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a b s t r a c t 

Drinking water is closely related to human health, disease and mortality, and contaminated drinking water causes 

485,000 deaths from diarrhea each year worldwide. China has been facing increasingly severe water scarcity due 

to both water shortages and poor water quality. Ensuring safe and clean drinking water is a great challenge and 

top priority, especially for China with 1.4 billion people. In China, more than 4000 centralized drinking water 

sources including rivers, lakes and reservoirs, and groundwater have been established to serve urban residents. 

However, there is little knowledge on the percentage, serving population and water quality of three central- 

ized drinking water source types. We collected nationwide centralized drinking water sources data and serving 

population data covering 395 prefecture-level and county-level cities and water quality data in the two most 

populous provinces (Guangdong and Shandong) to examine their contribution and importance. Geographically, 

the drinking water source types can be classified into three clear regions exhibiting apparent differences in the 

respective contributions of rivers, lakes and reservoirs, and groundwater. We further found that overall, lakes 

and reservoirs account for 40.6% of the centralized drinking water sources vs. river (30.8%) and groundwater 

(28.6%) in China. Lakes and reservoirs are particularly important in the densely populated eastern region, where 

they are used as drinking water sources by 51.0% of the population (318 million). Moreover, the contribution 

to the drinking water supply from lakes and reservoirs is increasing due to their better water quality and many 

cross-regional water transfer projects. These results will be useful for the government to improve and optimize 

the establishment of centralized drinking water sources, which provide safe and clean drinking water in China 

to safeguard people’s lives and health and realize sustainable development goals. 
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. Introduction 

Access to safe and clean drinking water is essential for human health,

conomic and social development and is recognized as the most basic re-

uirement for sustaining livelihoods regardless of nationality, religion,

olor, wealth or creed [1–3] . The COVID-19 pandemic has demonstrated

he critical importance of sanitation, hygiene and adequate access to

lean water for preventing and containing diseases [4] . Ensuring ac-

ess to clean water and sanitation for all is an important component

f the United Nations 17 Sustainable Development Goals (SDGs). The

rst target of SDG6 is: “By 2030, achieve universal and equitable ac-
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icense ( http://creativecommons.org/licenses/by/4.0/ ) 
ess to safe and affordable drinking water for all ” [5] . It will be chal-

enging to meet this goal because of water shortages, uneven distri-

ution of water resources and water pollution [6] . Currently, approx-

mately two billion people lack access to microbiologically safe drink-

ng water [7] . Developing and least developed countries would likely

uffer from additional domestic surface water deficit to achieve uni-

ersal water accessibility [6] . In addition, the World Health Organi-

ation has estimated that contaminated drinking water causes 485,000

eaths from diarrhea each year ( https://www.who.int/news-room/fact-

heets/detail/drinking-water ). Therefore, ensuring safe and clean drink-

ng water for communities worldwide is a great challenge [8–11] . Even
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n countries with abundant water resources and well-developed water

esource management, such as the US, drinking water pollution is con-

idered the primary environmental concern [10] . For example, a higher

evel of lead was found in the blood of children who drank water from

rivate groundwater sources, which may cause many adverse effects in-

luding intelligence quotient decrease, poor performance in school, and

ncreased risks of behavioral problems [12] . Therefore, there are still

any challenges to the continued provision of safe drinking water in

he US [13] . 

China, a so-called “water-deficit country ” that hosts 18.5% of the

orld’s population but only 5.1% of the global freshwater suffers from

 lack of clean freshwater, and 300 million people are affected by drink-

ng water shortages [ 14 , 15 ]. In 2013, nearly 200 million rural residents

n China did not have access to clean drinking water [16] . Poor drinking

ater quality affects people’s lives and health [ 8 , 16 , 17 ], and every year

n China, an estimated 190 million people fall ill, and 60,000 people

ie from diseases caused by water pollution, which costs the govern-

ent $23 billion a year, or 1% of China’s gross domestic product [18] .

nvironmental pollution, especially polluted drinking water, is consid-

red a key factor in the occurrence of cancer villages (a phenomenon

f cancer cases occurring with alarming frequency in some villages or

ommunities) in China [ 19 , 20 ]. Meanwhile, water shortages and poor

ater quality interact with each other and further threaten China’s food

roduction and security, socioeconomic development, people’s health,

nd realization of sustainable development goals [21] . Therefore, im-

roving the safety of drinking water to solve these serious health and

ocial problems is a top priority in China [17] . 

To reduce the problems associated with polluted drinking water, lo-

al governments have established a series of centralized and decentral-

zed drinking water sources (CDWS and DDWS), serving cities from the

refecture to the county levels as well as towns and rural areas through

ipes as a water resource management policy. A CDWS refers to a wa-

er source serving more than 1000 people by China’s government, and

ther water sources are considered DDWSs. According to the statistics

rom the “National environmental protection plan for urban drinking

ater sources during 2008-2020 ” issued in 2007, China has established

ore than 4000 prefecture-level and county-level CDWSs and innumer-

ble DDWSs. Consequently, 458.8 million people in urban areas and

7.9 million people in rural areas had access to improved water sources

piped water, public standpipe, protected dug well, and so on) during

990-2015 [5] . Correspondingly, urban water use from CDWSs corre-

ponding to domestic use and service activities has been accelerating

rom 1965 to 2013 [22] . 

There are three types of CDWSs and DDWSs in China: groundwater,

ivers, and lakes and reservoirs [23] . This spatially uneven distribution

f China’s water resources and the inconsistency with population and

ocal socioeconomic needs for water caused large and geographically

ivergent differences in CDWSs. Northern China accounts for 45.2% of

he country’s total population but only has 19.1% of the country’s water

esources [21] . Therefore, groundwater is an important drinking water

esource in North China but surface water (rivers, lakes and reservoirs)

s the most important drinking water resource in South Chain. Over-

ll, the water intake from lakes and reservoirs is the largest, while that

rom groundwater is relatively small according to the “National Environ-

ental Protection Plan for Urban Drinking Water Sources (2008-2020). ”

lthough some studies have focused on the water quality and driving

echanisms of different drinking water sources [24–26] , there is little

nowledge on the geographical distribution, percentage, serving popu-

ation and water quality of the three CDWS types. No nationwide assess-

ent has yet to be conducted to determine the relative contribution and

mportance of each of these three types of CDWSs to the drinking water

upply. 

We collected data on CDWSs and the populations of cities at the pre-

ecture and county levels and on the related water quality to quantify

he relative contributions of three types water sources to the populations

hey served. Meanwhile, we included the water quality of the CDWSs in
266 
he two most populous provinces (Guangdong and Shandong) to com-

are the water quality and clarify the future trends of different CDWS

ypes. Our goal is to compile the baseline knowledge on the state of

DWSs in China and highlight the vital importance of lakes and reser-

oirs evidenced by the CDWS number, water supply, serving popula-

ion, and water quality. We expect our results to act as a foundation

pon which government managers and decision-makers establish CD-

Ss and develop initiatives to improve drinking water quality to meet

he drinking water goal of SDG6. 

. Data and methods 

Our data were largely obtained from the China National Environ-

ental Monitoring Centre and the public bulletin and reports from

he Chinese government departments (Table S1), which were reliable

ith strict quality control. Specifically, we collected nationwide data on

DWS type and number data from 340 prefecture-level cities (including

ong Kong and Macao) and 55 county-level cities with a population

reater than 1 million until 2020 ( Fig. 1 ). We further analyzed all the

ounty-level CDWS type, number and population data in the 10 most

opulous cities in China, comprising 4 municipalities directly under the

entral Government (i.e. Beijing, Shanghai, Tianjin, and Chongqing),

ve developed and densely populated cities in 5 provinces in Southeast

hina (Shenzhen, Hangzhou, Fuzhou, Qingdao, and Suzhou), and Hong

ong. Additionally, we compared water quality among the three types

f CDWSs (lakes and reservoirs, rivers and groundwater) from 2016 to

020 in the two most populous provinces (Guangdong and Shandong),

hich have a total population of 216 million, using complete monthly

ecords from monitoring performed by the Ministry of Ecological Envi-

onment. In China, water quality is broken into five categories that can

e described as ‘‘good’’ (Grades I, II, and III) or ‘‘poor’’ (Grades IV and V

r V 

+ ), which cannot support drinking and swimming according to the

B3838-2002 standard (Environmental Quality Standards for Surface

ater). 

There is no complete and available information about the CDWS

ype and number of all prefecture-level and county-level cities for any

overnment department. The CDWS type and number of 338 mainland

refecture-level cities were provided by the Ministry of Ecology and En-

ironment, China. The drinking water source type and number for Hong

ong, Macao, and the 55 county-level cities were obtained from publicly

vailable information from local governments. The type of each water

ource was checked or revised manually using, for instance, new offi-

ial information from the government, the latest descriptions in news

eports, or telephone consultations with the person in charge of the wa-

er supply. 

Population data for the prefecture-level and county-level cities

n 2019 (including Hong Kong and Macao) were obtained from the

ongheiku website ( https://www.hongheiku.com/ ), whose data are

rom the government statistical yearbook. The population served by

ach type of CDWS in the cities was calculated according to the pro-

ortion of the city’s total population and the ratio of each type CDWS to

otal CDWS ( Eq. 1 ). It must be clarified that the calculated population

s not the actual population served by each type of CDWS because the

ctual population is related to the water amounts of different types of

DWSs, which is lacking in this study. 

 𝒐 𝒑 𝒖 𝒍 𝒂 𝒕 𝒊 𝒐 𝒏 𝑖, 𝑗 = 𝑷 𝒐 𝒑 𝒖 𝒍 𝒂 𝒕 𝒊 𝒐 𝒏 𝑗 × 𝑪 𝑫 𝑾 𝑺 𝒔 𝑖,𝑗 ∕ 𝑪 𝑫 𝑾 𝑺 𝒔 𝑗 
(Eq. 1)

here i is the CDWS type, such as rivers, groundwaters, lakes and reser-

oirs; j is the city name; CDWSs i,j is the number of CDWSs belonging to

ype i in city j ; and CDWSs j is the total number of CDWSs in city j . 

The served population of different types of CDWSs in each city,

rovince and the whole country was calculated by summing the calcu-

ated population of each CDWS according to Eq. 1. Then the population

ercentage served by different CDWS types in the area is the correspond-

ng population divided by the total population. 

https://www.hongheiku.com/
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Fig. 1. Spatial distribution of 1093 centralized drinking water sources (lakes and reservoirs: 444; rivers: 336; groundwater: 313) collected nationwide in 

340 prefecture-level and 55 county-level (population ≥ 1 million) cities . Water resource region data are from the Resource and Environment Science and Data 

Center ( https://www.resdc.cn/ ). Map is edited on Chinese standard map GS(2019)1823. 
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Monthly water quality data from 2016 to 2020 for the drinking

ater sources in Guangdong and Shandong provinces were obtained

rom the Guangdong Provincial Department of Ecology and Environ-

ent ( http://gdee.gd.gov.cn/yys/index.html ) and Shandong Provincial

epartment of Ecological Environment ( http://jcc.sdein.gov.cn/hjzl/ ).

n total, 3,791 water quality records were collected for Guangdong

rovince and 3,176 records were collected for Shandong Province. Sur-

ace water quality was evaluated according to environmental quality

tandards for surface water (GB3838-2002) with 29 indices. Ground-

ater quality was evaluated according to quality standards for ground-

ater (GB/T 14848 − 2017) including 39 indices. The water quality of

rinking water sources is classified into five grades in China, ranging

rom Grade I (the best quality) to Grade V (the worst quality) accord-

ng to the GB3838-2002 standard. The water quality in Guangdong and

handong provinces generally ranged from Grade I to Grade III. Since

ew Grade V and Grade IV quality ratings were recorded in Guangdong

nd Shandong provinces, Grade IV and V were classified into Grade III

n our study. Nationwide yearly water supply (surface water, ground-

ater, sewage treatment reuse and rainwater collection) and water use

domestic, industrial, agricultural and ecological uses) data from 1997

o 2020 were obtained from the China Water Resources Bulletin issued

y the Ministry of Water Resources ( http://www.mwr.gov.cn/sj/tjgb/

zygb/ ). 

To quantify the contributions of three types of prefecture-level CD-

Ss to the drinking water supply in Shanxi Province, monthly water

ntake data for 2016-2020 were obtained from the Shanxi Provincial

epartment of Ecological Environment ( https://sthjt.shanxi.gov.cn/ ). 
267 
. Results 

.1. Contributions and spatial distributions of different drinking water 

ources 

Of the 1,093 CDWSs nationwide ( Fig. 1 ), 444 (40.6%) were lakes

nd reservoirs, 336 (30.8%) were rivers, and the remaining 313 (28.6%)

ere groundwater sources ( Fig. 2 ). In addition, a more detailed analysis

f the 10 most populous cities in China, including 211 county-level CD-

Ss, of which 138 (65.4%) were lakes and reservoirs, 65 (30.8%) were

ivers, and 8 (3.8%) were groundwater, indicated the dominant role and

mportance of lakes and reservoirs ( Table 1 ). 

Geographically, the CDWS types could be clearly classified into three

egions from the perspectives of topography and water resource distri-

ution ( Fig. 1 ), separated by China’s Second Ladder and the Qinling

ountains-Huaihe River Line ( Fig. 2 a). In the first region located in

ater scarce and shortage regions, groundwater is the main source of

rinking water (66.2%); this region coincides approximately with the

parsely populated western region of China ( Figs. 2 b and 3 ). For ex-

mple, the groundwater water source accounted for 80.8% of the total

DWSs in Shanxi Province ( Table 2 ). The altitude of the first region is

enerally above 2000 m, and the annual average rainfall is generally less

han 400 mm. Due to high evaporation and low precipitation, most of

he lakes in this area are saltwater lakes or brackish water lakes. Mean-

hile, many rivers are cut off and frozen in winter due to low discharge

nd temperature. All these factors inhibited lakes and rivers as CDWSs.

n the second region located in the transition region from water resource

https://www.resdc.cn/
https://www.resdc.cn/\051.Map
http://gdee.gd.gov.cn/yys/index.html
http://jcc.sdein.gov.cn/hjzl/
http://www.mwr.gov.cn/sj/tjgb/szygb/
https://sthjt.shanxi.gov.cn/
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Fig. 2. Spatial distribution and composition of three types of drinking water sources across China (a) and within China and three geographically distinct 

regions (b) . The number in the circles in (b) indicates the total number of drinking water sources in that region. Multiyear (2016-2020) average percentages of 

drinking water quality were calculated for Shandong and Guangdong provinces (c). Map is edited on Chinese standard map GS(2019)1823. 

Table 1 

Amount, percentage, and serving population percentage of three CDWS types of the 10 important cities in China . 

Name CDWS number Number of three CDWS types Serving population percentage of three CDWS types (%) 

Lakes and Reservoirs Rivers Groundwater Lakes and Reservoirs Rivers Groundwater 

Beijing 25 18 2 5 72 8 20 

Shanghai 7 5 2 0 71.4 28.6 0 

Tianjin 6 6 0 0 100 0 0 

Chongqing 73 36 37 0 49.3 50.7 0 

Shenzhen 12 12 0 0 100 0 0 

Hangzhou 16 11 5 0 68.8 31.2 0 

Fuzhou 24 11 13 0 45.8 54.2 0 

Qingdao 30 24 3 3 80 10 10 

Suzhou 12 9 3 0 75 25 0 

Hong Kong 6 6 0 0 100 0 0 

All 211 138 65 8 72.9 23.6 3.5 
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hortages to plenty, in the moderately populated northeast, both lakes

nd reservoirs (45.7%) and groundwater (43.6%) are important drink-

ng water sources ( Fig. 2 b). The altitude of the second region is basically

000-2000 m, and the annual average rainfall is 400-1000 mm. Many

ivers are also frozen in winter and the water supply is unstable over

ime in this region inhibiting rivers as CDWSs. In the third region lo-

ated in regions with abundant water resources and rich regions, in the

ensely populated south, both rivers (49.4%) and lakes and reservoirs

47.7%) are the two main drinking water sources ( Fig. 2 b). The altitude

f the third region is generally under 1000 m, and the annual average

ainfall is greater than 800 mm. Abundant freshwater resources with

omplex river and lake networks facilitated rivers, lakes and reservoirs
268 
s CDWSs. In addition, the drainage basins in southern China such as Fu-

ian, Zhejiang and Guangdong provinces are usually small in area and

hort in flow. Reservoirs have been widely built to store water before

owing into the sea. Thus, our results revealed large and geographically

ivergent trends for Chinese drinking water sources. 

.2. Water quality comparison of different drinking water sources 

Our results showed that the water quality of lake and reservoir

DWS was better than that of river and groundwater CDWSs for two

ost populous provinces (Guangdong and Shandong Provinces). Of the

rade I (best quality) CDWSs, lakes and reservoirs constituted > 90% and

https://www.resdc.cn/\051.Map
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Fig. 3. Distribution of the population relative to the CDWSs available in the provinces, four municipalities and large cities (Beijing, Shanghai, Tianjin, 

Chongqing, and Hong Kong) (a) as well as in five other populous cities in Southeast China. The number below each city indicates its population (in millions of 

people) (b). Map is edited on Chinese standard map GS(2019)1823. 

Table 2 

Comparison of the percentages of CDWS number, annual total water intake amounts and water quality compliance rates of three CDWS types in Shanxi 

Province during 2016-2020 . 

Year Rivers Lakes and reservoirs Groundwater Total 

CDWS number 1 4 21 26 

Percentage of three CDWS types (%) 3.8 15.4 80.8 100 

Water quality compliance rate (%) 0 100 95.2 92.3 

Annual total water intake amount (10 4 m 

3 ) 2016 2233 12729 29158 44120 

2017 2525 12903 30549 45977 

2018 2160 13682 32694 48536 

2019 2160 13337 33598 49095 

2020 2160 14557 33790 50506 

Water intake amount from each CDWS (%) 2016 5.1 28.8 66.1 100 

2017 5.5 28.1 66.4 100 

2018 4.4 28.2 67.4 100 

2019 4.4 27.2 68.4 100 

2020 4.3 28.8 66.9 100 

Water quality compliance rate: The percentage of water quality is up to or better than the Grade III standard according to the GB3838-2002 standard. 
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ivers constituted < 10%; however, no groundwater sources achieved

his grade ( Fig. 2 c). In detail, 75% of the CDWSs classified as Grade II in

handong Province were lakes and reservoirs. In Guangdong Province,

ivers accounted for the majority of the Grade II CDWSs, followed by

akes and reservoirs. In Shandong, the Grade III CDWSs were mainly

roundwater, followed by lakes and reservoirs ( Fig. 2 c), while in Guang-

ong, the proportions of the three CDWS types were roughly equal for

rade III ( Fig. 2 c). 
269 
.3. Serving population of different drinking water sources 

The serving population results of the three types of CDWSs further

ighlight the vital importance of lakes and reservoirs for the drinking

ater supply. In 2019, there were approximately 701 million inhabi-

ants in 340 prefecture-level and 55 county-level cities. Of these inhabi-

ants, nearly 331 million (47.2%), 258 million (36.8%), and 112 million

16.0%) relied on lakes and reservoirs, rivers, and groundwater, respec-

https://www.resdc.cn/\051.Map
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ively, as their drinking water sources ( Fig. 3 ). To further underline the

mportance of lakes and reservoirs, special attention was given to the

ifference between the southeastern and northwestern regions of China,

s divided by the Hu Huanyong Line [27] ( Fig. 3 ). This line, proposed

y the famous population geographer Hu Huanyong, connects the city

f Aihui County (Heilongjiang Province) in the northeast to Tengchong

ounty (Yunnan Province) in the southwest, basically coinciding with

he 400-mm precipitation isoline. The Hu Huanyong Line is regarded as

n important divider of geographic, economic, social, and human activ-

ty intensity in China [28] . To the southeast of the Hu Huanyong Line,

18 million (51.0%) people rely on lake and reservoir water sources,

hile 235 million (37.8%) and 70 million (11.0%) people are served by

iver and groundwater water sources, respectively ( Fig. 3 ), which indi-

ates the predominant surface water source. In contrast, to the north-

est of the Hu Huanyong Line, 13 million (16.8%), 23 million (29.2%),

nd 42 million (54.0%) people are served by lake and reservoir, river

nd groundwater water sources, respectively. In addition, in the 10 most

opulous cities, 111 million inhabitants (72.9%) use lakes and reservoirs

s drinking water sources, whereas only 36 million (23.6%) and 5.3 mil-

ion (3.5%) rely on rivers and groundwater, respectively, as drinking

ater sources ( Fig. 3 ) ( Table 1 ). 

. Discussion 

.1. Advantages of lake and reservoir CDWSs 

Drinking water quality is affected by the quality of source water, the

reatment processes of waterworks, and the water distribution system.

ndoubtedly, the quality of source water plays a critical role in deter-

ining drinking water quality and residents’ health. Our CDWS number,

ater quality and serving population results all show that lakes and

eservoirs determine the drinking water supply and serve the largest ur-

an population in China. Lakes and reservoirs act as important drinking

ater sources around the world. For example, the Great Lakes provide

rinking water to over 24 million US and Canadian consumers [29] and

he Catskill/Delaware reservoirs supply drinking water for 90% of the

opulation of New York City [30] . Drinking water security has been a

ajor concern in China in recent decades [ 3 , 11 , 17 ]. With the increases

n the population and per capita water consumption, the amount of do-

estic water use underwent a yearly mean increase of 2.68%, increasing

he domestic water use percentage from 9.4% to 14.8% during 1997-

020 (Table S2). Therefore, ensuring a safe and clean drinking water

upply remains a high priority for the Chinese government. China has

6,719 lakes and 14,001 reservoirs (water area ≥ 0.1 km 

2 ) [31] and

ost are located in the developed areas in eastern China ( Figs. 2 and 3 ),

hich can provide the most important and the best quality drinking

ater. We will highlight the importance of lake and reservoir CDWSs in

he clean and safe drinking water supplies from the three perspectives

f water supply, water quality and future trends. 

First, lakes and reservoirs contribute the most CDWSs (40.6%) and

erve the largest population (47.2%) in China. The China Water Re-

ources Bulletin showed that the relative contribution of groundwater to

he total water supply decreased from a maximum of 19.7% in 2001 to

 minimum of 15.4% in 2020 during the period from 1997-2020 (Table

2). In contrast, the relative contribution of rivers, lakes and reservoirs

o the total water supply increased markedly in this period (Table

2). In Jiangsu Province, 20 groundwater sources and 18 river sources

ere removed from the county-level CDWSs in 2020 because the

ater quality did not meet national standards; additionally, 4 lakes and

eservoirs were added due to the cleaner and safer drinking water supply

 http://www.jiangsu.gov.cn/art/2020/9/30/art_64752_9528158.html?

qnahi = affiy2 ). At present, there are no county-level groundwater CD-

Ss in Jiangsu Province. 

In addition, the water intake amount and percentage from ground-

ater are very low although the percentage of groundwater CDWS num-

er is very high for some northwestern provinces. We further chose
270 
he most populous province (Shanxi Province) from 6 provinces with

roundwater CDWS percentages greater than 60%, including Inner Mon-

olia, Shanxi, Tibet, Qinghai, Xinjiang, and Ningxia Provinces, to quan-

ify the contribution of the water intake amounts associated with differ-

nt CDWSs. A total of 80.8% of the groundwater CDWS number corre-

ponded to 66.1%-68.4% of the total water intake amount from ground-

ater during 2016-2020 ( Table 2 ). In contrast, lakes and reservoirs ac-

ounted for 15.4% of the CDWSs and 27.2%-28.8% of the total water

ntake amount in Shanxi Province ( Table 2 ), indicating an underestima-

ion of the serving population of lakes and reservoirs. The yearly mean

ncrease rate of 2.89% for the annual total water intake amount during

016-2020 in Shanxi Province showed an increase in the domestic water

se amount ( Tables 2 and S2), which indicated more water intake from

akes and reservoirs. In Huhhot, the capital of Inner Mongolia, there are

 groundwater CDWSs and 1 river CDWS, which serve only 2.18 mil-

ion people. These results indicate that the water intake amount and the

ercentage of the population served by groundwater CDWSs are much

ower than anticipated for these northwestern provinces because of the

imited water intake of a single groundwater CDWS. 

Second, lakes and reservoirs provide better drinking water qual-

ty and stable water supply than rivers and groundwater ( Fig. 2 c and

able 2 ). Improved water quality is vital for eliminating disease and

nsuring physical health [ 11 , 17 , 19 , 20 ]. Many lakes and reservoirs are

ar from cities and industrial areas, are free from industrial, agricultural

nd domestic pollution and have relatively good water quality. Previous

urveys reported that nationwide, 17.1% of the groundwater but only

.4% of the surface water CDWSs failed to meet national quality stan-

ards (GB 3838, GB/T 14848) in 2017, emphasizing the higher quality

f surface waters. As much as 90% of China’s shallow groundwater is

olluted, according to the Ministry of Land and Resources, and an alarm-

ng 37% is so polluted that it cannot be treated for use as drinking wa-

er [18] . Similarly, China’s Ecological Environment Condition Report

f 2020 ( http://www.mee.gov.cn/hjzl/sthjzk/ ) showed that 86.4% of

he nation’s groundwater (10171 wells in 31 provinces across China)

as poor or very poor quality (i.e., class Ⅳ or V), which was not safe

or drinking water. However, only 16.6% of the nation’s surface water

1937 stations across China) was poor or very poor quality (i.e., class

 or V). More importantly, China is a hotspot for arsenic, and it is esti-

ated that 4.3-19.6 million people are affected by arsenic-contaminated

roundwater [ 32 , 33 ]. For the surface water CDWSs, water quality is bet-

er for lakes and reservoirs than rivers ( Fig. 2 c) [23] . Due to their better

ater quality, lakes and reservoirs have become the main water sources

or bottled water, which now represents the fastest growing form of safe

nd clean drinking water in China [ 7 , 34 ]. For example, as the largest

rand of bottled water in China, NongFu Spring has eight high-quality

ater sources nationwide, including Lake Qiandaohu, Lake Wanlvhu,

nd Danjiangkou Reservoir and the other five water sources come from

igh mountain springs and ice melt water without river or groundwater

ources. 

Additionally, lakes and reservoirs can provide more stable water sup-

ly (with fewer fluctuations due to floods, droughts and freezing) than

roundwater and rivers because many groundwater bodies in China

ave been overextracted and polluted by a high geological levels of

rsenic and/or significant human activities [ 18 , 33 , 35 ], and rivers are

ulnerable to pollution [36] (Table S3), floods, droughts and freezing

37–39] . There were 653 representative cases of surface water pollution

ccidents before 2012, of which 567 occurred in rivers, 30 occurred in

akes and 56 occurred in reservoirs [36] , indicating a greater environ-

ental risk for river CDWSs. To the best of our knowledge, most of the

ajor drinking water pollution incidents in China in the past 20 years

ave occurred in rivers (Table S3). The Songhua River industrial disas-

er on the upper reach of the Songhua River, the largest tributary of the

eilong River, is a typical example of an accident in a river that polluted

iver CDWSs. Authorities shut down the drinking water system serving

arbin’s 4 million residents as well as municipal and residential ground-

ater supplies along the river’s edge for 4 days because an explosion at

http://www.jiangsu.gov.cn/art/2020/9/30/art_64752_9528158.html?gqnahi=affiy2
http://www.mee.gov.cn/hjzl/sthjzk/
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c  
 chemical plant led to the release of more than 100,000 kg of ben-

ene, aniline, and nitrobenzene into the Songhua River [17] . Although

arked water quality improvement has been achieved for China’s rivers

n the past two decades, it is still challenging to realize acceptable eco-

ogical conditions [40] . Meanwhile, it has been observed and projected

hat there are more frequent and intense floods and droughts in China

 41 , 42 ], which will inevitably cause negative effects on water quality,

ncrease vulnerability, and limit clean and safe drinking water for river

DWSs [43–45] . 

Third, many cross-regional water transfer projects are increasing the

ontribution and importance of lakes and reservoirs to CDWSs. China

as been facing increasingly severe water scarcity, especially in North

hina due to the uneven distribution of water resources [21] . Therefore,

any cross-regional water transfer projects have been implemented to

nsure water resource security and further improve food security, eco-

omic development, and people’s health, although such transfers may

ave negative impacts on local ecosystems and water resources. The

iddle Route Project of the South-to-North Water Diversion (SNWD)

roject, which transports water from the Danjiangkou Reservoir (con-

ected to the Yangtze River) to Henan and Hebei Provinces and to the

ianjin and Beijing municipalities due to serious water scarcity in these

egions [21] ( Fig. 1 ), further underlines the role of lakes and reservoirs

n providing drinking water in China. Since 2014, the drinking water

ources in the two provinces and two municipalities have shifted from

ainly groundwater to lakes and reservoirs, e.g., the Danjiangkou

eservoir [35] . In 2019, a total of 6.22 km 

3 of water was transported

rom Danjiangkou Reservoir to meet the demand for safe and clean

rinking water, and another 2.40 km 

3 of water was transported for eco-

ogical use to restore groundwater levels for Henan and Hebei Provinces

nd to the Tianjin and Beijing municipalities [35] . Specifically, of this

ransported water, 1.22 km 

3 of drinking water was transported to Tian-

in municipality in 2019, affecting 14 administrative districts. More

mportantly, the overall water quality in the Danjiangkou Reservoir is

ood always maintaining grades I and II according to the GB3838-2002

tandard [46] . Additionally, a total of 34.053 km 

3 of water has been

ransported along the Middle Route Project of the SNWD since 2014

 http://www.mwr.gov.cn/xw/sjzs/202011/t20201103_1461936.html ) 

Fig. S1 and Table S4). In the future, even more water will be trans-

orted from the Danjiangkou Reservoir, Lake Hongzehu, and Lake

uomahu to the North China Plain along the East and Middle Route

rojects of the SNWD. For example, the Middle Route Project of the

NWD is projected to transport 9.5 km 

3 /year, with the long-term goal

f transporting 13 km 

3 /year, which is expected to be realized in 2030

35] . Moreover, some major water transfer projects, such as the Lake

iandao Water Distribution Project, the water diversion project from

he Hanjiang River to the Weihe River, and the water diversion project

rom the Datong River to the Huangshui River, will transport water from

akes and reservoirs to ensure compliance with the safety standards

or drinking water for many large and medium-sized cities (Table S5).

t is projected that 17.14 km 

3 /year of water will be transported from

he eight cross-regional water transfer projects until 2025 benefiting

ore than 173.6 million people (Table S5). Meanwhile, the Anhui

rovincial government is implementing the water diversion project in

orthern Anhui to replace underground sources using rivers, lakes and

eservoirs for 30 million people of Fuyang, Huaibei, and Bozhou cities

efore 2025. Therefore, we predict that in the future, drinking water

ources will increasingly rely on the lakes and reservoirs associated

ith national water network backbone projects and cross-regional

ater transfer projects showing the increasing importance of lakes and

eservoirs. 

.2. Risks of lake and reservoir CDWSs 

Lakes and reservoirs also face risks of harmful algal blooms and wa-

er quality deterioration due to intense human activities and climate

arming [47–51] , which might increase the vulnerability of lakes and
271 
eservoirs supporting drinking water. For example, a drinking water

ource contaminated by harmful cyanobacteria blooms in Lake Taihu

esulted in the interruption of the drinking water supply of two mil-

ion people in Wuxi in Jiangsu Province for one week (Table S3) [ 3 , 52 ].

dditionally, similar drinking water intake contamination by harmful

yanobacteria blooms was reported in the municipality of Toledo, Ohio

US), in early August 2014, which directly affected over 400,000 resi-

ential customers and hundreds of businesses [ 53 , 54 ]. Freshwater lakes

nd reservoirs are at risk of long-term salinization due to increasing

rbanization and associated chloride runoff, drought, and agricultural

rrigation [55–58] , which will threaten drinking water supply. Prevent-

ng salinization of freshwater lakes and reservoirs is critically important

or protecting the ecosystem services of freshwater lakes and reservoirs

uch as drinking water, fisheries, recreation, irrigation, and biodiversity

aintenance. In addition, restoration of polluted lakes to improve water

uality and ecological conditions needs a longer time and more effort

han polluted rivers due to low hydraulic flushing rates and accumu-

ated internal pollution from sediment [59] , which pose a potential risk

or lake and reservoir CDWSs. However, the vulnerability can be largely

ecreased with strict water source conservation and efficient water use.

specially, the Chinese government has made great efforts to control

ake and reservoir eutrophication and algal bloom over the past few

ecades. 

.3. Drinking water quality management for sustainable development 

Our results clearly show that lakes and reservoirs act as drinking

ater sources for more inhabitants than rivers and groundwater, espe-

ially in the densely populated and economically developed region of

astern China. These results were different from the previous prevailing

nderstanding that rivers and groundwater were the most important

ources of drinking water in China during 2005-2009 [23] . The per-

entage of lake and reservoir sources increased from 27.2% to 40.6%

ut the percentage of groundwater sources decreased from 42.2% to

8.6% from 2005-2009 to 2020 [23] . With China’s rapid urbanization

nd an increase in its water use [22] , it is projected that the contri-

ution of lakes and reservoirs to drinking water sources will further

ncrease as previously shown. The proportion of the population using

iped water supplies increased from 88% to 90% in urban areas, and

rom 26% to 62% in rural areas between 2000 and 2015. However,

0% and 38% of the population in urban and rural areas still uses a

onpiped water supply [60] . Our dataset and results are vital for a bet-

er understanding of the roles of the different CDWSs and can be used

o support the government and the public in addressing the increas-

ng challenges affecting drinking water security in China. Our results

urther highlight the important ecological services and goods providing

afe and clean drinking water by lakes and reservoirs for human welfare

 56 , 61 , 62 ]. 

Therefore, we expect that our results will encourage the government

o undertake adaptive management to ensure drinking water safety and

chieve SDG6. Specifically, water conservation, protecting surface and

roundwater resources, and preventing overexploitation are the priori-

ies for addressing water scarcity and shortage in Regions 1 and 2. Mean-

hile, cross-regional water transfer projects are considered an important

daptive management policy to increase the water supply and meet the

ncreasing need. For Region 3, special attention to controlling water pol-

ution and lake eutrophication to reduce the adverse effects of human

ctivities on drinking water sources should be priorities. Cleaning drink-

ng water sources, e.g., by purging rivers and lakes of industrial and

gricultural pollutants, is considered a sustainable plan for maintain-

ng China’s drinking water supply [63] . Bloom prevention and control

nd water quality management strategies should be developed to protect

ake and reservoir drinking water sources, and these strategies should in-

lude nutrient management, hydrodynamic changes, and chemical and

iological control [64] . In particular, agricultural applications of pesti-

ides and fertilizers should be limited, and polluting industries should

http://www.mwr.gov.cn/xw/sjzs/202011/t20201103_1461936.html
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ot be allowed near important lake and reservoir drinking water sources

o maintain excellent water quality. 

. Conclusion 

The centralized drinking water source types exhibit significant spa-

ial heterogeneity and can be classified into three clear regions across

hina. Lakes and reservoirs are the most and the best centralized drink-

ng water sources contributing 40.6% of the CDWSs vs. river (30.8%)

nd groundwater (28.6%) in China, especially in the eastern developed

reas serving 51.0% of the population. In the 10 most populous cities,

11 million inhabitants (72.9% population) rely on lakes and reservoirs

s drinking water sources. The water quality of lakes and reservoirs is

etter than that of rivers and groundwater. Meanwhile, groundwater

as been overextracted and rivers are vulnerable to pollution, floods,

nd droughts. Therefore, lakes and reservoirs can provide more stable

nd clean drinking water. We predict that centralized drinking water

ources will rely more on lakes and reservoirs in the future accompany-

ng the construction and operation of some cross-regional water trans-

er projects. Under the dual stress of climate change and human activ-

ties, lakes and reservoirs are facing the vulnerability issuses of water

esources supply. Therefore, preventing lake and reservoir pollution and

mproving the water quality of lake and reservoir are critically impor-

ant for achieving SDG6 and protecting people’s lives and health. 
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