #. EF,y,,. . . is the fraction of element E (N or P) in animal

manure entering surface waters as form F (DIN, DON, DIP, DOP) (0-1). This fraction is taken
from the MARINA 1.0 model and it is derived based on literature® 1417, This fraction is 0.7 for
DIN and DIP, and 0.3 for DON and DOP.

(2) We use the locations of animal manure farms to transform county inputs to polygon units.
The rural residential area from the land-use data (1x1 km grid)*® is used as a proxy for locations

of animal farms (Figure S2) as in the study of Zhao et al. *°:

RSpnt_ma,F (POlyyUn) = Rspntma,F (Count)’) * Fracfarms_caunty (Eq 53)

Fracsarms county 1 the fraction of animal farms in a county that are located in the polygon.

Here, we describe how we use a land-use weighted method and farm locations in the

distribution of direct manure discharges in three steps (Figure S2):

1. The ArcGIS intersect tool is used to intersect the polygon-based map for China with the
locations of animal farms (1x1 km grid);

2. The number of animal farms (i.e. number of 1x1 km grid grids) within each polygon is
used to calculate the number of farms within each county in ArcGIS (Figure S3).

3. Fractarms county 1-€. the fraction of animal farms in a county that are in a polygon is
calculated as:
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Frac __ Number of animal farms (grids of 1x1 km) in the polygon (Eq.S4)
farms_county = nuinber of animal farms (grids of 1x1 km) in that county
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For human waste emitted from centralized WWTPS (RS, con,r» K9 year?), we create a
unique WWTPs database covering 4204 WWTPs across China (section S3). The database
includes the location (longitude and latitude), average daily treatment capacity, treatment
technologies and associated treatment efficiencies for individual WWTPs (section S2 and S3).
The list of WWTPs is obtained from a national list of operating WWTPs for the year 2014%°
and the National Intensive Monitoring and Control Enterprise List for WWTPs for 2016 2%, We
locate individual WWTPs (XY coordinates) according to the address provided in the list. We
estimate the treatment efficiencies for WWTPs based on 46 technologies applied in those
WWTPs according to literature and expert opinion (see details in section S2, Table S3). We
also update relevant model parameters such as urban and rural population from the county
database and treatment rates for city and county levels from the China Urban-Rural
Construction Statistical Yearbook for 2012 and 2014 2223 (see an overview of input sources in
Table S1).

With the WWTPs database, the nutrient inputs to rivers from individual WWTPs can be
quantified following the same approach from Van Drecht, et al.>* and we adjusted for the
individual WWTPs in China as:

RSpnt_con,F = {(1 - hwfrem,E) . PopconWWT . E(E)pnt . Fractreat} ) FEpntF + (1 - Fractreut) - POpconWWT (EqSS)
) E(E)pnt ) FEpntp

PopConqyney = POpy,p * ConRate,,, + Pop,., » ConRate,,, (Eq.S6)
PopConyyr = PopCon oy, * CapacityWeighyyr (Eq.S7)

Where, hwy,em s IS the removal of nutrient element E (N or P) during treatment in sewage
systems (fraction,0-1). E(E),n. (kg person™ year™) is the input of nutrient element N or P to
watersheds (land) resulting from human excreta (E(E)g..for both N and P) and inputs of P
detergents from laundry (Ef;.,) and dishwashers (EJ 4., ) in sewage influents (kg person™ year
1. These are calculated as a function of GDPppp and GDPmer (purchasing power parity based
and market exchange rate based GDP in 1995 U.S. dollars person year™) on the province scale
according to Van Drecht et al.?*. FE,,,, is the fraction of sewage effluents exported to rivers as

nutrient form (F) (0-1). e is directly proportional to the removal rate of N during

patprN
treatment, while for other nutrient forms it is the calibrated constant from Global NEWS-2.
PopCony,yr IS the population number connected to the individual WWT. Pop,,, and Pop,,,
refer to the urban and rural population on a county level respectively (people/year).
ConRate,,, and ConRate,.,, refer to the fraction of the national urban and rural population
that is connected to centralized WWTPs (0-1). The fraction value is 0.739 for urban and 0.018
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for rural, respectively®®. CapacityWeighywr is a fraction of the treatment capacity of the
individual WWT to the total capacity of the WWTPs located in the county (0-1). By introducing
this parameter, we distribute the connected population from county to individual
WWTPS. Fraci,.q: 1S @ treatment rate for the centralized WWTPs, i.e. the fraction of the
wastewater that is treated in the total wastewater transported to the WWTPSs (0-1). Fraci eqt
may vary among different cities. Thus we distinguish this model parameter between urban and
rural per city (Table S1, section S3). For WWTPs located in the urban area, we apply the
treatment rate for urban area. For WWTPs located in the rural area, we apply the treatment rate

for rural area.

Thus, the outputs of dissolved N and P to rivers from individual WWTPs are also included into
our final WWTPs database (section S3). The outputs from individual WWTPs are assigned to
polygons where the WWTP is located (longitude and latitude). We do this to calculate the total
dissolved N and P inputs to rivers by polygon according to Eg. 1 in the main manuscript.

Table S1. Overview of the model inputs to quantify nutrient inputs to rivers from point
sources.

Model parameters* | Description Original Transformation method | Final Source
input scale to polygons scale
T(E)mag;; Manure discharges to | County Land-use weighted method Polygon 12,13

rivers (kg year?)

EFpntyor Fraction of N in anima | National Same national values for | Polygon L1417
Imanure entering every polygon
water bodies as form F

Fracsams county Fraction of animal | County Land-use weighted method | Polygon 12,13
farms in a county that
are located in the

polygon
Pop,.p Urban population County Area weighed method Polygon 12,13
POD, Rural population County Area weighed method Polygon 12,13
hwfrom Treatment efficiencies | Individual - Individual | See
for N and P for | WWTP WWTP Section
WWTPs S2
ConRate,,p/ryur Connection rate of | National Same national values for | Individual |
urban population and every WWTP WWTP

rural population

S9



Table S1 (continued)

CapacityWeighyyr

Fraction of  the
treatment capacity of
the individual WWT
to the total capacity of
the WWTPs located in
the county

Individual
WWTP

Individual | See
WWTP Section

S3

E(E)pnt

The inputs of nutrient
N or P to watersheds
(land) resulted from
human excrements in

kg persont year!

Calculated

according to

12,13 24
’

Polygon

GDPppp & GDPmer

Purchasing
parity
market exchange rate
based GDP in 1995
U.S. dollars person

power

based and

year?!

Province

Same value for WWTPs

located in the same province

Individual | %27

WWTP

FEpne,

Fraction of sewage
effluents exported to

rivers as nutrient form

A

FE is  directly

pntpiy
proportional to the removal
rate of N during treatment,
while for other nutrient
forms it is the calibrated
constant as Global NEWS-2
(0.14, 1, and 0.01 for DON,

DIP and DOP respectively).

Individual | *°
WWTP

Capacity (vary by symbal
size, in 10 thousand m?*)

o 0-11
O 11-48
O 49-189

Treatment level (vary by
symbol color)*
* Low

+ Medium

High

Figure S4. The locations of wastewater treatment plants (WWTPs) categorized by the daily
average capacity (in 10 thousand m®) and treatment efficiencies (%) for phosphorus. The
examples are for coastal areas and urban area of Beijing. The treatment levels include low (P
removal rate <= 40%) , medium (40% - 65%) and high (>=65%). The classification is derived
from Van Drecht et al.?,
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S1.4 Diffuse sources

Diffuse sources ( RSg;f.Kg year?, Eq. S8-S22) include explicit land-based sources (WSaifp

kg year!) which are partly retained by soil ( FE,,., 0-1) before entering water systems and

SF?

parameterized export processes (RSdifgc,..Kg year?, Eq. S23).

RSqif, = (FEysr - WSais, + RSdifgc,) (Eq.S8)

The explicit land-based sources are calculated as following:

WSairy, = WSdif gnen + WSdif naen (Eq.S9)
WSdif naen = WSAif gepnaen + WSdif piznaen  (for DIN only) (Eq.S10)
WSdif gnen = (WSdif feanen + WSdifmaanen + WSdif yepanen + WSAif fixanen + WSAif pumanen) — (Eq.S11)
WSdif oxn (for DIN and DON)

WSAif anp = WSdif foanep + WSAif maanep + WSAif pumantp) — WSdif orp  (for DIP and DOP) (Eq.S12)

Where, WSdif is the net N or P inputs to land (kg year™); subscript ‘ant’ and ‘nat’ refer to
the inputs originate from agricultural area and natural area, respectively. WSdifr includes
synthetic fertilizer use (wsdif em::. Kg year?), animal manure that is applied on land
(WSdif maanee: KQ Year?), human waste that is applied on land from rural and urban population
disconnected to sewage systems ( WSdifnmwc: . Kg Year?), biological N fixation
(WSAif fiyanen!WSdif fixnaen. KG Year?), and atmospheric N deposition (WSdif epanen/WSdif epmacn:
kg year?). wsdif.. is the nutrient export via crop harvesting and animal grazing (kg year™).
For DON, WSdif yepanen + WSdif fixaney = 0. The quantifications of wsdifpuma. are followed the
method from MARINA 1.0! and we update the inputs for the contemporary year and with
more detailed spatial levels (Table S2):

WSdif umant.g = WSAif humurs,s + WSS humrur, (Eq.S13)
WSdif humurbe = E(E) ym * PopUuncon,,p * Furp unc land (Eq.S14)
WSdif yumurs = E(E) pyu * POPUNCONGry * Frou e tand (Eq.S15)
Popuncon,,, = Pop,,;, * (1 — ConRate,,) (Eq.S16)
Popuncon,,, = Pop,,, * (1 — ConRate,,) (Eq.S17)

Where, Wsdifumaer refers to the human waste of N and P applied on land from urban

(WSdif umurs . kg) N rural (Wsdif pum e 5.kg) pOpulation disconnected to sewage systems. E(E) hum
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is the human excretion of N and P calculated following Van Drecht et al.X®. popuncon,,, and
Popuncon,,, are the urban and rural population that is not connected to WWTPS. F,,, unc 1ana and
Frur unc 1ana are the fractions of human excretion that are applied on land from urban and rural
population disconnected to sewage systems, respectively (0-1) (Table S2). wsdifumancs 1S
quantified on the county scale and use the area weighted method (see below) to distribute the
county values to the polygon scale.

For most of the explicit land-based sources (Table S2), we use the land-use weighted method
to distribute the county inputs to polygons. The locations of arable land from the land-use data
(1x1km grid) are used. The steps for this method are similar with the land-use weighted method
for manure farms. Here, to allocate county inputs, we use the maps of the arable land (1x1km
grid).

For other explicit land-based sources, the area weighted method is used to distribute county

inputs to polygons as follows:

1. Inthe area weighted method, we first use the Arc-GIS tool to calculate the area fraction
of a polygon that is located in a certain county or (Figure S5) or grid.

2. Then, we distribute the inputs on the county level to polygons according to the
associated fractions from step 1. An example is given for atmospheric N deposition
below (Eq.S18-S19). The same principle is applied to transform other county values to

polygons.
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Legend

Area percentage of the
polygon in the county

I 0.000 - 0.004
I 0.004-0.013
[ 0.013-0.028
[ ] 0.028-0.054
[ ] 0.054-0.099
[ 0099-0.179
I 0.179-0.320
I 0320-0.567
I 0567 - 1.000

Figure S5. Intersected polygon units and the fraction of their areas in counties.

Biological N2 fixation by natural vegetation (wsdif ....x) from grid to polygon is calculated as:

WSdiffixnatn1 = Nfix_naty * Fry 4 (Eq.S18)
Area, (Eq.S19)
Fryq =
-~ Area,

Where, the subtitle of the letters (e.g. a) refers to the county or grid (in this example the original
input is on the grid, see Table S2). The subtitle of the numbers (e.g. 1) refers to the polygon.
WSdifrixnat,n1 Tefers to the biological N2 fixation by natural vegetation in polygon 1 (kg year
Y. Nfix_nat, is biological N fixation (kg year?) in natural areas in a certain grid (kg year™).
Fry 41 refers to the fraction of the area in polygon 1 and in grid a which is located in that
polygon. Area; and Area, are the total areas of polygon 1 or grid a in this example. Above
equations are the examples of the area-weighted method for Nfix_nat,. This input in (EQ.S18)

can be replaced with other inputs provided on the county or grid scales.

FE,r = fr(Rnat) * eF (EQ.S20)

fz(Rnat) = Rnat®’ for DIN, DON and DOP (Eq.S21)
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o (Eq.S22)
fr(Rnat) = R for DIP

aF
Where, FE, f is the export fraction of nutrient form (F) entering rivers (0-1). The FE,, ¢ is
calculated as a function of the total runoff (Rnat, m® year?) on the polygon scale. The total
runoff is the average natural total runoff from 1970 to 2000 on the 0.5°x0.5° grid scale from
VIC (Table S2). We apply the same value for each polygon located in the grid. The calibrated
coefficients in the function (eF, aF, bF) are directly from the Global NEWS-2 model® that are
also applied in MARINA 1.0 for China.

The weathering of P-contained minerals (for DIP), and leaching of organic matter from
agricultural and non-agricultural soils (for DON and DOP) are calculated according to the
export-coefficient approach according to Global NEWS-2° for each polygon. This approach is
also applied in MARINA 1.0! for China.

The parameterized export processes (RSdifgc,.Kg year?) includes the weathering of P-

contained minerals (for DIP), and leaching of organic matter (for DON and DOP) and are
calculated by the export-coefficient approach of MARINA 1.0 for polygons. For DIP, DON
and DOP:

RSdifgc, = fr(Rnat) * ECp (Eq.S23)

Where, fr(Rnat) is identical to the fz(Rnat) runoff function used in modeling the FE,

terms (see EQ.S21-S22). ECy is the calibrated constant of nutrient form (F).
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Table S2. Overview of the model inputs to quantify nutrient inputs to rivers from diffuse
sources and from ‘others’ sources.

fixation from
natural area (kg

year?t)

Abbreviation of model | Description Original Method to transform | Spatial Reference
inputs* spatial scale | model inputs to | scale of
polygons this
study
Explicit land-baed sources
WSdif fe ane Synthetic County Land-use weighted | Polygon | 1213
fertilizers applied method
on land (kg year?)
WSdif maante Animal  manure | County Land-use weighted | Polygon | 1213
applied on land method
(kg year?)
WSdif gepant. Atmospheric N | County Land-use weighted | Polygon | 12132829
deposition**  on method
agricultural areas
(kg year)
WSdif fixant Biological N2. | County Land-use weighted | Polygon | 1213
fixation by method
agricultural crops
(kg year)
WSdif e g Nutrient  export | County Land-use weighted | Polygon | 1213
via crop method
harvesting and
animal grazing (kg
year?t)
WSdif nym,ant £ Human  excreta | County Area weighted method Polygon NA***
applied on land
from unconnected
population to
sewage (kg year?)
WSdif gep natn Atmospheric N | County Land-use weighted | Polygon | 12.13.28,29
deposition**  on method
natural areas (kg
year?t)
WSdif fixnatn Biological N | Grid Avrea weighted method | Polygon | %%
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Table S2 (Continued)

Furb unc_land Fraction of human | National National ~ value is | Polygon | L1213
excretion applied applied (12.6% for N
on land from and P) to all polygons
urban population
that is not
connected to
sewage
Frur unc tland Fraction of human | National National ~ value is | Polygon | 223!
excretion applied applied (53% for N and
on land from rural P) to all polygons
population that is
not connected to
sewage
Rnat Total runoff from | Grid The same grid values | Polygon | 109110
land to streams are applied for
(md year) polygons  that are
located within the grids
eF Model Basin The same values are | Polygon | °
coefficients to applied for all polygons
quantify FE,F following the Global
NEWS-2 and MARINA
1.0 approaches (0.94,
0.010, 0.29 and 0.010
for DIN, DON, DIP and
DOP, respectively).
aF Model Basin The same values are | Polygon | °
coefficients to applied to all polygons
quantify FE,p following the Global
NEWS-2 and MARINA
1.0 approaches (1, 0.95,
0.85 and 0.95 for DIN,
DON, DIP and DOP,
respectively).
bF Model Basin The same values are | Polygon | °

coefficients to
quantify FE,r

applied for all polygons
following the Global
NEWS-2 and MARINA
1.0 approaches (2 for
DIP).
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Table S2 (Continued)

Parameterized export processes

ECp Calibrated model | Basin The same values are | Polygon | °
coefficients to applied to all polygons
quantify following the Global
RSdifgc, NEWS-2 and MARINA
1.0 approaches (1, 0.95,
0.85 and 0.95 for DIN,
DON, DIP and DOP,
respectively).
Others
EFpnthum_uncon,F Fraction of | National The same values are | Polygon | %
element E entering applied for all polygons
rivers as form F following the Global
NEWS-2 and MARINA
1.0 approaches (0.7 for
DIN and DIP; 0.3 for
DON and DOP).
Furb unc dis Fraction of human | National National values are | Polygon | **%%
excretion that is applied (63.4% and
directly 87.4% for N and P) to
discharged to all polygons
rivers (untreated)
from urban
population that is
not connected to
sewage
Frur unc dis Fraction of human | National National values are | Polygon | 123!
excretion that is applied (23% and 47%
directly for N and P) to all
discharged to polygons
rivers (untreated)
from rural
population that is
not connected to
sewage
Popuncon,,, Urban population | County Area weighed method Polygon | 213

that is not
connected to
WWTPs
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Table S2 (Continued)

Popuncon,,,

Rural population

that is
connected
WWTPs

not

to

County

Area weighed method

Polygon

12,13

*Subscript E refers to nutrient element N or P. **Atmospheric N deposition includes both wet and dry deposition.
Based on Xu el al?® and Wang et al*2, the dry and wet N deposition rates are derived for the year 2012 (national

average is 18.7 and 18.2 kg/ha, respectively) in China. *** It results from the calculation of different parameters.
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S1.5 Others

Human waste that is directly discharged (untreated) to rivers from population without sewage
CONNECtions (RS,chers,) is quantified following MARINA 1.0%. These sources are categorized as
‘others’ because they are directly discharges to nearby water systems and not retained from soil
and nor emitted in a concentrate way like WWTPs. We quantify direct discharges of human

waste to rivers for the year 2012 using the county inputs as:

RSotherSF = RSothers_urb_unc,F + RSothers_rur_unc,F (Eq-824)
RSothers urbr = E(E)hum Popuncon,, - Furb unc_ais * EFpnthumiunmnlp (Eq.S25)
RSothers rurp = E(E) hum Popuncon_, - Frur unc dis * EFpnthumiunmn,p (Eq.S26)

Where, RSotners wrb uncr @M RSoners rur uncr T€fer to the human waste that is directly discharged
to rivers (untreated) from urban and rural population without sewage connections (kg year™).
E(E)pym , Popuncon,,, and Popuncon,,, are described in the EQ.S14-17. Fyp ync ais and
Frur unc ais are the fractions of direct discharges of human waste to rivers from urban and rural

population that is not connected to sewage systems, respectively (Table S2). EF,

Nthyum_uncon,F

is the fraction of element E (N or P) entering rivers as form F (DIN, DON, DIP, DOP) (0-1).
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S1.6 Model outputs at multiple scales

Our model is able to generate model outputs at multiple scales. This implies that every source
and related processes are pre-processed and quantified on its most appropriate scales. Polygons
serve as a storing carrier for the information and finally as a bridge to generate model results at

multiple scales.

Total inputs of N and P to rivers are quantified by Eq.1 in the main text. Inputs of N and P to
rivers from all source categories (point, diffuse and others) are stored in the polygons and
aggregated according to Eq.1 on the polygon scale. For the total inputs of N and P to rivers,
the polygon-scale results can be aggregated to the grid, sub-basin or county according to the
spatial relation. We do this using ID codes of polygons. These codes are unique for polygons
and are related to counties and grids. In this way, we can identify which polygons belong to
which grid or county. For example, we would like to aggregate polygon results to counties (e.g.,
for local policy-makers). In this situation, we identify polygons with the same county ID as for
polygons. Then, we aggregate the results of the polygons with the same county ID to get the

county scale results.

For the source attribution on different scales, the different sources are first aggregated to the
associated spatial levels and follow the principle as described below. The share of inputs of N
and P to rivers from each source is quantified by the ratio of each river source term (RS, e.g.

RSpne mar OT RS4;,) N the equations above and the total inputs to rivers (RStotaly).

For a detailed source attribution of explicit land-based sources from diffuse sources on

agricultural land (i.e. level 2 of the source attribution in Global NEWS-2), the special fraction

Gr is applied:
WSdif,y (Eq.S27)
Gr=1——"""
WSdlfgross,F

Where, WSdif,, g is the nutrient export of element E (N or P) via crop harvesting and animal
grazing (kg year™?). WSdifgross,r 1S the sum of inputs of N or P to agricultural land from all
sources (kg year?). For DIN, these sources are atmospheric N deposition, biological N fixation
by crops (kg year?), N synthetic fertilizers (kg year?), N animal manure (kg year?) and N
human waste (kg year™). For DON, DIP and DOP, these sources are P synthetic fertilizers (kg
year?), P animal manure (kg year™) and P human waste (kg year). For example, the share of
synthetic fertilizer inputs of DIN in rivers to the total inputs of DIN from all sources is
calculated as:
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WSdif, pen GpIN FE\spIN (Eq.S28)
RStotalp;y

ShareDIN_src_fe =

Where, Sharep,y o so1S the share of synthetic fertilizers that are applied on land to the total
inputs of DIN to rivers (0-1). wsdif;....y IS the N synthetic fertilizers that are applied on land

(kg year™). Gpy, FEyspin, RStotaly,y are described above.

For the export-coefficient based diffuse sources (i.e. DIP inputs to rivers from weathering and
DON and DOP inputs to rivers from leaching of organic matter (RSdif..r kg year?)), they are
calculated as the same principle for other source categories, i.e. using directly the river source

term (Rsdif,. ) divided the total inputs to rivers (RStotal;) . See details in Global NEWS-2°,
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S2 Treatment efficiencies of wastewater treatment technologies

Table S3. Overview of the treatment efficiencies of the different wastewater treatment
technologies to remove total nitrogen (TN) and total phosphorus (TP) in wastewater based on

the existing studies (removal rates are in %). WWTPs are the wastewater treatment plants.

Treatment technologies | Ranges for TN removal TN Ranges for TP removal TP removal | Reference
rates among individual removal rates among individual rates (O-
WWTPs (0-1) rates (0- WWTPs (0-1) 1)*
1)**
Biological Speed 75.2% 75% 30%~40% 35 8835
Seperation Filter
Ultrafiltration (UF) / 76%~95% 80% 86%~95% 90% 36-40
Reverse Osmosis (RO)
Combined process of 21.9%~69.7% 45% 43.33%~95.5% 60% “
constructed wetland
and ecological pond
Biolak 34%~73% 55% 80%~90% 85% 42,43
Biofilm 33%~57.4% 45% 71.8%~99% 80% .45
Bio-filter 82%~91% 70% 41.2%~92% 45% 4
lE)%iglogical fluidized 56.35%~72.05% 65% 28.96%~36.98% 30% g
e
Biological contact 50%~80% 65% 37.52%~89.06% 60% w50
oxidation process
Biological treatment + 90% 90% 98% 95% 37,51, 52
UF/RO
Biological treatment + | NA* 80% NA* 90% 44,53
Bio-filter
Biological treatment 45%~75.4% 50% 51%~64.5% 60% 24,58
Active sludge process 10%~57% 30% 30%~55% 45% 5456
Active sludge process + | NA* 80% NA* 90% 39,40,57
Advanced oxidation
Process
Hrdrolysis 65.3%~72.3% 70% 57.5%~86.4% 75% %
Acidification + A/O
Oxidation Ditch+ Bio- NA* 80% NA* 90% 39,40
filter
Oxidation Ditch 30%~40% 35% 35%~50% 45% B0 5
Modified Oxidation 55%~90% 55% 55%~75% 65% R0
Ditch
Modified Orbal 59.5%~93% 70% 71.2%~78.8% 5% 60.61
Oxidation Ditch
Modified Carrousel 38.77%~91.9% 60% 71.37%~94% 85% B2
Oxidation Ditch
Improved/modified 69.6%~94.3% 75% 77.4%~96.4% 80% 6567
SBR
Modified CASS 52.6% 50% 78.4% 80% 68,69
Modified A%/O 56%~90% 75% 67%~90% 80% 07
Fine Bubble-aerated 43%~50% 45% 62.5%~80% 65% 718
Oxidation Ditch
Bardenpho process 72.2%~89% 80% 91.7%~93% 90% e
Orbal Oxidation Ditch 60.5%~90% 70% 73.8% 75% 79,80
Reverse Osmosis (RO) | 90% 90% 98% 95% 39,40, 81, 82
Carrousel Oxidation 50%~69.3% 55% T5%~77% 5% 8386
Ditch
Chemical and NA* 80% NA* 90% 39,40
biological treatment
Secondary biological NA* 45% NA* 550 39,40
treatment
UASB+CASS NA* 80% NA* 90% 39,40, 87
SBR 47.8%~75% 60% 42%~95.3% 80% 65.88,89
MSBR+ABF 44.55%~80% 70% 89.7%~94.3% 90% $9.40.90
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Table S3 (continued)

MSBR 78.6%~89% 85% 90%~93.8% 90% o9
MBR 75%~85% 80% 89%~90% 90% %9
MBBR 46.3%~48.2% 45% 65.5%~79.2% 70% o9
HyBAS + Advanced NA* 80% NA* 90% 39,40
treatment

DE Oxidation Ditch 63.6%~70.72% 65% 82.73%~93.4% 85% %.99
CAST 20.7%~80% 50% 80%~84.5% 80% 67,100, 101
CASS 51.9%~55.1% 50% 85.7%~91.4% 80% 102-104
BAF 30%~90% 40% 46.5%~87.9% 45% 105, 106
A?/O+Biofilm 55% 55% 87.89% 85% 107
AIO+MBR 76% 75% 69.81%~95% 80% 10 1
A0 40%~83.2% 55% 72%~97% 75% ‘11!;,156, 70, 73, 110,
AIO+MBR 48.5%~77% 55% 58%~90% 80% Hs
AIO 20%~66% 45% 62%~98% 65% 56, 116, 117

*: For some combinations of the technologies which lack of data, we derived the removal rate from the study of Van Drecht et al®*:
the removal rates of N and P during treatment of the wastewater are categorized into three general categories depending on
technologies: primary ( average 10% removal rate for both N and P), secondary (35% for N and 45% for P) and tertiary (80% for N

and 90% for P).

**: The removal rate is the average of the values from the literature studies for each technology. When the range of the values is
large, we exclude the extremes (outliers) and calculate the average of the values without extremes. The average numbers are

rounded off.
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S3 Centralized wastewater treatment plants (WWTPs) database

Table S4. Description of the variables (column names) that are used in the newly created

wastewater treatment plants (WWTPs) database. The database can be found in the
‘Final WWTPdatabase.xlIsx’ file in the supplementary information. N and P are nitrogen and
phosphorus, respectively.

Column names Description Source

FID ID for each WWTP -

OBJECTID ID for each county where individual WWTPs are located Processed*;?
County County name in Chinese Processed*;?
City City name in Chinese Processed*;?
Province Province name in Chinese Processed*;®

Organization code

Organization code of an enterprise that operates the
WWTPs that are registered in the State Administration for
Industry and Commerce of the People's Republic of China

21

ProjectName Project name of WWTPs in Chinese 20,21

Longitude Longitude This study**
Latitude Latitude This study **
Address Address in Chinese Processed***;20. 2L
Capacity Average treatment capacity (10* m*/day) 20

Nrevoval Removal rate for N (0-1) See Table S3
Premoval Removal rate for P (0-1) See Table S3
Treatment Treatment technology 20

technology

Treatment rate for
urban

The fraction of the wastewater treated in the total
wastewater transported to the urban WWTPs (Fracy eq:)

Processed*; 22 23

Treatment rate for
rural

The percentage of the wastewater treated in the total
wastewater transported to the rural WWTPs (Fracy,eq:)

Processed*;?? 23

during treatment (in kton year?)

DIP Inputs of dissolved inorganic phosphorus to rivers from Modelled****
WWTPs (in kton year™)

DIPrm Dissolved inorganic phosphorus that is removed from Modelled****
WWTPs during treatment (in kton year)

DOP Inputs of dissolved organic phosphorus to rivers from Modelled****
WWTPs (in kton year)

DOPrm Dissolved organic phosphorus that is removed from Modelled****
WWTPs during treatment (in kton year?)

DIN Inputs of dissolved inorganic nitrogen to rivers from Modelled****
WWTPs (in kton year™?)

DINrm Dissolved inorganic nitrogen that is removed from Modelled****
WWTPs during treatment (in kton year?)

DON Inputs of dissolved organic nitrogen to rivers from Modelled****
WWTPs (in kton year?)

DONrm Dissolved organic nitrogen that is removed from WWTPs | Modelled****

*: Linked with the associated sources via spatial locations of WWTPs; **: The original lists of WWTPs
include the name of WWTPs in Chinese and we need to first search for the address of 4000s WWTPs
and locate the exact latitude and longitude according to the address. ***: Some addresses are not easily
available. Thus we obtained the addresses according to the information that was possible to find with
the project name. ****: Model outputs; interpret with caution and contact the author.
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S4 Model evaluation

This section is an extended description of the model evaluation in the manuscript. We evaluated
our model by (1) model inputs, (2) modeling approaches, (3) model parameters and (4)
comparisons with others. The model uncertainties (5) are associated with model inputs,
modeling approaches and model parameters. We recognize the uncertainties and discuss them

in the end of this section.

S4.1 Model inputs

The NUFER and VIC models provide important model inputs for this study. These models were
evaluated and are widely used in existing studies. NUFER was developed to quantify the N and
P flows and losses in the food chain in China and was applied on national, provincial and county
scales'? 18, VIC has been validated using daily grid-based (0.5°x0.5°) observed records of the
streamflow for 1,557 river monitoring stations worldwide from the Global Runoff Data Centre.
A realistic representation of the observed conditions was found with a normalized bias in the
simulated streamflow of less than | 0.25 | for half of the stations worldwide ° 1. The statistical
year books for the Chinese counties are known as the most reliable data source in China and
used widely in existing studies'? 8. In this study, the unique WWTPs database is created based
on the official government documents, exact locations of WWTPs (longitude and latitude),
literature reviews and expert knowledge (see section S3). We use the land-use information that
is at 1km x 1km for the contemporary year 2010 from the Data Center for Resources and
Environmental Sciences®. We consider our model inputs reliable and of the satisfying quality
considering the fact that the data sources provide most recent and complete information that

represents local characteristics.

S4.2 Modeling approaches

Table S4 presents a comparison of our modeling approach with the approaches of the selected
existing nutrient models. The selected models cover the main basin areas in China (see Figure
S1) and are applied at different scales (e.g. sub-basin, grid). Our modeling approaches for
diffuse sources are largely based on the modeling approaches of Global NEWS-2 and MARINA
1.0. The nutrient balances on land are first quantified and multiplied with the parameter
presenting the nutrient retentions in soils. This structure to quantify the nutrient inputs from
diffuse sources to rivers is also adopted in the IMAGE-GNM model. In our study, we improve

the modeling approaches, in particular, for point sources.
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Table S5. Comparison of the main characteristics between our model and the selected
nutrient models.

Main Global NEWS-2° MARINA 1.0t 119 IMAGE-GNM?!? | SWAT?2L 122 The model of this
characteristics study
Spatial scale
Basin Sub-basin Grid (0.5°x 0.5°) | Sub-basin Multiple scales:

- - /Hydrological olygon/Grid (0.5°

Caleulation unit res)éonse%nit E)( OY59°) /Sub-b(asin
/County
Spatial extent of World China World Multiple regions | China
model outputs
Point source manure discharges*

Manure Not included Included Not included Not included Included
discharges to
rivers as a point
source
Locations of No location specified | No location specified Not location No location Location specified
animal farms specified specified

Point source of human waste from WWTPs

according to national
values) and
aggregated to basins

and provincial values)
and aggregated to sub-

basins

according to
national values)

Locations of No locations No locations Modelled Locations are Locations are
WWTPs distribution* included included
Measurement No measurement No measurement data No measurement Required No measurement
data requirement data required required data required measurements data required
for modeling
Model inputs for diffuse sources

Source Mostly national Mostly national Mostly national Regional/ Mostly county

statistics statistics statistics catchment data statistics
Spatial resolution Grid data Grid data (distributed Gridded data Catchment scale | Modelled polygon
of model inputs (distributed according to national (distributed data (distributed

according to county
values)

Model outputs

Nutrient forms

Dissolved inorganic
and organic forms
for N and P;
Particulate N and P

Dissolved inorganic

and organic forms for

Nand P

Total N and total
P

Nitrate, organic
N; Soluble P,
organic P

Dissolved
inorganic and
organic forms for N
and P

Nutrients inputs
to rivers/to sea

to rivers & to sea

to rivers & to sea

to rivers & to sea

to rivers & to sea

currently only to
rivers

Computational requirements
| Medium

| Medium Medium

Level [ Low [ Low

*: The model allocates the national population of China that is connected to sewage over grids. This is done by ranking, starting
from a grid with highest total population density until the total population equals to the population connected to sewage; see

details in Morée et al.*2.

S4.3 Model parameters

We updated most of the model parameters for point sources and diffuse sources with the
contemporary information for more detailed spatial levels (see details in section S1). Some
parameters taken from the MARINA 1.0 model are from expert opinion and literature. The rest
of model parameters are directly taken from the Global NEWS-2 model. We perform a

sensitivity analysis to quantify the uncertainties in important model parameters.

We perform the sensitivity analysis by adopting the local one-factor-at-a-time (OAT)
method!? 124 We select this method considering the computational costs and the relatively

simple relationship among parameters and inputs. We use the elementary effects (EE) defined
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123

by Moris*< as an indicator to present the level of the sensitivity of how the model responses to

changes in the selected parameters and inputs as:

M(el’...,ei + Aei’...’ep) —_ M(el’...’ei’...’ep) (Eq529)
G M(el,...’ei,...’ep)
- Ae,-
3

Where, M is the model output, e; refers to the different model parameters, and Ae; refers to the
perturbation in the selected single model parameter. We selected important model parameters
and inputs covering both point and diffuse sources. These parameters include: runoff, synthetic
fertilizer applied on land, animal manure applied on land, direct discharges of manure,
connection rates of urban and rural population to WWTPs, treatment rates of WWTPs,

treatment efficiencies for N and P and locations of manure farms.

The selected parameters (except for locations of manure farms) are increased and decreased by
10% and 50% and the average EE is calculated for each parameter in order to evaluate the
response of model outputs (i.e. the nutrient inputs to rivers by nutrient forms) to changes in
model inputs and parameters (Table S6). We design another setting for quantifying the
elementary effects of locations for animal farms. We randomly select 20% of the polygons and
increase the percentage of the animal farms by 10% of those polygons and quantify the
elementary effect of the selected polygons on nutrient inputs to rivers by nutrient forms. Table

S6 shows the range of the elementary effects and their average EEs for each nutrient form.

The results of the sensitivity analysis indicate that the model is relatively robust. The average
EEs of the selected parameters and inputs are less than 1. This implies that 10% of the
perturbation in the model parameters and inputs results in changes in the model outputs (nutrient
inputs to rivers) by less than 10%. This percentage in most cases is substantially smaller. The
model outputs are aggregated on the national level to calculate the EEs. And for each polygon,
the sensitivity (i.e. the EE) varies (e.g. for locations of manure farms), depending on the

dominant source of nutrients in rivers of the polygons.
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Table S6. The results of the sensitivity analysis for selected model parameters and inputs.

Parameter and | Description Average elementary effects (EE) (0-1)

input

pu DIN DON DIP DOP

Ryt Runoff 71.6% 22.3% 17.2% 6.3%

WSdif fe antr Fertilizer applied | 59.5% 4.3% 15.6% 3.2%
on land

WSdif maante Manure applied | 9.6% 0.7% 5.0% 1.0%
on land

T(E)mag;; Manure 19.6% 55.7% 64.2% 76.4%
discharges to
rivers

ConRatey,p/rur Connection rates | 1.6% 8.9% 3.9% 11.1%
of urban and
rural population

Fraceq Treatment rates | 1.6% 8.9% 3.9% 11.1%
of WWTPs

hwgremn Treatment 2.6% 4.7% 0.0% 0.0%
efficiencies for N

hwyremp Treatment 0.0% 0.0% 15.2% 0.4%
efficiencies for P

- Locations of | 25.6% (0% ~|374% (0% | 43.3% 47.3%
manure farms 99.0%) ~97.9%) (0%~98.9%) (0%~97.7%)

S4.4 Comparison of model outputs with other modeling studies

In this section, we compare our results with the selected models and other studies for main
basins in China (Figure S6, Table S8). Below, we discuss the differences and similarities

between our results and other of these existing models and studies.
Comparisons with the selected models

The selected models cover the main basin areas in China (Figure S1, Figure S6) at different
scales (e.g. sub-basin, grid) and with different modeling approaches (Table S5). We compare
our estimates for 2012 with the results of the MARINA 1.0 1% and IMAGE-GNM models
for the year 2000 for the main basin areas in China'?® 12° and for year 2010 for Changjiang*?®
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(Table S8). We model 21.9 Tg of the total dissolved nitrogen (TDN) and 2.2 Tg of the total
dissolved phosphorus (TDP) emitted to the Chinese rivers in 2012. Point sources are responsible
for 71% of TDP inputs to rivers and 21% of TDN (Figure S6).

Nitrogen (Tg year) Phosphorus (Tg year)

25 2.5
20 2
15 1.5
10 1

- - 0.5
0

2012 MARINA 2000 2012 MARINA 2000

EWWTP ® Manure discharges Diffuse sources Others

Figure S6. Nitrogen (N) and phosphorus (P) inputs to rivers and their source attribution
according to this study in 2012 and according to MARINA 1.0 in 2000 (Tg year!). MARINA
1.0 is short for the Model to Assess River Inputs of Nutrients to seAs®. This study and
MARINA 1.0 present inputs of the total dissolved nitrogen and total dissolved phosphorous
from point sources (human waste from WWTPs, direct discharges of animal manure to
rivers), diffuse sources (synthetic fertilizer use, manure applied on land, biological N>
fixation by agricultural crops and by natural vegetation, atmospheric N deposition, leaching of
organic matter, and weathering of P-contained minerals from agricultural and non-agricultural
soils, human waste that stays on land) and ‘Others’ sources (human waste from urban and
rural population that is not connected to sewage systems, but discharged directly to rivers).

Compared to model results of 2000 from the MARINA 1.0 model, TDN increased by 92% and
TDP increased by 52% by 2012. The increase for TDN is higher than for TDP because of the
different increase rates for diffuse sources and point sources. Diffuse sources dominate in TDN
inputs to rivers while point sources dominate in TDP. For diffuse sources, the increase is the
combined effect of an increase in nutrient inputs to rivers from land activities (e.g. fertilizer
applied) and a decrease in N retention in soils (i.e. increased FE,, s for N). Point sources
account for 48% of TDN inputs and 76% of TDP inputs in 2000. The manure N discharges
decreased from 4.46 to 3.91 Tg (14%), while manure P discharges increased from 0.93 to 1.46
Tg (57%) between 2000 (MARINA 1.0) and 2012 (our model). This difference is the combined
effect of (1) the lower discharge rate of manure in 2012 compared to 2000 and (2) different N
and P excretion rates to estimate the animal manure excretion between the NUFER model

(provided for us manure discharges data’?) and the Integrated Model to Assess the Global
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Environment (IMAGE, provided the manure excretion data for the MARINA 1.0 and Global
NEWS models®).

Results of IMAGE-GNM for the main basins in China (Figure S1) for the year 200012% 1 are
closed to MARINA 1.0 and are generally lower compared to our study for the year 2012.
IMAGE-GNM results are the total N and total P inputs to rivers while we model different forms
of N and P. IMAGE-GNM includes diffuse sources (fertilizers, manure applied on land,
biological N» fixation, atmospheric N deposition) via surface runoff, shallow and deep
groundwater, soil erosion, N and P deliveries from flooded areas and point sources (human
waste discharged from WWTPs). Additional sources in IMAGE-GNM are P weathering,
wastewater from aquaculture, allochthonous organic matter, N deposition on water bodies. The
recent model estimates from IMAGE-GNM by Liu et al.*?® for the year 2010 are lower than
ours (Table S8); they modelled 8148 kton of TN (vs 11627 kton of TDN in this study) and
729 kton of TP (vs 1077 kton of TDP in this study). For N, both models agree that diffuse
sources dominate. Since the share of particular N is small*?”-128 and the modelled soil retentions
are comparable, the differences mainly result from N nutrient budget (our 19417 vs 14200 kton
in IMAGE-GNM). This is mainly due to different input sources (county vs provincial statistics,
NUFER vs IMAGE). Moreover, the direct manure discharges have the limited share in the total
inputs. Therefore neglecting this source has a limited influence on the total N inputs. For P,
particulate P could be up to 40% of TP, We consider this difference could result in neglecting
manure discharges in their estimates (Table S8) because manure discharges are dominant

sources of P.

Our results are higher than in the MARINA 1.0 2% and IMAGE-GNM*?% 1% models because
we calculate for 2012 whereas the other models for 2000. Table S7 summarizes the nutrients
loads to coastal seas for the main basins based on measurement data for 2000s and 2012s. It
shows the increasing trend in nutrient pollution between 2000s and 2012s according to the
measurements. This justifies why we have higher values in 2012 compared to 2000 from the
other models. Our results for the source attribution are comparable with the results of the sub-
basin approach from the MARINA 1.0 model. This confirms our model approach is somewhat
robust: we model on polygon units while our aggregated results are in line with the sub-basin
model. However, our results for the source attribution differ from the results of IMAGE-GNM.

A possible reason is that we account for manure point sources whereas IMAGE-GNM does not.
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Comparisons with the other studies for main basins in China

We compare our results with existing studies estimating nutrient inputs for main Chinese basins
in Table S8. We compare our results with these studies in terms of nutrient inputs to rivers and

their sources for the major river basins in China.

For nutrient inputs to rivers, Xu et al.'?® quantified around 730 and 100 kton of TN and TP
inputs to the Pearl basin in 2012, respectively. Ti et al.**® estimated 770 kton of TN in the
Pearl River in 2010. We quantify around 3145 and 200 kton of TDN and TDP inputs to the
Pearl basin, which are around 4 and 2 times for N and P compared to the existing study,
respectively. We argue that other studies may underestimate the nutrient inputs to rivers because
these values are even lower than the measured concentrations at the river mouth. Tong et al.*!
published the monthly measured concentrations of TN and TP at the river mouth of the eight
major rivers in China from 2006 to 2012. In 2012, the estimated TN and TP loads at the river
month (according to the concentrations and river discharges) were around 806 kton and 34 kton,
respectively. The nutrient inputs to rivers should be much higher because of nutrient retentions
during the export towards the river month. The differences between our results and the existing
studies could be associated with different data sources (county vs province and city statistics)
and model structures. For example, the direct discharges of animal manure as point sources are
only accounted partly (the untreated manure from biogas project) in the study of Xu et al.*?°.
The rest studies consider manure mainly as diffuse sources (retained by soil). In the study of
Ti et al.**, the model structure for quantifying nutrient inputs to rivers from diffuse sources is
different (e.g. the manure discharges are accounted in their diffuse sources and manure applied

on land is not included in the diffuse sources).

For the Changjiang River basin, Ti et al.™*° quantified around 3206 kton of TN for 2010 while
we quantify around 3 times higher of TDN inputs (12730 kton) to rivers. Liu et al.**? quantified
4500 kton of TN entering surface waters in 2000. Measurements showed that the TN
concentrations in Changjiang at the river mouth increased 2 fold from 2000 to 2012 (Table S7).
Since nutrient inputs to rivers strongly correlate to river exports, we consider our estimates are
more in line with the increasing measured trend of river exports. Han et al.**® used the
measurement data for nutrient concentrations in soil and water to estimate the TN (2073 kton)
and TP (477 kton) inputs to the Huanghe basin for 2005. The estimates are higher than our
estimates for TDN (1462 kton) and TDP (207 kton) for 2012. This may due to the fact that we
do not account for particulate forms while dissolved forms take only part of the proportion

according to their measurements.
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We also compare our estimates with other studies by source. For diffuse sources, two more
formalized approaches (NANI and N budget approaches) for quantifying the nutrient inputs to
rivers from diffuse sources are summarized in Table S8. These two approaches are, in principle,
similar and can be explained by the two main steps. First, nutrient inputs to land from human
activities (e.g., fertilizer applied on land) are quantified. Second, how much of these inputs to
land entering rivers is quantified (soil retentions are accounted for via parameters, summarized

as ‘soil retention parameter’ in Table S8).

The NANI approach quantifies the total net anthropogenic N inputs to rivers (see details in
Table S8) and applies an empirical coefficient to represent the percentage of these N inputs
entering the rivers. This empirical relationship established originally using the data from
regions draining to the coastal zone of the North Atlantic Ocean (Howarth et al.®*). Later, this
relationship was found applicable to other world regions in the temperate zone. Studies in Table
S8 adopted the NANI approach and were mainly based on the uniformed empirical coefficient
from other regions or studies. They were applied to the Chinese basins to quantify inputs of

nutrients to rivers on the basin scale.

The nutrient budget (N inputs deducted N exports) is another commonly used method to
quantify inputs of nutrients to rivers (see details in Table S8). This method is used in Global
NEWS-2, MARINA 1.0 and IMAGE-GNM. The soil retention parameter is quantified as a
function of annual runoff from land to streams using calibrated (in Global NEWS-2) or un-
calibrated (in IMAGE-GNM) parameters (e.g. runoff, slope). Our study is based on the
approach from Global NEWS-2 and MARINA 1.0. We quantify the nutrient budget based on
the county statistics and the NUFER county outputs. We quantify the soil retention parameter
as a function of the total runoff from the VIC hydrological model on the half-degree grid scale
to account for the variability within the basin. When we re-aggregate the results and calculate
the soil retention parameter on the basin scale, then we model higher percentages of nutrients
entering the rivers compared to the Global NEWS-2 results for 2000. However, the relative ratio
of these percentages among the basins are comparable. This somehow agrees with the studies,
which suggest that the capacity in the watershed to retain N can be diminished due to the
increasing N inputs from human activities**>3’. For example, for the Changjiang basin, the

average soil retention for DIN (from FE,, p parameter: 49%) on the basin scale captures the

increasing trend of FE,, ¢ (increased from 0.11 to 0.61 from 1970 to 2003)*%.

For direct manure discharges, Table S8 indicates that there are still limited studies to account

for this source of nutrients in rivers. However manure discharges are major sources of nutrients
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in many Chinese rivers 12 118,119, 13%-142 'N1a et al, 118 quantified that 30% of N and 45% of P
from manure were discharged to surface waters in 2005 at the national scale and Wang et al.?
showed that the manure discharges contributed still substantially to nutrient pollution in 2012

with the national average discharge rate of 35% for N and 54% for P*2,

For human waste discharges from WWTPs, our estimates are generally lower compared with
other studies and with 2000 (Table S8). Compared to 2000, we estimate lower nutrient
discharges from WWTPs to rivers in 2012. This is in line with the studies and reports that show
decreasing trends in nutrient inputs from sewage systems*147. A possible reason is the
improved treatment of the wastewater in WWTPs. Our averaged N and P removal rates during
treatment on the national scale is 61% and 74% respectively, which are close to the average
value of the most commonly used technologies in WWTPs in China (TN ranging from 55% to
59% and TP ranging from 70% to 78%)*> 144, Some studies adopted the method from Van
Drecht et al.?*. We consider our inputs are more up-to-date (e.g. treatment efficiencies) and
spatially detailed (e.g. county inputs for treatment rate). For example, Ti et al. *° adopted the
approach and inputs from Van Drecht et al. 24, This could result in potential over-estimations
of nutrient inputs to rivers from sewage systems compared to our study. This is because the
treatment removal efficiencies of Van Drecht et al. ?* are generally lower than in our study.
Some studies estimated nutrient discharges to rivers from WWTPs using the uniform nutrient
concentrations of human waste and industrial waste. For example, Zhang et al. 14 estimated
146 kton of TN discharged to the Huai River from WWTPs (including human waste and
industrial discharges) on average over the period of 2003-2012. Our estimate is 37 kton TDN
inputs to Huai in 2012 from human waste discharged from WWTPs. This is in line with the
First National pollution consensus *#? that most of the discharges (around 60%) from WWTPs

are industrial discharges.

In summary, we conclude that we apply the approach to quantify the nutrient budget of diffuse
sources from validated models (MARINA 1.0 and Global NEWS-2). And the parameters
representing retention processes for diffuse sources are in acceptable ranges. There are still
limited studies considering manure discharges in their estimates in the nutrient inputs to rivers.
For human waste discharges from WWTPs, we have more up-to-date model inputs and our

estimates are in line with the development of WWTPs and the decreasing measurement trend.
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Table S7. Nitrogen (N) and phosphorus (P) loadings into coastal seas by three main rivers

for the years 2000 and 2012 (kton year™).

N load** (kton | P load** | References N load** (kton | P load** (kton | References
year?) (kton year?) year™) year™)
Zhujing (or Pearl in English)
2000s* 443 9 148-151 2012s* 550 21 131, 152-154
(370~554) (5~17) (327 ~806) (9~34)
Changjiang (Yangtze in English)
2000s* 812 19 148-150, 155, 2012s* 2572 216 131, 157, 158
156
(560~1201) (2~28) (2046~3000) (196~235)
Huanghe (or Yellow in English)
2000s* 88 046 149, 150, 155, 2012s* 99 062 131, 133, 162,
159-162 163
(15~163) (0.04~0.82) (22~186) (0.23~1.26)

*:2000s include the years below 2004.

2012s include the years after 2006.

**: We estimated mean N loads from different studies to compare the general trend between the years. N and P loads are estimated using measured concentrations

at the river mouth and water discharges at the river mouth. Measured concentrations differ among nutrient forms and the existing studies. Some studies focus on

the total N loads and others on N specific species (NHa-N, NOs-N or NO2-N). Some studies focus on the total P and some on phosphate.

Table S8. Overview of the existing studies for nutrient inputs to the Chinese rivers and
comparison of the main aspects with our study. N and P are nitrogen and phosphorus,
respectively. WWTPs is wastewater treatment plants.

Year N and P | Soil retention | Manure WWTPs Total Measured load
inputs  or | parameter discharges to | discharges to | inputs to | (after
balance* for | (% of inputs | rivers rivers rivers retentions
diffuse to land)** during  river
sources exports) ***

Zhujiang Xu et al. 12° 2012 N inputs? TN: 15%; TN:50 kton; TNP:310 kton TN: 730 Year 2012:
(Pearl) (2000 - 2050 kton TP: 5% TP:21 kton ) kton

2030) ) (Uniformed TP®:35 kton TN: 806 kton
Pinputs®: 70 | factor from (Treated after h " TP:100 kton '
kton literature for biogas \uman waste

the whole fertilizer discharges) TP: 34 kton
basin) production
and Source: Tong
discharge) et al ot
Tietal ' 2010 N inputs®: TN:5.14% for | TN:value not | TN 379 kton | TN:770
(1980 — value not fertilizer explicit kton
2010) explicit (human waste
(22% of the discharges)
P inputs: - total manure
excretion
discharges to
water)
This study 2012 N balance®: DIN': 66% TDNS:317 TDN: 91 kton TDN: 3146
3837 kton kton kton
DON': 0.7% TDP: 20 kton
P balance®: TDP9112 TDP: 203
271 kton DIP": 11.5% Kkton (humanwaste | kion
discharges)
DOP%:0.7%
Changjiang | Liu et al.*® 2000 N inputs": TN: 25% Not Not TN: 4500 | Year 2012
(Yangtze) 14250 kton . included included kton
(Uniformed .
factor from N load:
literature for
whole basin) 2572 kton
Yan et al. 3 2003 N balance: | DIN': 50% Not DIN: 560 kton | DIN:
13140 kton included Sources:
(human waste | 7130 kton 181
and industrial Tong et al.
discharges)
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Jiang et al.*>"

Li et al. 18
Table S8 (continued)
Ti et al.130 2010 N inputs®: TN: 5.14% for | TN:value not | TN9: 1339 TN:
value not fertilizer explicit kton
(1980 - | explicit 3206 kton
2010) (22% of total (human waste
P inputs: Not manure discharges)
applicable excretion
discharged to
water)
Liu et al.'?6 2010 N balance: TN: 51% Not TN: 505 kton TN: 8148
(1900- | 14200kton | TP:35% included TP:64kion | KIOM
2010) P balance: (human waste TP 729
and industrial kton
1700 kton discharges)
This study 2012 N balance®: DIN': 50% TDN¢: DIN: DIN: 11627
19417 kton kton
DONF: 0.6% 1878 kton 270 kton
P balance®: DON: 1077
2159 kton DIP": 9% TDPY: DON: kton
DOP*:0.6% 718 kton 59 kton DIP:
DIP: 867 kton
79kton DOP:
DOP:0.79
kton 282 kton
(human waste
discharges)
Huanghe Han et al.'* 2005 NA NA NA NA TN 2073 -
(Yellow) kton
TPI: 477
kton
My study 2012 N balance®: DIN: 12% TDN¢: 482 TDN: 92 kton TDN: 1462
kton kton
6176 kton DON': 0.15% TDP: 20 kton
. TDP9:147 TDP: 207
P balance®: DIP": 1% kton (human waste | kion
discharges)
518 kton DOP*.0.16%
Hai & Huai | Chen et al.'® 2008- NANIk: NA NA NA NA -
i 2012 4216 kton
(Hai) (average) )
P inputs:
Not
applicable
My study | 2012 N balance®; | DIN®: 14% TDN¢: 468 TDN: 112 TDN: 1126
i kton kton kton
(Hai) 3062 kton DON': 0.17%
H . TDP9:177 TDP: 24 kton TDP:237
N Iinputst | pipt. 194 kton kton
4293 kton ] (human waste
DOP"0.17% discharges)
Zhang et al.*** | 2003- NAN IX: NA NA TN™ NA
. 2012 7194 kton
(Huai) 146 kton
average) | P inputs:
( ge) Not P (human waste
. and industrial
applicable discharges)
My study | 2012 N balance: DIN': 33% TDN¢: 231 TDN: 37 kton TDN: 812
(Huai) kton kton
1446 kton DON': 0.38% TDP: 8 kton
TDP9:104 TDP:138
N inputs: DIP: 4% Kkton (human waste | kion
' DOP"0.36% discharges)
2077 kton e

*: Nutrient inputs and nutrient balances are different. Nutrient balances (surplus) refer to inputs minus outputs (i.e. crop exports). Some studies use nutrient inputs

to estimate the export of nutrients from diffuse sources to water bodies while some use nutrient balances.

**: This parameter represents the percentage of nutrient inputs from land entering water bodies after retentions (different among studies).
***: We use measured N and P concentrations in the river mouth and multiplied them with the discharges at the river mouth to obtain the loads. The inputs to rivers

should be lower than measured load due to the retentions in rivers (e.g. in-stream retention, dams or reservoirs retention) during river exports.
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a: N and P inputs to rivers from diffuse sources include fertilizer, biogas fertilizer from manure, manure and crop residues;

b: This could be potentially over-estimated because it assumes that human waste generated by the total population are emitted via WWTPs instead of connected
population like this study. See details in Section S1.3.

c¢: N inputs to rivers include manure and rural human waste that is directly discharged to rivers, N losses via leaching and runoff from arable land and natural area,
N losses from urban area.

d: Adopted method from Van Drecht et al.®: assumed urban population are fully connected to WWTPs and no connection of rural population; and the N removal
rates were not explicit and may followed the categories from Van Drecht et al.3® which are not up-to-date; These could result in over-estimation of wastewater
discharges.

e: N and P balances refer to inputs minus outputs (crop exports). For more details please go to Section 2.1 Model description in the manuscript.

f: We re-aggregate the results and calculate the value on the basin scale. The original calculation is on the polygon scale and calculated as the function of runoff.
g: Manure discharge rates to the total manure excretion range from 22% to 56% for N and from 30% to 76% for P. It differs among counties. The national average
is 35% and 54% for N and P, respectively.

h: N inputs to rivers refer to anthropogenic reactive N, including synthetic fertilizers, atmospheric deposition and biological N2 fixation.

i: it is calculated as a function of annual total runoff and adjusted against the measurement data; see details in the indicated literature.

J: The estimation is based on the TN concentration in soil and water. Dissolved N takes a small proportion (NHs-N and NOs-N takes around 4% of TN).

k: NANI (Net Anthropogenic N Input) includes fertilizer, atmospheric N deposition, biological N: fixation and the net food and feed import.

I: N inputs equal to N balances plus N exports. We derive this value to compare with other studies.

n: the TN discharges to rivers from point sources are the product of human waste and industrial discharges and the volume of wastewater from human waste and
industries. It assumed a full connection of urban population and no connection of rural population to sewage systems; and applied the uniformed average N
concentration in human waste and industrial sewage effluent.

S4.5 Uncertainties

Here, we address the uncertainties in our study. For instance, our model includes some
calibrated coefficients from Global NEWS-2°. Applying these to other scales than the basin
scale introduces uncertainty. This holds for the equation for soil retention (FE,r) and
particular for DIN (the elementary effect is 72%.) Nevertheless, our retention for DIN on the
basin scale such as Changjiang (49%) captures the increasing trend of FE,p for DIN
(increased from 0.11 to 0.61 from 1970 to 2003*®). This agrees with studies that suggest the
capacity in the watershed to retain N can be diminished due to the increasing N inputs from
human activities'**?*3’. For DIP, Harrison et al.'®® also applied FE, r on grid, with a
satisfactory model performance. Another source of uncertainty is the 30 years average (1970 —
2000) that we use for the total runoff, ignoring annual variability. Although the runoff is not
changing dramatically for the current year, this will also influence the estimation of diffuse
sources. For manure discharges, there are uncertainties inherited in the discharge rate for each
county, which are derived from the field surveys and expert knowledge 2 166, We use the rural
residential areas as the proxy for locations of manure farms and distribute the manure discharges
from the county scale to each polygon based on the area weighted method. This could introduce
uncertainties because: (1) they are not real locations of industrial manure farms; (2) the area
weighted distribution does not represent the animal numbers for each farm. We recognize the
uncertainties and try to quantify them by randomly selecting 20% of the polygons and changing
the percentage of manure farms by 10%. The mean elemental effect for each nutrient form is
less than 50% (Table S6). These uncertainties in distributing manure discharges to polygons
are within the individual counties. Zhao et al.*® also adopt the same locations as the proxy for
manure farms and evenly allocated the NHs emissions from manure to these locations.
Recognizing the uncertainties, we consider that we made the best use of the information that

we could find. Other uncertainties may also lie in the distribution of the diffuse sources. We do
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not include the grassland and consider only the arable land. However, this simplification could
be negligible since the fertilizers applied on grassland in2014 only take less than 3% and 6% of
the total fertilizer use for N and P, respectively®®’.

Despite the uncertainties, we consider our model appropriate to analyse inputs of nutrients to
rivers from diffuse and point sources for four main reasons. First, the model inputs are
considered of the acceptable quality. NUFER and VIC provide important inputs for our study
and are both widely applied in their own fields. We use statistics year books for the Chinese
counties, which are known as the most reliable data source in China®® '3, The unique wastewater
treatment plants database is created based on the official governmental documents, exact
locations with XY coordinates, literature reviews and expert knowledge (section S3). Second,
we compare our model approaches with other models performing on different scales. We
consider our model mimic the approach of the MARINA 1.0 and Global NEWS-2 models for
diffuse sources. We improved the method for point sources (Table S5). Third, the model
responses to the sensitivity analysis suggest that the model is fairly robust, with the elementary
effects of smaller than 1 (and in most of cases substantially smaller) (Table S6). Fourth, the
model comparisons (Figure S6,Table S8) cover different approaches (sub-basin and grid).
Compared to other studies for the main basins in China, there are still limited studies
considering manure discharges in their estimates of nutrient inputs to rivers. We provide a better
representation for WWTPs. All this builds our confidence in using our model to quantify

nutrient inputs to rivers by source.
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S5 Supplementary results
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Figure S7. Nitrogen (N) and phosphorus (P) inputs to rivers in China by form: dissolved
inorganic nitrogen (DIN), dissolved organic nitrogen (DON), dissolved inorganic
phosphorous (DIP), dissolved organic phosphorus (DOP) and by source (Tg/year)). Point
sources include human waste from wastewater treatment plants (WWTPs) and direct
discharges of animal manure to rivers. Diffuse sources include synthetic fertilizer use, manure
applied on land, biological N2 fixation by agricultural crops and by natural vegetation,
atmospheric N deposition, human waste from population unconnected to sewage systems that
stays on land, and export-coefficient processes. For DON, the export-coefficient processes
refer to leaching of organic matter. For DIP and DOP, it refers to the weathering of P-
contained minerals from agricultural and non-agricultural soils. “Others” refer to the human
waste from urban and rural population that are unconnected to sewage systems, but
discharged directly to rivers.
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Figure S8. Locations of animal farms and wastewater treatment plants (WWTPs). The names
of the provinces in China are presented on the maps.
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Figure S9. Hotspot areas of point sources (manure discharges and human waste emitted from
wastewater treatment plants (WWTPs)). Nutrients are dissolved inorganic (DIN, DIP) and
organic (DON, DOP) nitrogen (N) and phosphorus (P) and the locations of the WWTPs and
animal farms. Hotspots are defined as the areas where point sources contribute to 50% of the
total DON, DIP and DOP inputs to the rivers. For DIN, the hotspots are the areas where point
sources contribute to 18% of the total DIN inputs to the rivers.
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Figure S10. Hotspot areas of point sources (direct discharges of animal manure and human
waste emitted from wastewater treatment plants (WWTPSs)) inputs to rivers for all the nutrient
forms (dissolved inorganic (DIN, DIP) and organic (DON, DOP) nitrogen (N) and
phosphorus (P)); These hotspot areas are determined by overlapping hotspot areas for
individual nutrient forms (Figure S9). Hotspots are defined as areas where point sources
contribute to 50% of the total DON, DIP and DOP inputs to the rivers. For DIN, the hotspots
are the areas where point sources contribute to 18% of the total DIN inputs to the rivers.
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Figure S11. Dissolved inorganic (DIN, DIP) and organic (DON, DOP) nitrogen (N) and
phosphorus (P) inputs to rivers by sub-basin (in kton year?). Pie charts show the share of
different sources in inputs of nutrients to rivers (0-1). WWTPs refers to human waste emitted
from wastewater treatment plants. Manure discharges refer to the manure directly discharges to
rivers. Diffuse sources include synthetic fertilizer use, manure applied on land, biological N>
fixation by agricultural crops and by natural vegetation, atmospheric N deposition, leaching of
organic matter, and weathering of P-contained minerals from agricultural and non-agricultural
soils, human waste that is applied on land from population unconnected to sewage systems.
“Others” sources include the human waste from urban and rural population that is not connected
to sewage systems and discharged to rivers.
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Figure S12. Share of the diffuse sources in the total dissolved inorganic nitrogen (DIN) inputs
to rivers (0-1) and the spatial distribution of the arable and grass land (1x1km grid). Diffuse
sources for DIN include use of synthetic fertilizers, manure and human waste from unconnected
population on land, biological N> fixation, atmospheric N deposition, P weathering and leaching
of organic matter.
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Figure S13. Total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) inputs to all
Chinese rivers from wastewater treatment plants (WWTPs) (kton year?). The wastewater
treatment plants are categorized by the treatment efficiency and capacity. Both treatment
efficiencies (fractions) and capacities (m®/day) are categorized into three classes. The capacities
(104 m3/day) are grouped into small (c1, capacity <1.4), medium (c2, capacity <3.1) and large
(c3, capacity > 3.1). The treatment efficiencies are grouped into primary (t1, treatment
efficiencies <0.35 for N and <0.4 for P), secondary (t2, treatment efficiencies <0.55 for N and
<0.65 for P) and tertiary (t3, treatment efficiencies >0.55 for N and >0.65 for P). For example,
TNcltl refers to TDN emitted from WWTPs with capacity class 1 (small capacity) and
treatment class 1 (primary treatment for N). TNc1tlr refers to the TDN removal by the WWTPs
with capacity class 1 and treatment class 1.
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Figure S14. The number of wastewater treatment plants for nine categories. The wastewater
treatment plants are categorized by the treatment efficiency and capacity. For both treatment
efficiency and capacity they are categorized into three classes. The capacities are grouped into
small (c1), medium (c2) and large (c3). The treatment efficiencies are grouped into primary (t1),
secondary (t2) to tertiary (t3). See details for grouping in Figure S13. For example, TNc1tl
refers to TDN emitted from WWTPs with capacity class 1 (small capacity) and treatment class
1 (primary treatment for N). TNc1tlr refers to the TDN removal by the WWTPs with capacity
class 1 and treatment class 1.

Figure S13 shows nutrient inputs from 4,204 WWTPs by grouping them according to the
treatment efficiencies (primary, secondary, and tertiary) and capacities (small, medium and
large). Treatment plants with secondary treatment efficiencies account for more than 60% of
TDN inputs to rivers from WWTPs. However for TDP, WWTPs with larger capacities and
relatively higher treatment efficiencies (medium and large) contribute most. They contribute
42% to TDP pollution from WWTPs while account for 24% of the total number of WWTPs
(Figure S13).
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multiple scales (kton year™) in 2012 from all sources. Multiple scales include sub-basin, grid,
county and polygon. White areas indicate Tibat and Taiwan provinces, which have no detailed
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