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Identifying the sanitation efficacy of reducing fecal contaminations in the environment is important for
evaluating health risks of the public and developing future management strategies to improve sanitation
conditions. In this study, we estimated the fecal coliforms (FC) entering into the environment in 31
provinces in China under three sanitation scenarios. Our calculation results indicated that, the current FC
release is disparate among regions, and the human releases in the rural regions were dominant, ac-
counting for over 90% of the total human releases. Compared with the human release, the FC release from
the livestock was of similar magnitude, but has a quite different spatial distribution. In China Women's
Development Program, the Chinese government set the target to make over 85% of the population in the
rural access to the toilets in 2020. If the target set by the Chinese government is achieved, a decrease of
34% (12–54%) in the FC releases would be anticipated. In the future, the improvement in sanitation and
accesses to the safe drinking water in the less developed regions, such as Tibet, Qinghai, and Ningxia,
should be considered as a priority.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

The quality of the surface water was largely determined by the
fecal contaminants from humans and animals (Prüss-Üstün et al.,
2008; Stuart et al., 2009; Graham and Polizzotto, 2013; Fuhrme-
ister et al., 2015; Schriewer et al., 2015). Animal feces harbor a
large number of microbes, including bacteria, archaea, microbial
eukarya, viruses, and potentially protozoa and helminthes (Cabral,
2010; Schriewer et al., 2015). Water polluted by the feces is a ve-
hicle for transmission of microorganisms, which is responsible for
some deadly diseases (Cabral, 2010). Monitoring the presence of
fecal coliforms (FC) is an efficient tool for assessing fecal con-
taminations in the receiving water bodies because these bacteria
exist in large quantities in the gastrointestinal tracts of most
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warm-blooded animals (Pachepsky and Shelton, 2011; Reder et al.,
2015; Tran et al., 2015). Currently, the diarrheal diseases remain a
major public health concern in the developing countries, and the
regions with lowest financial resources and poorest hygiene fa-
cilities are the mostly affected (Cabral, 2010). In the low and
middle income countries, an estimated 700,000 children under
five years of age die due to gastroenteritis every year (Fuhrmeister
et al., 2015; Walker et al., 2013). In the rural China, the average
diarrheal incidence is 2.9 episodes per child per year among
children under five years of age, and the diarrheal mortality rate of
children under five is 13 times greater in rural regions than in the
urban regions (Zhang, 2012). About 88% of diarrheal cases
worldwide were attributed to the unsafe drinking water often
caused by inadequate sanitation or insufficient hygiene measures
(Prüss-Üstün et al., 2008). Reductions of the fecal pathogens in the
surface water could reduce disease transmission risks significantly
(Fewtrell, 2005; Fuhrmeister et al., 2015).

The importance of sanitation in controlling the diseases
caused by microbes was recognized by international community
when the coverage targets in the low-income countries were
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included in the Millennium Development Goals (MDGs) of United
Nations ( Prüss-Üstün et al., 2008; WHO, 2006, 2014). MDGs set
the target to reduce, by half, the proportion of the population
without access to the improved sanitation from 51% in 2010–25%
by 2015 (WHO, 2006). In this target, improved sanitation is de-
fined as the access to facilities that hygienically separate the feces
from human contact, including flush or pour flush to piped sewer
system, septic tank or pit latrine, ventilated improved pit latrines,
pit latrines with slab and composting toilets (Cairncross et al.,
2010; Fuhrmeister et al., 2015). In the Sustainable Development
Goals (SDG), the United Nations set another target that, by 2030,
if not earlier, all the world's population will have access to safe
and sustainable water and sanitation (Sachs, 2012). In 2012,
about 63% of the global population used toilets and other im-
proved facilities, projected to reach only 67% by 2015, slower
than the target set by the MDGs (Prüss-Üstün et al., 2008). Due to
different income levels, huge disparities in the sanitation condi-
tions still exist among countries and regions (Prüss-Üstün et al.,
2008; Fuhrmeister et al., 2015). Twelve countries are home to
almost three quarters of the remaining people practicing open
defecation, including India (626 million) and China (14 million)
(Prüss-Üstün et al., 2008). Even within countries, huge disparities
in sanitation accesses between the rural and urban areas exist
(Graham and Polizzotto, 2013).

Since 1990s, the Chinese government has recognized the im-
portance of sanitation improvement in the rural regions, and a sa-
nitation project (named as “Toilet Revolution”) targeting at the rural
population was started (National Health and Family Planning
Commission, China, 2014a). The access rates to the toilets in the
rural regions increased sharply from 7.5% in 1995–76.1% in 2014
(National Bureau of Statistics, China, 2004–2015). In the China
Women’s Development Program, the Chinese government set the
target that, in 2015, access rate to the toilets should reach 75% in the
rural regions, and 85% in 2020 (General Office of the State Council,
China, 2011). However, the majority of the toilets in the rural of
China were in the form of pit latrines. Pit latrines generally lack
physical barriers, such as concrete, between stored excreta and
water sources and they are not effective in the removal of fecal
contaminants (Van Ryneveld and Fourie, 1997; National Health and
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Fig. 1. Diagram of mechanistic-stochastic mod
Family Planning Commission, China, 2014b). Besides, accesses to the
toilets and other sanitation facilities in the rural regions also show
disparities between the developed and less-developed regions of
the country (National Bureau of Statistics, China, 2004–2015).

Identifying the sanitation efficacy to reduce fecal contaminants
in the environment is important for evaluating the health risks for
the public and developing future management strategies (Fuhr-
meister et al., 2015). Currently, lack of data is the main constraint
which limits the comprehensive understanding of the relation-
ships between microbial contaminations in our environment, hu-
man behavior and public health. In this study, we estimated the
efficacies of sanitation upgrading by modeling microbial pollutions
entering into the environment from human and livestock under
three policy scenarios. The results could help improve the country
sanitation accesses planning under the condition of lack of direct
monitoring of pollution data.
2. Methods and materials

2.1. Conceptual framework

We used a mechanistic-stochastic model (shown in Fig. 1) to
estimate the feces and FC releases from human and livestock in
31 provinces in China, including North China (Beijing, Tianjin,
Shanxi, Hebei, Inner Mongolia), East China (Fujian, Zhejiang,
Shandong, Anhui, Jiangsu, Shanghai), South China (Guangdong,
Guangxi, Hainan), Central China (Jiangxi, Henan, Hubei, Hunan),
Southwest China (Chongqing, Sichuan, Guizhou, Yunnan, Tibet),
Northwest China (Shan’xi, Gansu, Qinhai, Ningxia, Xinjiang) and
Northeast China (Heilongjiang, Jilin, Liaoning) (details shown in
Table S1). The calculation uses the province-level data, divided
into urban, county and rural areas, respectively, on types of sa-
nitation technologies to estimate the FC entering into the en-
vironment. The FC release in each province was calculated ac-
cording to Eqs. (1)–(4). The impacts of sanitation upgrading in-
fluencing human feces release were examined under two sani-
tation upgrading scenarios (details described in Section 2.3). The
FC removal efficiency by sanitation was calculated by Eq. (5).
Sanitation types
I. Flush to piped sewer;
II. Flush to composting toilet;
III. Flush to pit latrine;
IV. No facility/hanging toilet/bucket
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Table 1
Values, distribution parameters and sources parameters used to estimate FC releases in each province.

Parameters, units Distribution Data sources

Fecal weights
Adult (normal), grams/ day Truncated normal (125, 59) (Fuhrmeister et al., 2015)
Adult (diarrhea), grams/day Truncated normal (7000, 6000) (Fuhrmeister et al., 2015)
Adult (normal), grams/day Truncated normal (53, 32) (Fuhrmeister et al., 2015)
Adult (diarrhea), grams/day lognormal (6.2, 0.9) (Fuhrmeister et al., 2015)
Fecal coliforms, CFU/gram Uniform 10 (6, 9) (Geldreich, 1978)

Diarrhea durations
Diarrhea incidence(child), cases/year Point value (2.4) (Walker et al., 2012)
Diarrhea incidence(adult), cases/year Point value (0.6) (WHO, 2008; Walker et al., 2012)
Diarrhea duration (child), days Truncated normal (3, 3) (Herbst et al., 2008; Lamberti et al., 2012)
Diarrhea duration (adult), days Truncated normal (3, 3) (Fuhrmeister et al., 2015; Herbst et al., 2008)

Accesses to sanitation treatments
Sanitation treatment (urban) Point value (National Bureau of Statistics, 2004–2015)
Sanitation treatment (county) Point value (National Bureau of Statistics, 2004–2015)
Sanitation treatment (rural) Point value (National Bureau of Statistics, 2004–2015)

Accesses to sewage plants
Urban Point value (Ministry of Housing and Urban-Rural Development, 2010)
County Point value (Ministry of Housing and Urban-Rural Development, 2010)
Rural Point value (Ministry of Housing and Urban-Rural Development, 2010)

FC removal efficiencies
Piped sewer/% Point value (90) (Nelson and Murray, 2008)
Composting toilets/% Point value (90) (Fuhrmeister et al., 2015)
Sewage plants/% Point value (0.99) (Li, 2010)
Pit latrine/% Triangular (0, 90, 90) (Nelson and Murray, 2008)
No facility/hanging toilet/bucket latrine/% Point value (0) (Fuhrmeister et al., 2015)
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During these calculations, stochasticity is introduced via a Monte
Carlo simulation constructed by Crystal Ball (Oracle, USA), using
parameters and associated distributions as described in Table 1.
We performed separate Monte Carlo with 3000 simulations for
urban, county and rural estimates of FC releases and its removal
efficacy under each scenario.
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where P refers to the child or adult population in the urban,
county and rural in each province, respectively. FNor/Dia refers to
the daily feces productions during the normal and diarrhea days
(grams/day). FCCon refers to the fecal coliform concentrations in
the human feces (CFU/gram). RDia incid-adult/child refers to the
diarrhea incidences in one year (times/year) and D Dia-child/adult

refers to diarrhea duration days for each time (days/time). RSan

refers to the FC removal efficiency during the collection of human
feces, and the efficiency depends on the sanitation types (Ta-
ble 1). RSew refers to the FC removal efficiencies by the sewage
treatment, and the access rates to sewage plants in different
provinces were also provided in Table S1.

The FC releases from the livestock were calculated as Eq. (6),
and the most farmed animals in China were included during the
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calculation, which were pig, sheep, cattle and poultry, respectively.
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where PPig/sheep/cattle/poultry refers to the number of farmed animals
in different provinces in China (National Bureau of Statistics, Chi-
na, 2004–2015). The animal farming was divided into the scale and
scatter-feed farming, and the faming ways affect the FC releases
from the animals. PESca refers percentage of scale farming in all the
farmed animals (%). FPig/sheep/cattle/poultry refers the feces produc-
tions by the livestock (g/day). FCCon-sacle/scatter refers to the con-
centrations of fecal coliforms in the animal feces (CFU/gram).

2.2. Model parameters

The distributions for normal fecal weights, diarrheal fecal
weights, diarrhea durations, and diarrhea incidences for adults
and children (under 5 years of age) were referenced from the
previous studies (Table 1). The survey data about sanitation types
and corresponding access rates in each province was collected
from Ministry of Environmental Protection, China and Ministry of
Housing and Urban-Rural Development, China. Populations living
in the urban, county and rural, respectively, were based on the
recent nationwide population census in China (National Bureau of
Statistics, 2010). The FC removal efficiencies by different sanitation
technologies were based on the reported data from Nelson and
Murray (Nelson and Murray, 2008).

2.3. Sanitation upgrading scenarios

Considering the huge releases, the impacts of sanitation to the
FC release in the rural regions were estimated under three
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Fig. 2. Fecal coliform concentrations in different
scenarios. Under Scenario I, we used the models to estimate the FC
releases based on the current existing sanitation. Under scenario II
all the sanitation in the rural was upgraded to the technology
meeting the definition in China Women's Development Program
(with an access to toilets of 85% in the rural in 2020). Because
there is no definite target for the access rates of the compositing
toilets in this program, under Scenario II, we assumed the access
rates of composting toilets in the rural increased by 10% compared
with Scenario I. Under scenario III, the best-case scenario, all of the
rural population will have access to composting toilets, which is
the best available sanitation technology in the rural currently.

2.4. Monitoring of FC concentrations in the water

The monitored FC concentrations in the surface water were
studied as a response to regional FC releases. The FC concentra-
tions were monitored monthly in 415 river sampling sites and 156
lake sampling sites, distributing at all the provinces in China. The
sampling sites and frequencies in each province were shown in
Table S1. The field sampling was carried out according to the
“Technical Specifications Requirements for Monitoring of Surface
Water and Waste Water, in China (HJ/T 91-2002)” by the Ministry
of Environmental Protection, China. The water sampling sites were
all located at the upstream of the sewage outfall to avoid the
contaminations from the point source. Specifically, the vertical
water mixture samples were collected and mixed for each site. The
sampling equipment was cleaned thoroughly with deionized wa-
ter between each site to avoid cross contaminations (Ministry of
Environmental Protection, China, 2003). The water samples were
mixed with peptone broth lactose in the fermentation tube ac-
cording to the HJT 347–2007 standard method in China (Ministry
of Environmental Protection, China, 2007). The tubes were in-
cubated at 3770.5 °C for 2472 h. The most probable number
(MPN) of FC in the water was inferred from the statistical
table (HJT 347-2007).
3. Results

3.1. FC concentrations in the water

The FC concentrations (annual average) in 571 sampling sites are
shown in Figs. 2 and 3. In all the sampling sites, the annual average
concentrations of 55 sampling sites (�10% of the total sites) were
higher than 20000 MPN/L (limit of grade IV according to water
X HeN HB HuN CQ SC GZ YN XZ SX GS NX QH XJ HL JL LN
Central China South west North west North East

provinces in China (MPN/L, annual average).



Fig. 3. FC concentrations of all the sampling sites (MPN/L, annual average).
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quality criteria in China). The FC concentrations (median and 95%
confidence interval, CI) in the rivers (6038 (381–27050) MPN/L)
were significantly higher than those in the lakes (340 (23–5544)
MPN/L) (po0.01). Regional variances of FC concentrations in the
surface water were also observed (Figs. 2 and 3). The concentrations
in South China (914750 MPN/L) and Southwest China (1225–9713
MPN/L) were much lower than other regions (Figs. 2 and 3), while
the higher concentrations occurred in the North and Central China.
In the remote regions such as Tibetan Plateau, the FC concentrations
were much lower than other regions. The seasonal variation in FC
concentration was shown in Fig. S1. High annual FC concentrations
in the rivers and lakes occurred more frequently from May to Oc-
tober of the year (shown in Fig. S1).

3.2. FC entering into the environment

The FC entering into the environment was mainly from the
human releases in the rural and livestock. The human FC entering
into the environment under Scenario I was shown in Fig. 4(A). It
has been reported that the microbial pollution entering into the
environment is disparate and driven by the regional population
(Fuhrmeister et al., 2015). In this study, North, Central and
Southwest China are found to have higher human FC releases. The
maximum FC releases were observed in the province of Henan and
Hebei, with an annual release of 6.1�1020 and 5.7�1020 CFU/year.
The low population density in western China, especially the re-
mote regions such as Tibet, Qinghai and Xinjiang, may be the main
reason for their relative low human FC releases. Compared with
the human release, the FC release from the livestock was of similar
magnitude, but has a quite different spatial distribution (Fig. 4(B)).
The contributions from the livestock varied from 13–87% (with an
average of 42%) in the total FC entering into the environment. The
maximum FC release from the livestock was found in Inner
Mongolia, with a release of 1.4�1021 CFU/year. The livestock FC
releases in Northwest and North China were higher than those in
South China. Considering the huge variances of surface water re-
sources in each province and its dilution effect, we used the hu-
man and animal FC release normalized by the local surface water
resources to reflect the FC release intensity (Fig. 4(C) and (D)).
Fig. 4(C) and (D) showed the FC release intensities in the North
China were significantly higher compared with other regions,
while the lower release intensities were observed in South China.

Human FC releases from rural regions were dominant, ac-
counting for over 90% of the total human releases, and 13–82% of
the total FC entering into the environment (Fig. S2). Despite its
rapid urbanization, China still has 60% of its total population living
in rural areas (National Bureau of Statistics, China, 2004–2015).
The inadequate sanitation aggravates the human FC release en-
tering into the environment. The largest FC release in the rural was
observed in Hebei, with a release of 5.9�1020 CFU/year, while the
releases from the rural regions of Beijing, Shanghai and Tianjin
were low, where higher percentages of urbanization and adequate
sanitation was already in place. The human FC releases were sig-
nificantly controlled by the regional sanitation (Fig. 5). By applying
the sanitation, about 70% (48–97%) of the total direct FC releases
could be removed from the direct releases. The higher removal
efficiencies of FC (490%) were observed in the more developed
regions, such as Beijing, Tianjin and Shanghai, due to the higher
percentages of accesses to the upgraded sanitation. The lowest FC
removal efficiencies (o60%) were observed in the provinces of
Gansu, Guizhou, Qinghai (Fig. 5).

Fig. 6 showed the statistical relationship between the mon-
itored FC concentrations in the surface water and the corre-
sponding regional FC releases. An increasing trend in FC con-
centrations in the surface water was observed with the increasing
FC release intensities from the rural regions and livestock (Fig. 6,
[FC concentrations in the water]¼ log10 [FC release intensity]�
4393�72,565, po0.01, n¼31).

3.3. Impacts of sanitation upgrading on FC releases

The predicted results under Scenarios II and III indicate the
impacts of sanitation upgrading on FC removal in the rural regions
(Table 2). Increasing accesses to improved sanitation marginally
reduce human waste pollutants entering into the environment.
Findings from our calculation suggest that upgrading current



Fig. 4. FC entering into the environment and its release intensity (FC releases: A-human; B-livestock, CFU/year; FC releases intensities: C-human; D-livestock, CFU/(108 m3

year)).

Fig. 5. FC removal by sanitation in different regions in China.
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sanitation systems to the target set by Chinese government (with
an access rate to toilets of 85% in the rural in 2020) could provide a
significant reduction in human feces release in the rural regions.
Compared with the Scenario I, a decrease of 34% (12–54%) in the
FC releases would be achieved under Scenario II. If all the popu-
lation in the rural regions get access to the composting toilets
(under best available technology scenario), a further 71% decrease
in the FC releases would be achieved compared with Scenario II
(Table 2). For most of the provinces, with the best available tech-
nology, FC releases in the rural regions could be reduced by over
70% compared with the existing condition. In the remote regions
such as Tibet and Qinghai, the FC releases could be reduced by
over 90%.
4. Discussion

4.1. FC releases and its concentrations in the water

Compared with the human FC releases in urban areas, the re-
leases from the human production in the rural regions and live-
stock were the dominant sources of FC entering into the en-
vironment (Fig. 4). The extent of contamination of water resources
Table 2
Regional FC releases entering into the environment under three scenarios (Log10 CFU/y

Scenarios Regions

North China (Scenario I: 99.99; II: 98.83; III:96.63) East

Beijing Tianjin Shanxi Hebei Inner
Mongolia

Fuji

Scenario I 19.38 19.08 20.45 20.77 20.31 20.1
Scenario II 19.24 18.79 20.22 20.54 20.04 19.9
Scenario III 18.82 18.80 19.64 19.96 19.41 19.5

South China (Scenario I: 60.65; II: 60.02;
III: 58.69)

Middle China(Scenario I: 82

Guangdong Guangxi Hainan Jiangxi Henan Hub
Scenario I 20.40 20.54 19.72 20.41 20.74 20.4
Scenario II 20.28 20.27 19.47 20.26 20.58 20.3
Scenario III 19.91 19.79 19.00 19.75 20.11 19.8

Southwest Northwest China(Scenario I:100.58; II: 99.37; III: 96.42

Tibet Shanxi Gansu Qinghai Ningxia Xinj
Scenario I 19.71 20.52 20.36 19.70 19.72 20.3
Scenario II 19.35 20.24 20.18 19.47 19.45 20.0
Scenario III 18.71 19.68 19.58 18.85 18.87 19.4
by fecal pathogen from human and animal wastes largely depends
on the environmental conditions of the area, particularly hydro-
logical and soil conditions (Kistemann et al., 2002; Laurent and
Mazumder, 2014; Schoonover and Lockaby, 2006). It has been
widely reported that, the water sources near the pit latrines could
be more easily contaminated by the human feces (Banerjee, 2011;
Graham and Polizzotto, 2013; Jens et al., 2009). Inadequate sani-
tation and insufficient hygiene aggravate the transmission of these
pathogens (Fuller et al., 2015).

About 88% of diarrhea cases worldwide are attributed to unsafe
drinking water caused by inadequate sanitation or insufficient hy-
giene (WHO, 2006). Even with accesses to the best available sani-
tation technologies (as it is modeled under Scenario III, by assuming
all population in the rural regions have access to composting toi-
lets), an estimate of 4.34�1019 (5.13�1018�1.30�1020) CFU/year
of FC from human feces will still enter into the environment. Im-
proved sanitation under the assumed Scenarios II and III may result
in huge decrease of FC releases entering into the environment
which could further reduce the FC concentrations in the surface
water. Based on the release and concentration relationship in Fig. 6,
under Scenario II (if meeting the target in China Women’s Devel-
opment Program), the FC concentrations in surface water could be
around 6170 (2224–11900) MPN/L (median (95% CI)), while under
Scenario III, the corresponding concentrations could decrease to
5430 (1142–11300) MPN/L (median (95% CI)). Compared with Sce-
nario II, a maximum of 49% (with a median of 14%) decrease in FC
concentrations could be anticipated in the surface water under
Scenario III.

4.2. Feces contaminations in the rural regions

Since 2000s, the Chinese government has focused on the im-
provement of sanitation of human and livestock feces in the rural
regions in China (Ministry of Environmental Protection, 2000–
2014). In 2004, the population using pit latrine accounted for 50%
of the total population in the rural regions, and the population
without any sanitation was 2.3% (Ministry of Environmental Pro-
tection, 2000–2014). Since 2005, the access rate to toilets in the
rural increased from 55–72% in 2012 (Ministry of Environmental
Protection, 2000–2014). However, the spatial disparity of access
rates to toilets still exists between rural regions and urban areas,
as well as between the less developed regions and the more de-
veloped areas. The total mass of microbial pollutions entering into
ear).

China (Scenario I: 121.06; II:120.22; III:117.84)

an Zhejiang Shandong Anhui Jiangsu Shanghai

5 20.15 20.67 20.68 20.51 18.90
6 20.08 20.57 20.47 20.37 18.77
6 19.69 20.05 19.89 19.87 18.77
.31;II: 81.65; III:79.62) Southwest China (Scenario I: 102.02; II:100.63; III:97.79)

ei Hunan Chongqing Sichuan Guizhou Yunnan
9 20.66 20.26 20.84 20.59 20.61
4 20.47 19.99 20.58 20.31 20.40
3 19.93 19.49 20.05 19.71 19.83
) Northeast China (Scenario I:61.00;II: 60.52

III:58.68)
iang Heilongjiang Jilin Liaoning
0 20.39 20.23 20.38
5 20.23 20.11 20.19
5 19.60 19.48 19.59
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the environment is regionally disparate and driven by the popu-
lation distribution across the country (Fuhrmeister et al., 2015).
Not surprisingly, the provinces with higher population (i.e., Henan,
Hebei, Shandong, Sichuan, etc.) produce the greater mass of hu-
man waste pollutants. However, our calculation also reveals that,
population is not the only indicator of human waste pollution. As
shown in Table S1, significant variances on accesses to the sani-
tation among regions were observed. For instance, in the devel-
oped regions such as Beijing, Tianjin, Jiangsu and Zhejiang, the
access rates to toilets in the rural regions were higher than 90%
(Table S1). However, for the less-developed regions such as Yun-
nan, Inner Mongolia and Shanxi, the access rates were generally
lower than 60% (Table S1). Zhejiang has a much higher population
than the less developed regions like Anhui, but releases less FC
because Zhejiang has higher improved sanitation system coverage
in the rural regions (Table S1). Hence, in regions with higher po-
pulation, effective sanitation is still capable of reducing FC in the
environment.

Collection and treatment of fecal wastes to remove microbial
pollution provides opportunities for reductions in fecal pollutions.
In the rural regions in China, pit latrine is still widely used due to
its low cost and availability. Although it could effectively separate
the feces from human contact, it was not effective in the FC re-
moval (Fuhrmeister et al., 2015; Nelson and Murray, 2008). Be-
sides, pit latrines generally lack physical barriers, such as concrete,
between stored excreta and water sources (Van Ryneveld and
Fourie, 1997). Contaminants from pit-latrine excreta may poten-
tially leach into water sources. For instance, high concentrations of
fecal coliforms were found in domestic wells located near pit la-
trines and septic tanks (Pujari et al., 2012; Zingoni et al., 2005).
When assuming all population in the rural regions have access to
the composting toilets, the removal efficiency of FC could increase
by over 60% compared with scenario of simply using pit latrines.
Currently the wide application of composting toilets is constrained
by the high cost, therefore sustainable, effective and low-cost sa-
nitation is in great need.

It is important to note that the low efficiency of FC removal by
pit latrine and other basic hygiene facilities does not necessarily
cause risks to public health. In the developed regions, natural re-
mediation of nutrient and microbial pollutants is often sufficient
(US EPA, 2011). Besides, centralized water supply could also
minimize the risk of FC contaminations in water sources relevant
for human consumption. However, in rural regions of China, a
large percent of the population still rely on the surface water (i. e.,
protected springs, dug wells, tube wells and boreholes) as direct
water sources (National Health and Family Planning Commission,
China, 2014b). Therefore in these regions, the impacts of FC con-
taminations to public health would be high due to the inadequate
sanitation and lack of pretreatment of water sources before
drinking. In the future, the improvement of sanitation and ac-
cesses to safe drinking water in the remote and less developed
regions, such as Tibet, Qinghai, and Ningxia, must be considered as
a priority. Besides, when we consider the improvement of sani-
tation in the rural regions, the control of FC releases from the li-
vestock should also be considered, especially for the agricultural
provinces such as Inner Mongolia, Hebei and Shandong.
5. Conclusions

This study indicated that human FC releases in the rural regions
were the dominant source out of the total releases in China, and
the maximum human FC releases were observed in the province of
Henan and Hebei, with an annual release of 6.1�1020 and
5.7�1020 CFU/year. The differences of FC release patterns from
different areas in China were mainly due to the local sanitation
conditions. By applying the sanitation, about 70% (48–97%) of the
total direct FC releases could be removed. If the target set by the
Chinese government is achieved, a decrease of 34% (12–54%) in the
human FC releases would be observed by 2020. For most of the
provinces, with the best available technology, the decreases of FC
releases in the rural regions were over 70% compared with the
existing condition. In the future, the improvement of sanitation
and accesses to safe drinking water in the remote and less de-
veloped regions, such as Tibet, Qinghai, and Ningxia, must be
considered as a priority.
Acknowledgments

This project was funded by the National Natural Science
Foundation of China (41130535, 41501517, 41401631). We also
appreciate for the help from Miss Hu Xindi (Harvard T. H. Chan
School of Public Health) in the polishing of the language.
Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.envres.2016.05.009.
References

Banerjee, G., 2011. Underground pollution travel from leach pits of on-site sanita-
tion facilities: a case study. Clean. Technol. Environ. Policy 13, 489–497.

Cabral, J.P.S., 2010. Water microbiology. Bacterial pathogens and water. Int. J. En-
viron. Res. Pub. Heal 7 (10), 3657–3703.

Cairncross, S., Hunt, C., Boisson, S., Bostoen, K., Curtis, V., Fung, I.C.H., Schmidt, W.P.,
2010. Water, sanitation and hygiene for the prevention of diarrhoea. Int. J.
Epidemiol. 39 (2), i193–205.

Fewtrell, L., Kaufmann, R.B., Kay, D., Enanoria, W., Haller, L., Colford, J.M.,, 2005. Water,
sanitation, and hygiene interventions to reduce diarrhoea in less developed
countries: a systematic review and metaanalysis. Lancet Infect. Dis. 5, 42–52.

Fuhrmeister, E.R., Schwab, K.J., Julian, T.R., 2015. Estimates of nitrogen, phosphorus,
biochemical oxygen demand, and fecal coliforms entering the environment due
to inadequate sanitation treatment technologies in 108 low and middle income
countries. Environ. Sci. Technol. 49 (9), 11604–11611.

Fuller, J.A., Goldstick, J., Bartram, J., Eisenberg, J.N.S., 2015. Tracking progress to-
wards global drinking water and sanitation targets: a within and among
country analysis. Sci. Total Environ. 541, 857–864.

Geldreich, E.E., 1978. Bacterial populations and indicator concepts in feces, sewage,
stormwater and solid wastes. In: Berg, G. (Ed.), Indicators of Viruses, Water and
Food 81. Ann Arbor Science Publishers Inc, Ann Arbor, MI, pp. 51–97.

General Office of the State Coucil, China, 2011. Program of China’s Women. De-
velopment, 2011–2020.

Graham, J.P., Polizzotto, M.L., 2013. Pit latrines and their impacts on groundwater
quality: a systematic review. Environ. Health Perspect. 121, 521–530.

Herbst, S., Fayzieva, D., Kistemann, T., 2008. Risk factor analysis of diarrhoeal dis-
eases in the Aral Sea area (Khorezm, Uzbekistan). . J. Environ. Heal. R. 18,
305–321.

Jens, V., Monika, T.W., Rainer, L., Ibrahim, B., Sibel, S., Aynur, K., Alexandra, U.,
Farouk, M., Herbert, P., 2009. Detection of adenoviruses and rotaviruses in
drinking water sources used in rural areas of Benin, West Africa. Appl. Environ.
Microbiol. 75, 2798–2801.

Kistemann, T., Claben, T., Koch, C., Dangendorf, F., Fischeder, R., Gebe, I.J., 2002.
Microbial load of drinking water reservoir tributaries during extreme rainfall
and runoff. Appl. Environ. Microbiol. 68, 2188–2197.

Lamberti, L.M., Walker, C.L.F., Black, R.E., 2012. Systematic review of diarrhea
duration and severity in children and adults in low- and middle-income
countries. BMC Public Health 12, 1–11.

Laurent, J.S., Mazumder, A., 2014. Influence of seasonal and inter-annual hydro-
meteorological variability on surface water fecal coliform concentration under
varying land-use composition. Water Res. 48, 170–178.

Li, Y., Duan, X.R., Yuan, H.Y., Yan, Z.C., 2010. Research progress on removal patho-
genic microorganism by different treatment processes in wastewater. Modern
Agri. Sci. Technol. 10, 254–255.

Ministry of Environmental Protection, China, 2000–2014. China Environmental
Statistics Yearbook, 2000–2014.

Ministry of Environmental Protection, China, 2003. Technical specifications re-
quirements for monitoring of surface water and waste water (HJ/T 91–2002).

Ministry of Environmental Protection, China, 2007. Determination of fecal coliform-
manifold zymotechnics and filter membrane (HJ/T 347–2007).

http://dx.doi.org/10.1016/j.envres.2016.05.009
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref1
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref1
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref1
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref2
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref2
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref2
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref3
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref3
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref3
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref3
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref4
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref4
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref4
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref4
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref5
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref5
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref5
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref5
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref5
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref6
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref6
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref6
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref6
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref7
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref7
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref7
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref7
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref8
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref8
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref8
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref9
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref9
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref9
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref10
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref10
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref10
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref10
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref11
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref11
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref11
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref11
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref11
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref12
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref12
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref12
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref12
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref13
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref13
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref13
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref13
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref14
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref14
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref14
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref14
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref15
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref15
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref15
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref15


Y. Tong et al. / Environmental Research 149 (2016) 57–65 65
Ministry of Housing and Urban-Rural Development, China, 2010. Bulletin for
Drainage and Sewage Treatment Status in China, 2006–2010.

National Bureau of Statistics, China, 2004–2015. China Statistical Yearbook, 2004–
2015.

National Bureau of Statistics, China, 2010. In: Proceedings of the 6th National Po-
pulation Census.

National Health and Family Planning Commission, China, 2014a. 〈http://www.Moh.
Gov.Cn/jkj/s5899/201307/8f598ea6d5214ffdb3f6214eec92c61c.Shtml〉.

National Health and Family Planning Commission, China, 2014b. China Health
Statistical Yearbook.

Nelson, K.L., Murray, A., 2008. Sanitation for unserved populations: technologies,
implementation challenges, and opportunities. Annu. Rev. Environ. Resour. 33,
119–151.

Pachepsky, Y.A., Shelton, D.R., 2011. Escherichia coli and fecal coliforms in fresh-
water and estuarine sediments. Crit. Rev. Environ. Sci. Technol. 41, 1067–1110.

Prüss-Üstün, A., Bos, R., Gore, F., Bartram, J., 2008. Safer Water, Better Health: Costs,
Benefits and Sustainability of Interventions to Protect and Promote Health.
World Health Organization, Geneva.

Pujari, P.R., Padmakar, C., Labhasetwar, P.K., Mahore, P., Ganguly, A.K., 2012. As-
sessment of the impact of on-site sanitation systems on groundwater pollution
in two diverse geological settings-a case study from India. Environ. Monit.
Assess. 184, 251–263.

Reder, K., Flörke, M., Alcamo, J., 2015. Modeling historical fecal coliform loadings to
large european rivers and resulting in-stream concentrations. Environ. Modell.
Softw. 63, 251–263.

Sachs, J.D., 2012. From millennium development goals to sustainable development
goals. Lancet 379, 2206–2211.

Schoonover, J.E., Lockaby, B.G., 2006. Land cover impacts on stream nutrients and
fecal coliform in the lower piedmont of West Georgia. J. Hydrol. 331, 371–382.

Schriewer, A., Odagiri, M., Wuertz, S., Misra, P.R., Panigrahi, P., Clasen, T., Jenkins, M.
W., 2015. Human and animal fecal contamination of community water sources,
stored drinking water and hands in rural india measured with validated mi-
crobial source tracking assays. Am. J. Trop. Med. Hyg. 93, 509–516.

Stuart, B., Joseph, E., Rebecca, H., Kruk, M.E., Maria, C.L., Michalak, A.M., Bhramar,
Mukherjee, B., Renne, E., Stein, E., Watkins, C., Wilson, M.L., 2009. Sustainable
control of water-related infectious diseases: a review and proposal for inter-
disciplinary health-based systems research. Environ. Health Perspect. 117,
1023–1032.

Tran, N.H., Gin, Y.H., Ngo, H.H., 2015. Fecal pollution source tracking toolbox for
identification, evaluation and characterization of fecal contamination in re-
ceiving urban surface waters and groundwater. Sci. Total Environ. 538, 38–57.

US EPA, 2011. Part 130 water quality planning and management. Final Rule: 40 CFR
Part 130: Washington, DC.

Van Ryneveld, M.B., Fourie, A.B., 1997. A strategy for evaluating the environmental
impact of on-site sanitation systems. Water SA 23 (4), 279–291.

Walker, C.L.F., Perin, J., Aryee, M.J., Boschi-Pinto, C., Black, R.E., 2012. Diarrhea in-
cidence in low- and middle-income countries in 1990 and 2010: a systematic
review. BMC Public Health 12, 220.

Walker, C.L.F., Rudan, I., Li, L., Nair, H., Theodoratou, E., Bhutta, Z.A., O’Brien, K.L.,
Campbell, H., Black, R.E., 2013. Global burden of childhood pneumonia and
diarrhoea. Lancet 381, 1405–1416.

WHO, 2006. Meeting the MDG Drinking Water and Sanitation Target. The Urban
And Rural Challenge of the Decade. World Health Organization., Geneva.

WHO, 2008. The Global Burden of Disease: 2004. World Health Organization.,
Geneva.

WHO, 2014. Progress on Drinking Water and Sanitation-2014 Update. World Health
Organization, Geneva.

Zhang, J., 2012. The impact of water quality on health: evidence from the drinking
water infrastructure program in rural china. J. Health Econ. 31, 122–134.

Zingoni, E., Love, D., Magadza, C., Moyce, W., Musiwa, K., 2005. Effects of a semi-
formal urban settlement on groundwater quality epworth (zimbabwe): case
study and groundwater quality zoning. Phys. Chem. Earth 30, 680–688.

http://www.Moh.Gov.Cn/jkj/s5899/201307/8f598ea6d5214ffdb3f6214eec92c61c.Shtml
http://www.Moh.Gov.Cn/jkj/s5899/201307/8f598ea6d5214ffdb3f6214eec92c61c.Shtml
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref16
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref16
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref16
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref16
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref17
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref17
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref17
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref18
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref18
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref18
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref19
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref19
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref19
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref19
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref19
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref20
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref20
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref20
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref20
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref21
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref21
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref21
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref22
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref22
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref22
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref23
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref23
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref23
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref23
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref23
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref24
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref24
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref24
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref24
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref24
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref24
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref25
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref25
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref25
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref25
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref26
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref26
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref26
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref27
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref27
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref27
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref28
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref28
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref28
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref28
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref29
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref29
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref30
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref30
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref31
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref31
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref32
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref32
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref32
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref33
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref33
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref33
http://refhub.elsevier.com/S0013-9351(16)30172-4/sbref33

	Impacts of sanitation upgrading to the decrease of fecal coliforms entering into the environment in China
	Introduction
	Methods and materials
	Conceptual framework
	Model parameters
	Sanitation upgrading scenarios
	Monitoring of FC concentrations in the water

	Results
	FC concentrations in the water
	FC entering into the environment
	Impacts of sanitation upgrading on FC releases

	Discussion
	FC releases and its concentrations in the water
	Feces contaminations in the rural regions

	Conclusions
	Acknowledgments
	Supporting information
	References




