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Abstract
According to the United Nations (2015), more than 40% of the world’s population
already face water scarcity. Although past reports estimate that 91% of the global
population have access to some form of improved drinking water source, this does
not necessarily guarantee the consumption of ‘safe’ drinking water. Furthermore,
huge disparities still exist in sanitation and water supply services between urban and
rural areas, and rural populations demonstrate higher levels of human excreta-borne
diseases.
The research described in this thesis aimed to develop an evidence-based tiered
approach to risk assessment that can be used to support the development of water
safety plan to protect the health of rural communities in semi-arid regions. Information
on current provision of sanitation and water supplies, as well as local perceptions with
regard to drinking water supply issues and hygiene practice were recorded through
the use of community surveys, sanitary inspections and field observations.
Furthermore, a microbial monitoring programme was undertaken to measure levels
of faecal contamination through the water supply chain. Finally, quantitative microbial
risk assessment (QMRA) was developed and used to predict the risk of infection
posed by locally relevant pathogens through the hand-to-mouth and drinking water
routes, considering all alternative water sources identified and hypothetical
interventions in water, sanitation and hygiene (WASH).
Relatively high levels of E. coli and intestinal enterococci were observed in most
water storage reservoirs (22 CFU/100 mL and 103 CFU/100 mL, respectively) and
in-house storage containers (3 CFU/100 mL and 54 CFU/100 mL, respectively),
which appears to be strongly related to a significant lack of awareness and knowledge
regarding the relationship between domestic water-related activities and domestic
and personal hygiene among local householders. Moreover, stakeholders involved in
the water supply, as well as health adviser professionals working at the communities,
demonstrated a limited understanding of water-related hygiene issues. The QMRA
outcomes indicated that the rural communities in the ‘Sertão’ of Brazil are likely to be
at a high risk of infection from waterborne pathogens, including Salmonella spp. (3.97
x 10-2), Giardia lamblia (6.24 x 10-2) and norovirus (one) via both the drinking water
in relation to the maximum level of risk (10-4) suggested by the US-EPA guidelines.
The hand-to-mouth route also resulted in high levels of risk for Salmonella spp. (1.12
x 10-2), Giardia lamblia (3.65 x 10-2) and norovirus (8.00 x 10-1).
The tiered approach to risk assessment developed in this research helped to identify
and elucidate microbial transmission pathways and supported the development of
locally-appropriate safety plans to reduce the incidence of excreta-borne diseases. It
was concluded that a significant reduction in the burden of human infectious diseases
could be achieved through a combination of simple interventions (e.g., chlorination
and filtration of water, training on water handling and storage and hand hygiene).
Furthermore, domestic ‘WASH safety plans’ appear to offer greater potential than
water safety plans as a way to minimise the transmission of infectious diseases within
the household environment of these communities. Finally, practical
recommendations to support the reduction of excreta-borne disease in the rural
‘Sertão’ of Brazil, such as raising awareness and understanding on potential crosscontamination routes within the domestic environment, are provided.
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Chapter 1. Introduction
1.1.

Background

An unprecedented rise in demand for food, combined with climate change and
growing urbanisation, have placed increasing pressures on global water
resources and, as a result, water scarcity is becoming a major concern in many
parts of the world, especially in semi-arid and arid regions (Ahmed et al., 2008,
Bichai and Smeets, 2013, Mok et al., 2014). In 2015, the United Nations (UN)
reported progress towards the Millennium Development Goals (MDG),
highlighting that more than 40% of the global population already faced water
scarcity and projected that this number would increase (UN, 2015a).
The global population is expected to reach 8.5 billion by 2030 and 9.7 billion
by 2050, which corresponds to an increase of more than 15% and 30%,
respectively, in comparison with the estimated world population in 2015 (UN,
2015a). This suggests that in the near future water demand for domestic,
agricultural and industrial uses will significantly increase in order to satisfy all
human needs. In many places, especially in low-income countries, people may
have access to water but often it may pose a risk to their health, may not be
sufficiently affordable or may not be available in adequate quantities to meet
basic health needs (Shaheed et al., 2014).
The Sustainable Development Goals (SDG), recently published by the United
Nations (UN, 2015b), and which supersede the MDG, include a specific goal
related to water and sanitation management (Goal 6), which was formulated
to ‘ensure availability and sustainable management of water and sanitation for
all’. The Goal 6 targets are listed below:
•

By 2030, achieve universal and equitable access to safe and affordable
drinking water for all;

•

By 2030, achieve access to adequate and equitable sanitation and
hygiene for all and end open defecation, paying special attention to the
needs of women and girls and those in vulnerable situations;

1

•

By 2030, improve water quality by reducing pollution, eliminating
dumping and minimizing release of hazardous chemicals and materials,
halving the proportion of untreated wastewater and substantially
increasing recycling and safe reuse globally;

•

By 2030, substantially increase water-use efficiency across all sectors
and ensure sustainable withdrawals and supply of freshwater to
address water scarcity and substantially reduce the number of people
suffering from water scarcity;

•

By 2030, implement integrated water resources management at all
levels, including through transboundary cooperation as appropriate;

•

By 2020, protect and restore water-related ecosystems, including
mountains, forests, wetlands, rivers, aquifers and lakes;

•

By 2030, expand international cooperation and capacity-building
support to developing countries in water- and sanitation-related
activities and programmes, including water harvesting, desalination,
water

efficiency,

wastewater

treatment,

recycling

and

reuse

technologies;
•

Support and strengthen the participation of local communities in
improving water and sanitation management.

Since 1990, the Joint Monitoring Programme (JMP) of the World Health
Organization (WHO) and the United Nations Children’s Fund (UNICEF) has
been monitoring and reporting on the provision of and access to drinking water
and sanitation globally. Based on nationally representative household surveys,
the JMP periodically publishes reports on the status and trends in drinking
water and sanitation coverage at global, regional and country levels (Bain et
al., 2014). According to the recent MDG report published by the UN (2015a),
almost a quarter of the global population (24%) practiced open defecation and
only 54% had access to an improved sanitation facility (defined by
WHO/UNICEF (2014) as being one that ‘hygienically separates human excreta
from human contact’) in 1990. By 2015, it was estimated that the proportion of
people practicing open defecation had been reduced by almost a half (13%)
and that 68% of the world’s population had access to an improved sanitation
facility (UN, 2015a, WHO/UNICEF, 2015). Moreover, the proportion of people
2

using an improved drinking water source (defined by WHO/UNICEF (2014) as
being one that, by the nature of its construction, ‘adequately protects the
source from outside contamination, particularly faecal matter’) had increased
from 76% to 91% over the same period of time (UN, 2015a, WHO/UNICEF,
2015).
In 2015, it was reported that the target of MDG Goal 7 (to halve the proportion
of the population without sustainable access to safe drinking water and basic
sanitation by 2015) had been partially met (WHO/UNICEF, 2015). According
to the UN, 147 countries had met the drinking water target, 95 countries had
met the sanitation target and 77 countries had met both (UN, 2015a).
Considerable improvements, in terms of global access to improved drinking
water and sanitation facilities, had been achieved during the previous few
years. However, the UN recently estimated that 663 million people still did not
have access to an improved water source (UN, 2015a, WHO/UNICEF, 2015).
The Safely Managed Drinking Water report, recently published by
WHO/UNICEF (2017) has suggested a modification to the classification of
‘improved’ and ‘unimproved’ sources of water. Bottled and tankered water are
now classified as ‘improved’ sources. Moreover, ‘improved sources’ also
include piped water, boreholes, tubewells, protected dug wells, protected
springs and rainwater. On the other hand, unprotected dug wells and
unprotected springs are still considered ‘unimproved’ (WHO/UNICEF, 2017).
In fact, a new service ladder for household drinking water services has been
developed and service levels are classified as presented in Table 1.1. The new
criteria for the service ladder include accessibility, availability and quality of
drinking water (WHO/UNICEF, 2017). It is relevant to mention that ‘safe’ water
corresponds to water that is ‘free from pathogens and elevated levels of toxic
chemicals at all times’ (WHO/UNICEF, 2017).
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Table 1.1 – The new JMP ladder for household drinking water services.
Service level
Safely managed

Definition
Drinking water from an improved water source which is
located on premises, available when needed and free of
faecal and priority contamination.
Drinking water from an improved source provided
collection time is not more than 30 minutes for a roundtrip
including queuing.

Basic

Limited
Unimproved
No service

Drinking water from an improved source where collection
time exceeds over 30 minutes for a roundtrip to collect
water, including queuing.
Drinking water from an unprotected dug well or
unprotected spring
Drinking water collected directly from a river, dam, lake,
pond, stream, canal or irrigation channel

Source: WHO/UNICEF (2017).

1.1.1.

Disparities between rural and urban areas

When people living in rural and urban areas are considered separately, it
becomes clear that progress on sustainable access to safe drinking water and
basic sanitation has been uneven and that pronounced disparities still remain
between these groups (Figure 1.1). The UN estimates that globally only 4% of
the urban population use some sort of unimproved drinking water source,
compared with 16% living in rural areas. Moreover, it is believed that 82% of
the global urban population currently have access to improved sanitation
facilities and only 2% still practice open defecation. In contrast, it is estimated
that, among rural populations, only 51% have access to improved sanitation
facilities and one in four people still practice open defecation (UN, 2015a,
WHO/UNICEF, 2015).
Dissimilarities between urban and rural areas are even more pronounced
when only piped water to premises or sanitary provision are considered. It was
recently estimated that 79% of the population living in urban areas have access
to piped water on their premises, while only 33% of people living in rural areas
have such access (UN, 2015a). Therefore, the inhabitants of such
communities may have no option other than to obtain their domestic water
supplies from ‘alternative sources’, which for the purposes of this research
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project are considered to comprise all water provision other than that which is
piped to the consumer’s home following centralised treatment using traditional
municipal treatment technologies. As with piped water supplies, alternative
water sources may include lakes, rivers, shallow wells, deep boreholes,
harvested rainwater, etc., but they are normally not subject to treatment and
disinfection and are therefore far more likely to be unfit for human
consumption. Bain et al. (2014) observed higher levels of faecal indicator
organisms (FIO) from water sources in rural areas in a systematic review of
345 studies. Moreover, drinking water is more likely to become contaminated
with pathogens of enteric origin between its source and its point-of-use (POU)
(during its collection and transportation, or when it is stored in unhygienic
environments) if a sufficient residual chlorine content has not been achieved
through municipal drinking water treatment (Wright et al., 2004, Waddington et
al., 2009).

Figure 1.1 – Proportion of the human population using improved and
unimproved drinking water sources and sanitation facilities, urban, rural and
world, 1990 and 2015 projection (percentage).
Source: (UN, 2015a).
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According to the UN (2015), approximately 84% of the population in rural areas
had access to improved drinking water sources. However, it has been widely
reported that not all improved sources can be considered to be safe for human
consumption, as records of water quality, affordability, and sustainability were
not incorporated into the ‘improved-unimproved’ classification (Clasen, 2012,
Bain et al., 2014, Shaheed et al., 2014). The lack of adequate sanitation
facilities, including safe storage and treatment of faeces, strongly influences
the availability of safe water (Rheingans et al., 2014) and it is well established
that the inadequate use of pit latrines, which are more common in rural areas,
can adversely influence groundwater quality (Ebdon et al., 2013, Graham and
Polizzotto, 2013, Islam et al., 2016).
Similar disparities to those observed for improved water and adequate
sanitation for urban and rural communities have also been observed for health
outcomes. In an extensive analysis of household survey data, Gunther and
Fink (2010) found that children in rural areas were more likely to have
diarrhoea and their chances of survival were lower than those living in urban
areas. In section 1.1.2, the evidence for the human health benefits of water,
sanitation and hygiene (‘WASH’) interventions is reviewed.

1.1.2.

The importance of safe water supply and ‘WASH’ intervention to
control diarrhoeal diseases

Consumption of drinking water that has been contaminated by pathogens of
faecal origin is widely recognised to be responsible for numerous infectious
waterborne diseases. The transmission of excreta-borne diseases can involve
several routes (e.g., water, food, fomites, vectors, etc.). Poor drinking water
supply, domestic and personal hygiene, as well as sanitation, has been found
to contribute substantially to excreta-borne diseases, such as diarrhoea
(Cairncross et al., 2010, WHO, 2014, Prüss-Ustün et al., 2014, Wolf et al.,
2014), which is one of the main causes of morbidity and mortality among
children in low-income countries.
Ensuring access to safe water in sufficient quantities for drinking and to allow
safe hygiene practice and adequate sanitation, as well as encouraging

6

personal, domestic and community hygiene might reduce rates of morbidity
and mortality within such communities. There is a substantial body of evidence
within the scientific literature to indicate that water, sanitation and hygiene
(WASH) interventions (barriers to disease spread) significantly contribute to
health improvement (e.g., Esrey et al. (1985), Esrey et al. (1991), Huttly et al.
(1997) , Fewtrell et al. (2005), Waddington et al. (2009) Cairncross et al.
(2010), Nicholson et al. (2014)). Moreover, water and sanitation services
provide a more cost-effective and locally sustainable solution to minimise the
impacts of water-related diseases compared with medical treatment (Hutton
and Haller, 2004, Montgomery and Elimelech, 2007).
WASH interventions potentially decrease the risk of human gastrointestinal
infection (e.g., diarrhoeal diseases, including dysentery and cholera) by
providing barriers to pathogenic microorganisms transferred from the faeces
into the body via fingers, fields, flies, food and unclean water. First, the cycle
of disease transmission from faeces to the environment is broken by sanitation
improvements. Additionally, water and hygiene interventions aim to break the
transmission routes towards the human body (Waddington et al., 2009). Figure
1.2 shows that better outcomes can be achieved if multiple interventions,
comprising a mix of water, sanitation and hygiene improvements, are taken
into account.
However, the lack of financial resources and the low priority of water and
sanitation improvements that are often associated with a lack of water quality
regulation and enforcement, constrain both the expansion of services and
maintenance and consequently limit improvements in health outcomes
(Howard and Bartram, 2005). Moreover, inefficient management, lack of
accountability and corruption can hold back improvements in water and
sanitation services. Even in countries in which such regulation exists, the
personnel, monitoring equipment, and political will to ensure that quality and
health guidelines are enforced are frequently lacking (Howard and Bartram,
2005). In Chapter 2, the relationship between water quality and water-related
diseases, as well as the impact of WASH and other intervention tools, are
further explored.
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Figure 1.2 – Transmission routes of excreta-borne diseases (the ‘F-diagram’).
Source: adapted from Bartram and Hunter (2015).

1.2.

Barriers to safe water in the Brazilian ‘Sertão’

The Brazilian ‘Sertão’, which is a semi-arid region (Figure 1.3) covering a total
area of 969,589 km2, encloses about 90% of the Northeast region of Brazil,
plus the northern region of the state of Minas Gerais (Silva, 2006). It has been
estimated that 22.6 million people live in this semi-arid region, of which 38%
(8.6 million) live in rural areas (IBGE, 2010). According to the Brazilian Institute
of Geography and Statistics (IBGE) census carried out in 2010, the proportion
of Brazilians with access to improved drinking water and sanitation facilities
has significantly increased during the past decades. However, significant
disparities with regards to water supply and sanitation have been observed
between Brazil as a whole and its Northeast region, as shown in Table 1.2.
One of the principal challenges to water supplies within the Sertão results from
the limited, but highly variable, levels of rainfall (Heikkila et al., 2012). The
average annual cumulative precipitation value varies between 250 and 800
mm (typically distributed over three to five months of the year), whereas
average potential evapotranspiration is about 2000 mm/year (Moura et al.,
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2007). The lower frequency of rainfall events in semi-arid areas complicates
the sustainable provision and storage of water in adequate quantities for rural
populations living within these regions. Therefore, as well as there being an
insufficient number of reservoirs present in the semi-arid region, the reservoirs
that do exist are often unsuitable for use under these conditions, as they are
often shallow, open to the elements, and contain insufficient volumes of water
to meet the year-round needs of the inhabitants.

Brazilian semi-arid

Figure 1.3 – The Brazilian semi-arid region (Sertão).
Source: National Agency for Water/Ministry of Integration (ANA/MI).

It is widely recognised that the tropical regions of Brazil, especially the Amazon
and Northeast regions, are likely to become more intensely affected by small
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increases in temperature as a result of future climate changes. According to
Marengo (2008), humid areas are likely to experience higher intensity
precipitation events, which are likely to be associated with more frequent heat
waves. On the other hand, the semi-arid region of the Northeast is likely to
undergo higher evaporation rates caused by increased atmospheric
temperatures, which will consequently reduce the volume of water
accumulated in water bodies and decrease the recharge rates of aquifers
(Cirilo, 2008). In addition, the rainy season is also thought likely to shorten,
with a consequent lower volume of cumulative precipitation.

Table 1.2 – Water supply and sanitation facilities in Brazil and in the Northeast
region of Brazil.
Water Supply
Piped water on premises
Groundwater or spring
Tankered water
Harvested rainwater
Surface water
Other

Brazil
All regions (%)

Northeast (%)

81.5
14.7
0.6
0.8
1.6
0.8

75.3
15.7
1.8
2.4
3.0
1.9

52.8
11.7
25.9
2.7
2.2
1.6
3.0

32.2
11.4
41.3
3.5
1.5
1.5
8.6

Sanitation facility discharges
Sewerage system
Septic tank
Rudimentary pit latrine
Soakaway pit
Surface water
Others
Does not have sanitation facility

Source: adapted from (IBGE, 2010).

The presence of rivers with low discharge rates in this area can be explained
by the temporal variability of precipitation and the dominant geology, which is
mainly composed of crystalline and sedimentary rocks (Cirilo, 2008). Shallow
soils on top of crystalline rocks do not allow the transfer of water between the
river and adjacent soils. Sedimentary aquifers are present in some areas of
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the Sertão but there are still many uncertainties about the recharge
mechanisms of these aquifers and their intensive exploitation may cause
irreversible impacts.
Another barrier to the provision of safe water supply in the semi-arid region of
Brazil is related to the direct and indirect contamination of water sources
associated with the inadequate level of sanitation services in most parts of this
region. According to Medeiros et al. (2014), only 243 (21.5%) out of 1,135
municipalities within the Sertão possess wastewater collection systems, which
covers slightly more than 50% of the population living in the urban areas of the
Brazilian semi-arid. However, only 43% of the population live in a municipality
where the collected wastewater receives some sort of treatment in the Sertão
region. Information on the rates of wastewater collection and treatment among
the rural population living in the Brazilian semi-arid has not to date been
identified. A spatial visualisation of the wastewater collection and treatment
systems in the semi-arid is presented in Figure 1.4.
The relatively low levels and frequency of rainfall can also exacerbate levels
of contamination, as there is often little or no dilution of contamination released
to the environment. This can result in more serious threats to human health
than those that exist in areas with higher rainfall, where the effects of dilution
and flushing of contaminated water resources occur. Additionally, the burden
of unsafe water and inadequate sanitation tends to affect low-income
communities more drastically (Carlton et al., 2012). The inhabitants of such
communities are more likely to be obliged to consume water of poor quality,
increasing the incidence of water-related diseases. Water scarcity also affects
food supply and is an economic barrier to development as it impinges on some
of the region’s main economic generation activities, namely agriculture and
livestock rearing.
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Without information (82 urban centres)
With no wastewater collection system (810 urban centres)
With wastewater collection system (243 urban centres)
Without wastewater treatment (51 urban centres)
With wastewater treatment (192 urban centres)

Figure 1.4 – Municipality urban centres within the Brazilian Sertão with
existing wastewater collection and wastewater treatment systems.
Source: National Institute of the Semi-arid (INSA).
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In 1999, during a UN conference on desertification in Recife, Brazil, the
‘Articulação Semiárido Brasileiro’ (ASA) was founded and published a
declaration from the semi-arid region of Brazil (ASA, 1999), which concluded
that:
•

Every single family should have access to clean water to drink and cook
at reasonable cost and should be able to attain a satisfactory standard
of living through agriculture, goat raising, bee keeping and chicken
farming, with minimal technical help and credit;

•

The semi-arid environment is perfectly habitable when individuals
desire to make it so and the political will is there to support it.

Following the foundation of ASA in 1999, many programmes to minimise water
shortages, especially in rural areas, have been created and these are
illustrated in Table 1.3.
Cisterns to accumulate harvested rainwater from roof run-off are simple and a
relatively cheap solution, but when the precipitation index is low (as is the case
under semi-arid conditions) and the harvesting area is not large enough to
collect adequate volumes of rainwater, these systems are normally filled with
water from other alternative sources (e.g., tankered water), especially during
dry periods. The proposed objective of the Programme One Million of Cisterns
(P1MC) (i.e., to supply water for drinking, cooking, and tooth-brushing), as
stated in the Table 1.3, suggests that the programme developers were aware
that a relatively small volume of water would be collected (Gomes et al., 2014).
Supposing that a household has a completely filled cistern (16 m3) and four
residents living in the same house, there would be an average volume of about
eleven litres of water per person per day which, according to Howard and
Bartram (2003), is a level of basic access to water and presents high health
concerns.
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Table 1.3 – Federal programmes to minimise the impacts of drought in the
semi-arid region of Brazil.
Programme

Starting year

‘Army Operation Tanker’ *

1

‘Permanent Programme to
Fight Drought (PROSECA)
2
*

The Programme one million
3
cisterns (P1MC) *

Programme one land and
4
two waters (P1+2) *

Cisterns in schools *

4

Summary

1999

This programme was stablished long time
ago but has only been operated by the
Brazilian Ministry of Defence and the
Ministry of National Integration since 2012.
The aim of this programme was to supply
potable water to several towns and
communities affected by drought in the
semi-arid of Brazil. The planning and
monitoring of ‘potable’ water supply to
municipalities in emergency situation as well
as the inspection of registered tankered
waters that participate in the operation are
responsibilities of the Brazilian army.

2003

This programme was stablished by a federal
law (Lei nº 10638) with the principal
objective of mitigating water scarcity in the
semi-arid region of Brazil through the
implementation of immediate actions.

2003

The P1MC consisted of constructing
3
covered cisterns (16 m ) to store harvested
roof run-off rainwater. The aim of this
programme was to provide water to around
five million people in the semi-arid
Northeast, which could be used for drinking,
cooking, and tooth-brushing.

2007

This programme was created to improve
food and nutrition safety. There has been
3
constructed many cisterns (52 m ) to store
harvested cemented and ground surface
run-off rainwater to provide water for
agriculture and livestock.

2010

The cisterns in schools programme
3
consisted of installing cisterns (52 m ) in
schools in the semi-arid region of Brazil to
provide enough storage of harvested roof
run-off rainwater to allow school operation
even during tough dry periods.

Source: *1 PI_nº_1 (2012) and MAPA (2015); *2 Lei_nº_10.638 (2003); *3 ASA
(2001) and Gomes et al. (2014); *4 ASA (n.d.).

Although several national programmes, such as the ones outlined in Table 1.3,
have been implemented in order to provide supposedly safe water to the
population of the Sertão, many people still suffer from diseases that are
commonly associated with poor drinking water quality, or with inadequate
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volumes of water. For instance, Nascimento et al. (2013) evaluated the
incidence of acute diarrhoeal diseases in twelve municipalities situated in the
semi-arid region of the Northeast state of Rio Grande do Norte, based on data
supplied by the National and State Health Departments. The authors observed
a relatively high prevalence of acute diarrhoeal diseases in most of the
municipalities investigated, ranging from 0.08 to 41.7 per cent in 2009, and
from 0.8 to 34.5 per cent in 2010.
Considering the entire population of Paraíba, one of the states of the Northeast
Brazil, 388,847 cases of acute diarrhoeal diseases were notified between 2007
and 2010 (inclusive) (Table 1.4). The overall incidence of acute diarrhoeal
diseases within these years varied from 23.2 to 28.4 per 1000 people. The
situation is of even more concern when the incidence of acute diarrhoeal
diseases in children is analysed separately. For example, children younger
than four, but older than one year showed an incidence of 104.6 per 1000 in
2008, whereas the observed incidence of acute diarrhoeal diseases in children
younger than one year in 2009 was 180.6 per 1000 (MS-SVS, 2011).

Table 1.4 – Number of acute diarrhoeal diseases cases and incidence in
Paraíba State, Brazil.
Year

Number of cases of
ADD

Incidence per 1,000
inhabitants

2007
2008
2009
2010

100,121
106,191
95,241
87,294

27,4
28,4
25,3
23,2

Source: SIVEP/MDDA – Health department of Paraíba state.
ADD = acute diarrhoeal diseases.

1.3.

Approaches to water quality management

The use of water quality monitoring and compliance standards, with an
associated requirement for sampling and analysis, has been widely used in
several countries, including parts of Brazil. However, this approach can be
prohibitively expensive and insufficient to protect public health because
monitoring often only takes place after exposure to pathogens has occurred,
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e.g., via drinking water. The WHO (2011b) supports the development and
implementation of a more comprehensive approach to risk assessment and
risk management, which considers the entire drinking water supply system
from catchment to consumer and posits that this approach is the most effective
means of consistently ensuring the provision of safe water.
The field of risk management is becoming increasingly ‘explicit’, compared with
the historical ‘implicit’ approach that focused on treatment plant design and
operation (Hrudey et al., 2006). For instance, the Hazard Analysis and Critical
Control Point (HACCP) approach has been widely adopted by the food
industry (FAO/WHO, 1998) and this approach has more recently been used in
the drinking water sector in Greece (Damikouka et al., 2007) and Iceland
(Gunnarsdottir and Gissurarson, 2008).
Water safety plans (WSP) came to prominence in 2004, with the publication of
the third edition of the Guidelines for Drinking-water Quality by the World
Health Organization, in response to the Bonn Charter, also published in 2004
(IWA, 2004). This approach consists of ‘a comprehensive risk assessment and
risk management that encompasses all steps in water supply from catchment
to consumer’ (Bartram et al., 2009). This approach draws upon a range of risk
management methods, including the multiple-barrier approach and HACCP
and has been implemented in many countries. According to the WHO (2011b),
major benefits of developing and implementing a WSP include the detailed and
systematic assessment and prioritisation of hazards and the operational
monitoring of barriers (control measures). In brief, a detailed description of the
entire water supply and identification of hazards are among the first steps in
developing WSP, followed by risk assessment, resulting in management plans
(Bartram et al., 2009).
Risk assessment can be performed at three different levels; qualitative,
quantitative and semi-quantitative. According to Medema (2015), a good
practice by which to assess risk is through the use of a tiered approach, with
increasing levels of quantification/sophistication. The idea here is that basic
tiers help to determine whether more complex tiers are required, and to identify
any weakness in the risk assessment due to a lack of good quality or specific
data. Although WSP have been written into recent Brazilian water legislation,
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they have not as yet been broadly applied, and, importantly, have not been
applied in many of the areas in which they are probably most needed, such as
the semi-arid region of Northeast Brazil.
The research presented in this thesis seeks to address this issue for the first
time through the development of an evidence-based, simple and low-cost
approach to controlling diarrhoeal disease in rural communities in semi-arid
regions, based on social surveys, screening for faecal indicator organisms
(FIO) and QMRA, to support the development and implementation of an
effective and workable WSP strategy for these specific settings. According to
the literature, whilst several QMRA models have been developed to assess
public health risks in a variety of different settings (e.g., Gibson et al. (2002),
Levesque et al. (2008), McBride et al. (2013), de Man et al. (2014), Ryan et al.
(2014), Giacometti et al. (2015), and Church et al. (2015)), there has been a
clear lack of critical evaluation of the health impact of the alternative water
sources used within rural communities, especially those used in semi-arid
regions. There has also been no recorded effort to analyse the potential health
impact associated with the use of changing sources of water, which is common
in the Sertão as a direct result of water scarcity. Further details of the main
concepts related to the development and implementation of WSP and QMRA
as well as their application are explored in Chapter 2.
As presented previously in section 1.1.2, there is significant evidence to
demonstrate that WASH services can contribute positively to health outcomes
within rural, urban and semi-urban communities. However, water supply
systems and microbial exposure routes can be highly complex, especially in
rural settings, and the human health impacts of these are therefore not fully
understood. Even though a substantial amount of research reported in the
literature has identified the use of multiple sources for domestic supply (e.g.,
Evans et al. (2013), Smith et al. (2014) and Malhotra et al. (2015)), research
to date has not accounted for the frequency of usage and the consequent
variations in microbial risk posed to the health of human consumers. In a more
recent study, Smith et al. (2014) directly identified the need for research to
characterise the virtually unknown extent of multiple source use for domestic
water supply and its impact on global WASH monitoring.
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The domestic use of water originating from ‘alternative’ (non-piped and
generally not chlorinated) water supplies may increase morbidity associated
with diarrhoeal disease (and potentially mortality) if adequate protection
measures are not put in place and maintained. The importance of hygiene
practice to reduce waterborne and water-washed infectious disease risk is
well-documented in the literature, but the use of water of poor quality for this
purpose (e.g., showering/bathing; hand-washing), which is common in rural
communities that use a variety of alternative water sources (e.g., lakes, rivers,
harvested rainwater, etc.), is as yet less clearly understood or documented.
Therefore, the initial focus of this study was to identify microbial hazards and
hazardous events in the overall water supply system from multiple sources to
human consumption (and personal washing) in the domestic environment, in
rural communities situated in the Brazilian Sertão, and to investigate the
human health risks posed by the use of these alternative sources through the
development of a tiered risk assessment approach that is discussed in more
detail in Chapter 4. Moreover, an evidence-based framework for the risk
assessment of multi-source water supply systems to support the provision of
safe water and the development of WSP to rural populations in semi-arid
regions of South America, and potentially beyond, was developed. This
includes specific recommendations to support the effective implementation of
WSP in semi-arid regions to minimise the risk of water-related diseases in the
target populations.

1.4.

Aim and objectives

The aim of this study was to develop an evidence-based approach, to risk
assessment to support the development of a water safety plan strategy for
rural communities located in semi-arid regions, and consequently to support
reductions in the incidence of human diarrhoeal disease. This will be achieved
by:
1. undertaking a social survey to gather information from water supply
stakeholders and end-users on existing water supply and sanitation
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provision, hygiene behaviour, incidence of diarrhoeal diseases and
population perceptions of water-related disease issues;
2. determining the faecal content (through the enumeration of levels of E.
coli, intestinal enterococci (IE) and somatic coliphages) throughout the
entire water supply chain (from source to human consumption),
including ‘alternative’ water sources, household water storage
reservoirs and in-house storage containers in order to identify ‘criticalcontrol-points’ for disease transmission;
3. identifying hazards and hazardous events, and assessing exposure
routes to the transmission of diarrhoeal diseases associated with the
domestic use of water in rural communities in the semi-arid region of
Northeast Brazil;
4. determining levels of pathogenic microorganisms in the water supply
system of the studied region through the use of molecular analysis
(qPCR);
5. developing quantitative microbial risk assessment (QMRA) models to
assess and compare the human health risks posed by drinking water
from alternative water sources and identify effective interventions to
support health improvements; and
6. elucidating critical microbial transmission routes within the water supply
system and the domestic environment (based on the QMRA outcomes)
that will provide evidence to support a health-based strategy to reduce
diarrhoeal diseases in semi-arid regions;

1.5.

Outline of the thesis structure

Chapter 1
First, a broad view of major water-related issues of human health significance,
such as water scarcity, safe water supply and sanitation was presented,
including a review of the worldwide situation with regards to the use of
improved drinking water source and sanitation facilities, highlighting disparities
between rural and urban areas. Transmission pathways and water, sanitation
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and hygiene (WASH) interventions to reduce diarrhoeal diseases were then
introduced. The barriers to safe water supply in the Sertão region of Brazil,
existing programmes to fight water scarcity in semi-arid regions and the human
health situation with regards to acute diarrhoeal diseases were then explored.
An overview of water quality management approaches, focussing on recent
applications of Water Safety Planning (WSP) and Quantitative Microbial Risk
Assessment (QMRA), was also introduced, followed by the aim and objectives
of this research.

Chapter 2
In this literature review chapter, water-related diseases and transmission
routes are briefly explored and greater attention is directed towards human
waterborne diseases, especially diarrhoeal diseases that have a recognised
human health impact in Northeast Brazil. The principal aetiological agents of
diarrhoea, both worldwide and in Brazil, are also critically evaluated. An
overview of techniques and tools for health risk assessment and management,
especially WSP and QMRA, is presented along with a critical review of both
tools, including previous experiences in developing and implementing these
approaches worldwide. In the final section of this chapter, the theory and
practice of social surveys are critically evaluated.

Chapter 3
This chapter begins with a description of the geographical study area and
presents demographic data on the rural communities selected for this
research. The next section of this chapter describes the activities undertaken
during the first visit to Santa Luzia community in 2015 followed by a description
of the activities performed during a second visit (2016) to the rural communities
selected. Sample collection, survey methodology and methods used to
perform all the analyses included in this project are also explained in this
chapter. Finally, details of the statistical tools and methods used to analyse the
data generated during fieldwork are provided.
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Chapter 4
The development of novel project methodologies and protocols constitutes the
first results chapter of the thesis. A schematic diagram to illustrate the water
supply system in Santa Luzia, based on the outcomes of the initial visit is also
presented. Water quality results from all local sources identified during the
initial visit, with respect to microbiological and physico-chemical parameters
are also presented. In the following section of this chapter, the novel
prospective tiered approach to assess risks in rural communities with multiple
water sources in semi-arid regions is presented. Finally, the development of
the QMRA (including all steps) is presented.

Chapter 5
This chapter begins by presenting the outcomes from the households and
sanitary surveys carried out during the second visit to the rural communities,
from April to July, 2016. Results from the water monitoring of physico-chemical
and microbiological parameters with regards to samples collected at strategic
points (water sources, water storage reservoirs and in-house water storage
containers) through the water supply system are also presented. When
appropriate, results of cross-analysis between the outcomes of the household
and sanitary survey, and physico-chemical and microbiological analysis are
also presented. Moreover, results for water quality changes from water storage
reservoirs to in-house drinking water storage containers are illustrated in
proceeding sections.

Chapter 6
Chapter 6 represents the third results chapter and here the hazardous events
identified during the field work are presented as well as the exposure
assessment outcomes, including all the steps involved in the estimation of
concentration of target pathogens and E. coli with regard to all animals
considered to contribute to the microbial contamination at some stage of the
scenario developed. The estimates for the daily ingestion dose of target
pathogens is also presented, followed by the outcomes of the QMRA
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conducted using a range of hypothetical scenario variants in order to assess
the risk of infection posed to the rural population using alternative water
sources and POU drinking water treatment. Finally, the effectiveness of WASH
intervention to reduce risk of infection, evaluated with respect to various
interventions, is also presented in this chapter.

Chapter 7
Although some analysis of sub components of the research is presented in
previous results chapters, a discussion section dedicated to each result
chapter is presented. In the following section, a broader discussion of the
outcomes of this research project is presented. Finally, the potential use of the
proposed tiered approach to support planning, management and intervention
strategies in order to reduce excreta-borne diseases in rural communities in
semi-arid regions is critically evaluated.

Chapter 8
The final chapter outlines the principal findings drawn from this research and
provides practical recommendations to reduce the risk of infection in rural
communities of the Sertão of Brazil. Finally, recommendations for future
research are also provided.
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Chapter 2. Literature review
2.1.

Water-related diseases

A wide range of agents, including bacteria, viruses, protozoa, helminths and
chemicals, may be responsible for water-related diseases. These agents
normally originate from human or non-human animal excreta, though they may
also originate from industrial operations or even natural or disturbed
ecosystems (e.g., Legionella spp., mercury, arsenic, nitrate, etc.). The routes
of entry include ingestion, inhalation, wounds and perforation of mucous
membranes and intact skin (Bartram and Hunter, 2015). A well-known
classification of infectious water-related diseases, based on transmission
routes to simplify the relationship between water supplies and health in
developing countries, was developed by David Bradley (White et al., 1972) and
is presented in Table 2.1. This classification system has particular value as its
focus is the potential impact on human health of different interventions (WHO,
2003).
According to Cairncross and Valdmanis (2006), improvements to water quality
prevent the transmission of waterborne diseases, whereas water-washed,
water-based and water-related disease transmission can be prevented by the
provision of water in adequate quantities. Lack of water in affordable quantities
may prevent people from practicing adequate hygiene habits (e.g., washing
their hands before eating or after using a latrine). In addition, water scarcity
may also be a limiting factor in the cultivation of vegetables, thus depriving
individuals of essential nutrients needed to fight disease. Furthermore,
secondary health impacts, such as malnutrition and reduced cognitive function
in children, have been linked to the long-term consequences of diarrhoeal
diseases (Keush et al., 2006). This research focuses on waterborne and waterwashed infectious diseases, especially diarrhoeal diseases, which are
reviewed in the following sections.
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Table 2.1 – Bradley’s classification of water-related diseases.
Transmission route

Description

Classical
Waterborne
Non-classical

Waterwashed

Water-based

Superficial
Intestinal
Watermultiplied
percutaneous
Ingested
Water-biting

Water-related
insect vectors

Waterbreeding

Faecal-oral due to
ingestion of pathogens in
water.
Faecal-oral or person-toperson as a result of lack
of water for hygiene
practice.
Faecal-oral or penetration
of intact/damaged skin by
disease agents that pass
an obligatory part of their
life cycle in water.
There may not be a
relationship between the
disease agents with
water; rather its insect
vector either breeds in or
bites near water bodies.

Examples
Typhoid
Infectious
hepatitis
Trachoma
Shigella
dysentery
Bilharziasis
Guinea worm
Gambian
sleeping
sickness
Onchocerciasis

Source: adapted from White et al. (1972), Montgomery and Elimelech (2007),
and Bartram and Hunter (2015).

2.1.1.

Infectious waterborne diseases

Waterborne diseases can be caused by the ingestion of chemical (e.g., arsenic
and fluoride) and/or microbial agents (e.g., Salmonella spp. and norovirus).
However, chemical pollutants are non-infectious and possibly less relevant in
rural settings. Therefore, these are considered to be beyond the scope of this
study. On the other hand, infectious-waterborne diseases are caused by the
ingestion of at least a threshold dose of pathogenic microorganisms through
fluids (e.g., water), food, fomites, vectors, hands and other environmental
media (Bartram and Hunter, 2015), as well as by contact with droplets
(Gwaltney, 1978). Pathogenic microorganisms that enter the body may reach
susceptible sites in the host gastrointestinal tract and develop an infection that
might lead to disease. High levels of pathogens are then shed by the host
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gastrointestinal tract and large numbers, in the order of millions to billions per
gramme of faeces, are excreted into the environment, which represent a
hazard in that they may be ingested again by other persons (Feachem et al.,
1983, Sobsey, 2015). Table 1 presents a list of currently-recognised
waterborne disease agents transmitted by drinking water, including viruses,
bacteria, protozoa and helminths.

Table 2.2 – Waterborne disease agents transmitted through drinking water.
Health
significance

Persistence
in water
supplies

Resistance
to chlorine

Relative
infectivity

Important
animal
source

Aeromonas Hydrophila

Moderate

May multiply

Low

High

No

Burkholdeira
pseudomallei

High

May multiply

Low

Low

No

Campylobacter jejuni,
C. coli

High

Moderate

Low

Moderate

Yes

E. coli –
enterohaemorrhagic

High

Moderate

Low

High

Yes

Escherichia coli pathogenic

High

Moderate

Low

Low

Yes

Fransciella turalensis

High

Long

Moderate

High

Yes

Heliobacter pylori

Pending

Short

Pending

Pending

Yes

Legionella pneumophila

High

May multiply

Low

Low

No

Leptospira interrogans

High

Long

Low

Low

Yes

Mycobacteria (nontuberculous, M. avium
complex, MAC)

Low

May multiply

High

High

No

Salmonella Typhi

High

Moderate

Low

Low

No

Other salmonellae

High

May multiply

Low

Low

Yes

Shigella spp.

High

Short

Low

Low

No

Vibrio cholerae

High

Short to long

Low

Low

No

Adenoviruses

Moderate

Long

Moderate

High

No

Astroviruses

Moderate

Long

Moderate

High

No

Enterovirus

High

Long

Moderate

High

No

Hepatitis A viruses

High

Long

Moderate

High

No

Hepatitis E viruses

High

Long

Moderate

High

Potentially

Noroviruses

High

Long

Moderate

High

Potentially

Parechovirus

High

Long

Moderate

High

No

Rotaviruses

High

Long

Moderate

High

No

Sapoviruses

High

Long

Moderate

High

Potentially

Pathogen
Bacteria

Viruses
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Table 2.2 – continued.
Protozoa
Acanthamoeba spp.

High

May multiply

Low

No

Cryptosporidium
hominis/parvum

High

Long

High

High

Yes

Cyclospora cayetanensis

High

Long

High

High

No

Entamoeba histolytica

High

Moderate

High

High

No

Giardia intestinalis

High

Moderate

High

High

Yes

Naegleria fowleri

High

May multiply

Low

High

No

Toxoplasma gondii

High

Moderate

Long

Moderate

Yes

Dracunculus medinensis

High

Moderate

Moderate

High

No

Fasciola hepatica, F.
gigantica

Pending

Pending

Pending

Pending

Yes

Schistosoma spp.

High

Short

Moderate

High

Yes

Helminths

Source: adapted from Bartram and Hunter (2015).

A significant proportion of the global human waterborne disease burden is
believed to be caused mainly by a lack of adequate water, sanitation and
hygiene practices (Prüss-Ustün et al., 2014). Most studies with regards to
waterborne diseases do not identify specific aetiologies but deal solely with
outcomes (e.g., diarrhoeal diseases), caused by a range of pathogens
(including many of those listed in Table 2.2), transmitted by diverse routes and
associated with several potential confounding factors (Cairncross et al., 2010).
Diarrhoea is considered to be the most important public health problem directly
related to water and sanitation (UNICEF, 2003), and is therefore further
discussed in the following section.

2.1.2.

Diarrhoeal diseases

The WHO (2013) defines diarrhoea as ‘the passage of three or more loose or
liquid stools per day, or more frequently than is normal for the individual’. Acute
diarrhoeal diseases can be infectious or non-infectious depending on the
causative agent. However, as the number of infectious diarrhoea cases is
substantially higher compared with non-infectious cases, clearly greater
attention should be paid to the first form of diarrhoea (MS, 2014). A variety of
bacterial, viral and parasitic diarrhoea-causing microorganisms, which are
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spread through contaminated food or drinking water, or from person to person
as a result of poor hygiene, can cause gastrointestinal infection (WHO, n.d.).
According to Waddington et al. (2009), household size, age, nutritional and
personal immunity are the main factors moderating disease risk at the
individual level. Severe diarrhoea causes loss of both fluid and electrolytes,
which leads to dehydration and may cause death in some cases, mainly in
young children and in people who are malnourished or have compromised
immunity (UNICEF, 2003, WHO, n.d.).
The ingestion of diarrhoea-causing pathogens in unsafe drinking water,
contaminated food or from unclean hands promotes the transmission of
disease (Prüss-Üstün et al., 2008). According to a burden of disease report
published by the World Health Organization (2008), diarrhoeal diseases were
responsible for about 2.2 million deaths in 2004, including 1.8 million children
under five years of age (17% of deaths in this age group). Moreover, for the
same period, it was estimated that 45% of child deaths caused by diarrhoeal
diseases occurred in Africa, with a further 30% in Southeast Asia.
A more recent global burden of disease study revealed that about 1.3 million
people died as a result of 2.7 billion episodes of diarrhoeal diseases in 2013
(Murray et al., 2015, Vos et al., 2015). Unfortunately, diarrhoeal disease
studies based on official incidence figures provided by health authorities are
thought to underestimate the number of events because most episodes of
diarrhoeal morbidity (including life-threatening morbidity), especially in lowincome countries, are not reported to the health system (Cairncross et al.,
2010). The UN (2010) estimates that the primary cause of around 88% of all
diarrhoeal incidents is related to lack of sanitation, poor hygiene and unsafe
water.

2.1.2.1. Diarrhoea-causing aetiological agents
As mentioned previously, diarrhoea is caused by a wide range of
microorganisms, including bacteria, viruses, protozoa and helminths. The main
diarrhoea-causing agents in a specific location may differ from those that are
prevalent in other regions. Baldursson and Karanis (2011) undertook a
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comprehensive review of worldwide waterborne disease outbreaks caused by
parasitic protozoans from 2004 to 2010 and found that of 199 outbreaks
reported during this period, Cryptosporidium spp. were the aetiological agent
in 60.3% of the outbreaks, followed by Giardia lamblia (35.2%) and other
protozoa (4.5%).
Other groups of microorganisms related to GE have also been investigated
more recently. For example, Ahmed et al. (2014), using a meta-analysis of 175
selected articles, including more than 187,000 patients with mild or moderate
(outpatient) and severe (hospitalised) diarrhoea, found that 18% of acute GE
were caused by norovirus; and unlike rotavirus, the proportion of individuals
with GE due to norovirus at community level were significantly higher (24%).
Moreover, it has been suggested that norovirus-related GE among children
under five years of age accounts for about 200,000 deaths in developing
countries annually (Patel et al., 2008).
Platts-Mills et al. (2015) investigated pathogen-specific burdens of community
diarrhoea in developing countries (including countries in South America, Africa
and Asia) through a multisite birth cohort study and found that the pathogens
that most contribute to the burden of diarrhoea are norovirus GII, rotavirus,
astrovirus, Campylobacter spp., Shigella spp., and Cryptosporidium spp.,
which are pathogens that have previously been associated with high incidence
rates in the studies presented above.
Wang et al. (2015) compared the prevalence of pathogens in faeces of children
(≤5 year of age) and adults with diarrhoeal diseases from developed and
developing regions of China. The authors observed higher ‘virus-positive’ rates
among children resident in Beijing (developed region) compared with adults,
norovirus being the most prevalent pathogen encountered in adults and
rotavirus the most prevalent in children’s faeces. The authors also found a
significant difference between children from developed and developing regions
with regards to bacterial isolation rate, which were about 14% and 30%
respectively, Shigella spp. being the dominant pathogen in developing regions.
Finally, the authors observed higher prevalence of enteropathogenic E. coli
(EPEC) and enteroaggregative E. coli (EAEC) among children in both
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situations, whereas higher prevalence of enterotoxigenic E. coli (ETEC) was
observed in adults.
In the Brazilian Northeast, Silva Filho et al. (2013) reported a relatively high
incidence of worm-associated diseases in Massaranduba, Pb, which is a small
town in the semi-arid Northeast of Brazil, using data from the local municipal
health department. The researchers also observed that the population used
alternative water sources (harvested rainwater, pond, tubewell and vendors)
as well as a variety of recipients to store water (water tanks, barrels and
cisterns) but it was not possible to compare the microbial quality of water
sources, as water analysis was not performed.
In another study to evaluate the impact of cisterns on the control of excretaborne diseases, Marcynuk et al. (2013) investigated the thirty day prevalence
of diarrhoeal diseases in individuals with and without cisterns in the ‘Agreste’
central region of Pernambuco State, Brazil in 2007, through a face-to-face
survey. A significantly lower 30-day period prevalence of diarrhoea was
observed among 377 households with cisterns (11.0%; 95% CI 9.5-12.4%)
than among the individuals from households without a cistern (18.2%; 95% CI
16.4-20.0%). Moreover, similar patterns were found for children under the age
of five, of which 15.6% (95% CI 12.3-18.9%) were from households with a
cistern whereas, 26.7% (95% CI 22.8-30.6%) were from households without
one. They concluded that the use of cisterns for drinking water is associated
with a reduction in the occurrence of diarrhoeal diseases. Although this
association was found, the authors did not mention whether the cisterns were
exclusively used for harvested rainwater storage, which makes it difficult to
analyse whether collected rainwater provided better microbial quality
compared with other sources or whether the collection of water from remote
sites was the main reason for re-contamination, and consequently higher
incidence of diarrhoea.
With regard to viruses-related diarrhoea, it is relevant to mention that the
diarrhoeal burden associated with rotavirus has decreased substantially in the
region following the introduction of a vaccination programme by the Brazilian
government in 2006. On the other hand, a recent study carried out in Belem,
Para, in northern Brazil has shown that norovirus-related Gastro Enteritis (GE)
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rates among hospitalised children under the age of five (not infected by
rotavirus) were about 37% (Siqueira et al., 2013). Although Belem is not
situated in the Sertão, norovirus may also be one of the main diarrhoeacausing agents among children throughout Northeast Brazil.

2.1.3.

Transmission of waterborne microorganisms in domestic
environments

As mentioned previously, waterborne diseases are caused by the ingestion of
an infectious dose of a specific pathogenic agent. A significant number of
agents of waterborne diseases can be mediated by various transmission
routes (Figure 2.1), all eventually culminating in ingestion. The transmission of
waterborne pathogens is more likely to occur where alternative water sources
are used as these waters can be contaminated by infected animals (including
humans) (Funari et al., 2012). Run-off from landfills, septic tanks or pit latrines
can also cause contamination in certain situations and this might have been
the cause of several outbreaks of faecal-oral diseases, such as cholera.

Figure 2.1 – Waterborne disease transmission routes.
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Source: adapted from Funari et al. (2012).

However, there are many other indirect ways in which faecal material can
reach the mouth (contaminated hands, food, fomites, etc.). Transfer of tiny
particles from hands to inanimate surfaces, or vice-versa, occurs on a daily
basis within the home environment. Microorganisms transmitted via the faecaloral route most likely spread throughout the home in the same manner (Kagan
et al., 2002). Human hands contaminated by faeces may transfer pathogens
to other parts of the body (e.g., eyes and mouth), fomites (e.g., clothes, mobile,
phones, cutlery, plates, etc.), food, drinking water, etc. (Goldmann, 2000).
Fomites may then become a new secondary source of contamination. Rusin
et al. (2000), cited by Kagan et al. (2002), investigated the transfer of
salmonellae from an individual that had contact with a tiny amount of stool from
an infected person to a second person (receiver). The authors found that the
receiver could potentially pick up more than 105 colony-forming units (CFU) on
his/her fingertips, of which 35% could be transferred to the mouth. This high
dose of microorganism might be sufficient to start an infection, depending on
the pathogen species.
It is clear that unhygienic domestic environments associated with poor
personal hygiene maximise the spread of waterborne disease-causing
microorganisms, consequently increasing the risk of infection. Although there
is significant evidence in the literature to suggest that hand-washing with soap
at critical times (e.g., after contact with faeces and before handling food) can
substantially reduce the risk of diarrhoea (Briceno and Yusuf, 2012), only a
fraction of the worldwide population is thought to practice it. It is also important
to bear in mind that not only ‘dirty’ hands can contaminate food but
contaminated food can also be the cause of pathogen spread in the kitchen,
especially when hygiene practices are not adequately adopted during food
preparation. In a study to investigate the transfer of E. coli K12 to kitchen
utensils during the preparation of artificially contaminated frozen chickens, De
Wit et al. (1979) observed a high proportion of cross-contamination and found
E. coli K12 on several utensils and objects used during the preparation of
frozen chickens (Table 2.3). According to the authors, in many instances, E.
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coli K12 was still on various objects even after ‘clearing’, rinsing or washing
up.
Previous research has demonstrated that large numbers of organisms can be
transferred by finger contact with contaminated surfaces (Scott and
Bloomfield, 1990), or transferred to sponges and dishcloths, in which some of
them can survive for long periods and potentially contaminate other areas of
the kitchen (Humphrey et al., 2001). In the latter article, the authors reported
that microorganisms were transferred to dishes washed in water inoculated
with salmonellae or Campylobacter spp. Moreover, they also observed that
some Salmonella spp. were able to grow when transferred to moist foods,
being able to reach potentially infective doses within a few hours. The survival
of pathogenic microorganisms on specific fomites, food and hands or in water
is a determining factor in their ability to cause infection of a new host within a
domestic environment.

Table 2.3 – Contamination of various objects during the preparation of frozen
broilers artificially contaminated with E. coli K12.
Object

Total number of
samples

Cutting-board*
Plate, dish, strainer, etc.*
Grating of sink
Raised border
Tap
Dishcloth
Kitchen utensils (grips)
Kitchen table
Spice-tins, salt-cellar
Door handle, point of contact
Towel

17
29
54
49
56
38
81
209
85
67
51

Contaminated
samples (%)
100
90
87
67
82
74
68
65
60
24
14

Source: De Wit et al. (1979).
* The first two items were also assessed after rising, resulting in 77% and 72% of contaminated
samples for cutting-board and plate, dish, strainer, etc., respectively.

In water, the survival of pathogens depends on the physical, chemical and
ecological environmental conditions and may differ widely between different
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species (Nocker et al., 2014). Under appropriate conditions, viability would not
be expected to decline in the case of environmental pathogenic
microorganisms for which host infection is facultative. On the other hand,
pathogens with obligate host dependence for replication could be assumed to
decline over time. Pathogenic microorganisms show different levels of
adaptation to water, and consequently their survival time in this medium can
be considered to be highly species-specific (Nocker et al., 2014). However, the
formation of biofilms within cisterns, due to infrequent and inadequate
cleaning, may increase the survival time of pathogenic microorganisms as the
association between pathogens and biofilms is beneficial to the survival of both
‘classes’ of pathogens mentioned above.
The literature presents strong evidence of the enhanced survival and
persistence of pathogens associated with biofilms compared with planktonic
or non-biofilm associated cells (Figure 2.2). For instance, Trachoo et al. (2002)
observed greater reduction of viability of Campylobacter jejuni attached to
coupons with biofilms than to coupons without pre-existing biofilms. Several
adverse environmental conditions, such as exposure to sunlight, dehydration,
starvation or the availability of only non-assimilable nutrients, suboptimal
temperature, low or high pH, presence of certain metals and oxidative or
osmotic stress also play an important role in the survival of pathogens (Larsson
et al., 2009).

Presence of biofilms
Survival

Survival

Absence of biofilms

Time in water
Environmental pathogens (facultative)

Time in water
Environmentally transmitted pathogens (obligate)

Figure 2.2 – Schematic classification of the survival of waterborne pathogens
in environmental waters with and without incorporation into biofilms.
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Source: adapted from Nocker et al. (2014).

2.2.

Health risk assessment and management

Health risk assessment and management are important tools to prevent
transmission of infectious diseases through human exposure to contaminated
food, water, soil and air. Hunter et al. (2003) define risk as ‘the possibility of
loss, harm or injury’ including two separate concepts; the probability of an
event and the severity of that event. The main approaches to assess risk
include epidemiological methods, QMRA and qualitative risk assessment
(including risk ranking) (Hunter et al., 2003). Other investigative tools
frequently used in the water sector include burden of disease assessment
(Gibson, 2015), and water monitoring and testing (Taylor, 2015). The
outcomes and application of these tools can vary substantially. For instance,
epidemiological assessment involves the study of human cases of a specific
disease to find the causal factor, whereas QMRA aims to estimate human
health risk by predicting levels of infection, based on mathematical models.
Basically, epidemiological studies use scientific evidence to measure the risk
of a particular disease (WHO, 2006a) and can be classified as ‘descriptive’,
‘analytical or ‘interventional’ (Hunter et al., 2003). Although epidemiology is
supposed to represent the best evidence of cause and effect linking water
quality exposures to resultant disease patterns (Kay, 2015), uncertainty with
regard to the collection of information is a primary limitation, which implies a
reduction in the sensitivity of epidemiological assessments to identify excess
risk (WHO, 2006a). On the other hand, QMRA studies make use of information
on densities of a specific pathogen, estimated or measured rates of ingestion
and dose-response models (WHO, 2006b, Buse et al., 2012). The main
limitation of QMRA is associated with poor data availability. Therefore, it is
necessary to make certain assumptions (Bouwknegt et al., 2014). QMRA
models utilise data acquired from epidemiological studies as input and these
approaches may be used in conjunction with one another to improve
understanding and identification of potential hazards posed by pathogenic
microorganisms (WHO, 2006a). More information on all the investigative tools
presented in this section is presented by Bartram et al. (2015) but a critical
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analysis of the application of QMRA models, especially in rural settings is
presented in 2.4.
Health risk management tools to reduce microbial health risks include
engineering, behaviour and management interventions. As demonstrated in
Chapter 1, improvements to water supply, sanitation and hygiene (WASH)
involve structural and behavioural interventions. Implementation of drinking
water and wastewater treatment also involves structural barriers. Management
interventions include safe storage of drinking water and WSP. Detailed
information on the risk management tools used in this study is presented by
Bartram et al. (2015). In the following section, a critical review of the literature
regarding the application of WSP and their outcomes in rural communities is
presented.

2.3.

Water safety plans (WSP)

As mentioned in section 1.3, WSP are one of the most effective approaches to
ensure the consistent provision of water that does not result in elevated levels
of excreta-related human disease, in adequate quantities and can be applied
to any kind of water supply system. WSP comprise at least three key
components: system assessment, effective operational monitoring, and
management and communication (WHO, 2011b). Although the basic steps to
develop a WSP are shown in Figure 2.3, Bartram et al. (2009) state that there
is no one way to undertake a WSP and the approach should be adapted to fit
the current water supply system needs. Otherwise, the implementation of WSP
is unlikely to be accepted by the organisation responsible for water supply.
The principles and practice of WSP are increasingly being adopted worldwide
as a basis for the sustainable provision of drinking water of an acceptable
quality but mostly in urban areas where water supply utilities (municipal, state
or private) are more likely to favour their adoption. In contrast, small rural
communities, which by their nature are often located in remote areas, tend to
lack capacity for fundamental management, operation and maintenance as
well as for implementation of technical improvements or risk management
plans.
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In order to improve feasibility and reduce complexity during the implementation
of WSP in small rural communities, the WHO (2012) developed a framework
to assist the implementation of water safety planning for small community
water supplies, following a six-step guide, as illustrated in Figure 2.4.

Assemble the team to prepare the water safety plan

Document and describe the system

Undertake a hazard assessment and risk characterisation to identify and
understand how hazards can enter into the water supply

Assess the existing or proposed system (including a description of the system
and a flow diagram)

Planned review

Identify control measures – the means by which risks may be controlled

Define monitoring of control measures – what limits define acceptable
performance and how these are monitored

Establish procedures to verify that the water safety plan is working effectively
and will meet the health-based targets

Develop supporting programmes (e.g., training, hygiene practices, standard
operating procedures, upgrade and improvement, research and development)

Prepare management procedures (including corrective actions) for normal and
incident conditions

Establish documentation and communication procedures

Figure 2.3 – Overview of the steps involved in developing a WSP.
Source: Bartram et al. (2009).
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Task 1 – Engage the
community and assemble
a WSP team

Task 6 – Document, review
and improve all aspects of
water safety plan
implementation

Task 2 – Describe the
community water supply

Water Safety Plan
Continuous
Improvement cycle
Task 3 – Identify and assess
hazards, hazardous events,
risks and existing control
measures

Task 5 – Monitor control
measures and verify the
effectiveness of the water safety
plan

Task 4 – Develop and
implement an
incremental
improvement plan

Figure 2.4 – Overview of the suggested steps in developing a WSP for small
communities.
Source: WHO (2012).

Engagement with the community is a very important step to guarantee
sustainable access to water of sufficient quality as this approach is designed
to help a community manage their water supply to reduce risks to human
health. Small rural communities may not meet the community, local or national
water quality targets, particularly when resources are limited but, according to
the WSP philosophy, small, readily-achievable improvements are better than
none (WHO, 2012). Moreover, the WSP approach also encourages the
adoption of a prioritised gradual improvement plan.
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Table 2.4 – The six-step guide to implementing WSP in small communities.
Task

Description of
task

Key questions

Key outcomes

1

Engage the
community and
assemble a WSP
team

Who needs to be,
should be and wants
to be involved?

A community empowered through interest and
ownership in the management of its water supply;
Support from health and water staff in the concerned
administrative unit (e.g. district, block, parish) and/or
from experienced NGOs;
Linkage to prevailing government policies, water
quality standards, laws and local by laws.

2

Describe the
community water
supply

Have we accurately
captured the details
of our water supply
system?

Proper documentation of the community water supply
(with drawings, maps, photos, water quality records
and relevant management and institutional records).

3

Identify and
assess hazards,
hazardous
events, risks and
existing control
measures

How serious is the
risk of a hazard
causing harm?

Improved knowledge of hazards and hazardous
events and associated risks to public health in the
system;
Improved understanding of how the risks are
currently being addressed (what control measures
are in place and whether they are suitable and
effective) and what risks may need further control.

4

Develop and
implement an
incremental
improvement plan

How do we get to
where we want to be?

Scoping of opportunities to improve drinking-water
quality (by new or modified control measures);
Priority actions identified to improve management
and safety of the supply, including proposed timelines
and needed resources;
Engagement of the community in implementation of
the improvements.

5

Monitor control
measures and
verify the
effectiveness of
the WSP

Are the control
measures and the
plan working?

Operational monitoring and inspections
demonstrating that control measures continue to work
effectively;
Verification that the WSP is appropriate and working
effectively to provide safe drinking water.

What do we need to
do to ensure that our
WSP works well and
to improve it
continuously?

Well-established management procedures for normal,
incident and emergency situations shared with the
WSP team and those responsible for managing the
community water supply;
Supporting activities established to embed the WSP
approach into water supply operations (e.g., training
and education);
Establishment of processes to review the WSP
periodically, ensuring that the WSP remains up to
date and effective, resulting in incremental
improvements to water safety.

6

Document,
review and
improve all
aspects of WSP
implementation

Source: WHO (2012).
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2.3.1.

Previous

experiences

related

to

the

development

and

implementation of WSP
Globally, water safety plans have been successfully applied to several water
supplies, from large and sophisticated to small and simple drinking water
supply systems. For example, Vieira (2005) observed positive outcomes, such
as a greater understanding of water quality control among end-users, as well
as improvements to technical operation and performance following the
development and implementation of WSP in a Portuguese multi-municipal
water company. Similar outcomes were observed in Japan when WSP were
implemented in large and small water supplies and it is expected that this
approach will be widely applied to Japanese water supplies in the near future,
especially small ones (Kunikane, 2009). According to Vieira (2005), major
beneficiaries of WSP are the small suppliers, serving no more than 5000
people, where end-product testing is often inadequate.
Several countries of widely differing socio-economic status (e.g., Bangladesh,
Brazil, Japan, New Zealand, Palau, Portugal, South Africa, etc.) would appear
to have already experienced the potential benefits of implementing WSP and
some of these, such as, Brazil and New Zealand, have adopted the WSP
concepts in their national drinking water regulations (MS, 2011, MH, 2015).
As mentioned previously, WSP can be developed in different ways and applied
for different needs. For example, in South Africa the Rand Water company has
implemented its WSP so that water quality assurance is separated from water
quality control, thus providing a supplementary safeguard in which existing
operational procedures are assessed in a more holistic manner (RandWater,
n.d.). In contrast, the development and implementation of WSP in Bangladesh
has focused on community-wide campaigning, schools-based programmes
(e.g., audio and visual materials, leaflets and posters) and training of local
health and government workers in order to raise awareness and to spread the
message about how to make water safer, from source to consumption (WHO,
2011a).
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A report published by the Water and Sanitation Program (2010) identified five
key policy issues to be addressed for the successful development and
implementation of WSP in rural community water supplies in India. These
include the adoption of the drinking WSP approach for rural supplies, how to
establish roles and responsibilities, whether to use WSP improvement
programmes as the basis for planning and investment, how to set performance
targets to reflect health objectives, and how to decide on interventions to
reduce risk. A detailed explanation of each of these issues is reported by
Rouse et al. (2010).
Although several low-income countries lack financial resources for the
development and implementation of WSP, especially in rural settings, a costbenefit analysis for implementing the Koror-Airai WSP in the Republic of Palau,
which is a country formed by about 350 island located in the western Pacific
Ocean, showed that a return of US$ 5.90 was expected for every US$ 1.00
invested in implementing the plan. The authors compared two distinct
scenarios: with or without a WSP. The variables evaluated for the latter
scenario included the current cost for treatment of gastrointestinal disease
induced by unsafe water, loss of water through leakage or purchase of
alternative sources of water. However, for the scenario with WSP, the cost for
the installation of equipment as part of improvement schedule, maintenance of
new equipment installed, education and awareness-raising as well as change
to a pro-active approach of risk assessment and management were
considered (Gerber, 2010). This demonstrated the economic feasibility and
potential use of WSP to reduce public health risks with regards to water-related
diseases.

2.4.

Quantitative microbial risk assessment (QMRA)

Quantitative risk assessment approaches were first developed to evaluate
chemical risk assessments and have subsequently been adopted to
investigate microbial risk (Haas et al., 1999). There are four basic steps in a
QMRA study: hazard identification, exposure assessment, dose-response
assessment and risk characterisation (Haas et al., 1999, Hunter et al., 2003,
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WHO, 2006a, Buse et al., 2012, USEPA, 2012). Briefly, hazard identification
consists of determining the pathogens to be considered in the risk assessment;
exposure assessment characterises the magnitude of exposure for each
hazard identified (ingestion of organisms); dose-response assessment is
based on mathematical models to evaluate the expected infection/disease
response to the hazard in the population; and risk characterisation estimates
probability of infection/disease, based on exposure and dose-response
assessments (Haas et al., 1999).
An important task to be undertaken when performing a risk assessment is to
identify main issues to be addressed and to set objectives. The formulation of
the problem is critical to any risk analysis (PCCRARM, 1997). The needs of
the stakeholders and risk managers must be considered in the problem
formulation as the successful practice of risk analysis requires continual
interchange with manager and stakeholders (NRC, 2009). In developing a risk
assessment, a relationship between an exposure and a risk measurement is
ascertained and for an increase in the exposure there will be a corresponding
increase in the risk and vice versa. Figure 2.5 illustrates this relationship
between exposure and risk.
According to the WHO (2006a), two mathematical approaches (deterministic
and stochastic) can be used to describe variable values and propagate
uncertainty in exposure assessment. The deterministic approach assumes a
single value for each variable while the stochastic approach describes each
variable with a probability density function (PDF). In the latter, a Monte Carlo
simulation may be applied to undertake the risk assessment. In simple words,
Monte Carlo simulation is an iterative process in which values are randomly
selected from the PDF defined to each input variable of the proposed model to
calculate the response variable. As the process is repeated several times, the
output variable is presented as a histogram, to which a PDF can be defined.
Using Monte Carlo simulation in a stochastic QMRA model overcomes certain
limitations associated with the deterministic approach. At this stage, a
sensitivity analysis should be undertaken to identify the most significant risk
factors, uncertainties as well as to validate the model (WHO, 2006a). The
adoption of the QMRA approach involving Monte Carlo simulation for
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wastewater reuse has been recommended by the WHO and Australian

Risk

Government in guidelines for water recycling (WHO, 2006a, NRMMC, 2006).

Exposure

Figure 2.5 – Relationship between exposure and microbial risk. The best
estimate is indicated by the middle curve and the extreme curves represent
the upper and lower confidence intervals.
Source: Haas et al. (2014)

2.4.1.

Exposure assessment

As a result of the lack of knowledge relating to many factors affecting our
exposure, several assumptions have to be made during this step of the risk
assessment. Sobsey et al. (1993) recommended better microbial data on
occurrence, transport and fate, regrowth potential, and susceptibility to water
treatment processes in order to develop more realistic exposure assessments.
Therefore, there is a need to acquire more knowledge on inactivation rates and
survival in the environment, ability to regrow, as in the case of some bacteria,
resistance to environmental factors (e.g., UV radiation and temperatures), and
movement through soil, air, and water.
An estimation of microbial dose at the point of consumption can be made,
based on the quantification of FIO at critical-control-points, which is then used
42

to estimate the concentration of pathogens according to their respective ratios.
A

more

sophisticated

method,

capable

of

quantifying

pathogenic

microorganisms using molecular analysis, can be used to complement the
exposure assessment. Following this, it is necessary to identify and describe
changes in concentration (growth vs. decay) that occur between the source
and the consumer.
Physical transport, by advection, dispersion, and other mechanisms, through
the media and the determinants that are likely to cause an increase or
decrease in microbial concentration from source to receptor, are the two
principal factors that influence the changes in concentration of microorganisms
that might occur between source and consumer (Haas et al., 2014). According
to these authors, the physical transport of microorganisms is very similar to the
transport of microscopic particles through the environment. On the other hand,
the number of microorganisms present at each point will depend on the
physical removal, decay (spontaneous/endogenous, chemical agents,
thermally induced, radiation, predation and antagonism), growth (substrate
and environment – temperature, pH and dissolved oxygen levels) along the
route from source to consumer.

2.4.2.

Dose-response assessment and risk characterisation

Dose-response assessment provides a link between exposure and probability
of potential infection. Therefore, this is considered a key stage in the QMRA
process. In a recent study to investigate uncertainties in QMRA and
epidemiological approaches, Bouwknegt et al. (2014) found that the doseresponse model had the largest influence on the outcome of QMRA. A number
of dose-response models to be used in QMRA studies can be found in the
literature, mostly based on human feeding trials, which consist of giving a
known dose of a particular pathogen to healthy volunteers under controlled
conditions. The data acquired in these trials are used to predict the likelihood
of infection/illness for a given pathogen dose using mathematical functions
(WHO, 2006a, McBride et al., 2013).
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It is important to differentiate infection from illness. Whereas infection occurs
when a pathogenic organism multiplies within the host, illness is characterised
by the development of symptoms in the individual. Therefore, a person can
present an asymptomatic infection, which means that this person does not
have an illness but is eliminating pathogens in the faeces (Haas et al., 1999).
Infection models have been developed based on the ‘single hit’ theory
assumption, where any single organism can develop infection (Teunis and
Havelaar, 2000, Teunis et al., 2002). One important property of the ‘single-hit’
theory is that it has a maximum risk curve that limits the upper confidence level
of the dose-response relation (Teunis and Havelaar, 2000). There are two
mathematical functions, which are often used to develop dose-response
models: the single-parameter exponential and the two-parameter betaPoisson. The exponential function (Eq. 2.1) represents the simplest form of the
‘single-hit’ model (Haas, 1983, Haas et al., 1999) while the simplified betaPoisson (Eq. 2.2) does not fit the ‘single-hit’ theory at all and, according to
Teunis and Havelaar (2000), can produce highly misleading results during
uncertainty analysis, especially when there is little information available. The
simplified beta-Poisson distribution is an approximation developed by
Furumoto and Mickey (1967) that holds when ! ≫ 1 and $ ≪ ! (! = '() ÷
-

(2. − 1)). CAMRA (2015) presents a complete list of dose-response models
developed for several microorganisms.
1234 (6) (7; 9) = 1 − exp −9×7

(>?. 2.1)

where 1234 (6) is the probability of infection per person per event, 7 is the
ingested dose of the organism, and 9 is the survival probability, which is
assumed constant. The model is valid when (0 < k ≤ 1)
1234 (6) (A; $; '() ) = 1 − (1 + A×(2

C
D

− 1) ÷ '() )ED (>?. 2.2)

where 1234 (6) is the probability of infection per person per event, $ and '() are
parameters of the distribution, and A the ingested dose of organism. The
model becomes poorer for large values of A. '() is the dose at which 50% of
the population is expected to become infected.
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Finally, the risk of infection per person per year can be estimated using the
following equation (Eq. 2.3).
1234 F (1234 6 ; '>G) = 1 − (1 − 1234 6 )HIJ (>?. 2.3)
where 1234 (F) is the probability of infection per person per year, '>G is the
number of events per year.

2.4.3.

Previous experience with the development and implementation
of QMRA

According to Haas et al. (2014), QMRA is considered useful for evaluating and
ranking risks and comparing different environmental problems, even though
the assessments are performed with several assumptions, resulting in
outcomes with a large range of variation and uncertainty. The QMRA approach
has been widely applied in the water sector to assess risk in various scenarios
based on different sources such as freshwater (USEPA, 2010), harvested
rainwater (Fewtrell and Kay, 2007, Ahmed et al., 2010, Jesmi et al., 2013),
seawater (Ashbolt et al., 2010), treated wastewater (Seidu et al., 2008, Mara
and Sleigh, 2010, Mok et al., 2014) and considering different uses, such as
drinking (van Lieverloo et al., 2007, Machdar et al., 2013), showering (Schoen
and Ashbolt, 2011), vegetable irrigation (Mota et al., 2009, Mok and Hamilton,
2014), toilet flushing (Fewtrell and Kay, 2007), dishwashing (Church et al.,
2015), hand-washing (Gibson et al., 2002) and recreational activities (Kundu
et al., 2013).
This approach has also been applied to assess risk in rural settings. In a recent
study, Paola Balderrama-Carmona et al. (2015) used QMRA to investigate the
risk of cryptosporidiosis and giardiasis posed to the population consuming
drinking water from communal well water in the rural community of Potam,
Mexico. All samples were positive for Cryptosporidium spp. and Giardia spp.
and the QMRA models suggested mean annual risks of 0.99 for
cryptosporidiosis and 1 for giardiasis. The authors believe that the findings of
this research based on QMRA might drive decision-makers to create new
policies as well as educational and treatment programmes to reduce the
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incidence of parasite-borne intestinal infection in this community and in others
in similar conditions.
In order to determine the risk reduction with regards to Salmonella spp. and
Vibrio spp. by a chlorine contact disinfectant point-of-use device, Coulliette et
al. (2013) developed simple scenarios and applied the QMRA approach. The
authors found that the QMRA models were very helpful in demonstrating the
significant decrease in microbial risk for chlorinated water. The use of QMRA
in simple scenarios such as this one might allow improvements in risk
management policies and strategies for water safety planning.

2.5.

Survey methodologies

‘A survey is a systematic method for gathering information from (a sample of)
entities for the purposes of constructing quantitative descriptors of the
attributes of the larger population of which the entities are members’ (Groves
et al., 2004). Surveys are very useful tools and almost every country in the
world utilises this method to estimate their rate of unemployment, basic
prevalence of immunisation against disease, intentions to vote in an upcoming
election, etc. Questionnaires are widely used for collecting information, but
other techniques, such as interviews, observation, content analysis and so
forth, can also be used in survey research (De Vaus, 2014).
Survey research seeks an understanding of what may cause some
phenomenon (e.g., diarrhoeal diseases) by looking at variation in the variable
across cases as well as looking for other characteristics that are systematically
linked with it. According to De Vaus (2014), it aims to draw causal inferences
(e.g., lack of safe water supply affects diarrhoeal diseases) by a careful
comparison of the various characteristics of cases. Additionally, researchers
should ask why lack of safe water supply affects diarrhoeal diseases, being
careful to avoid mistaken attribution of causal links.
Fink (2003a) recognised six fundamental features to produce best survey
information systems: specific and measurable objectives, sound research
design, sound choice of population or sample, reliable and valid instruments,
appropriate analysis and accurate reporting of results. Depending on the
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objectives, surveys can be designed in different ways, such as experimental
(e.g., randomly assigned concurrent controls, concurrent controls but not
random assignment, self-controls, and so on) or descriptive (e.g., crosssectional, cohort, case-control, etc.). Figure 2.6 shows the steps involved in
the process of designing a survey study. This research does not aim to
describe and discuss all types of surveys but further information on these
components can be easily found in the literature.

Define research objectives

Choose mode of
collection

Choose sampling
frame

Construct and pre-test
questionnaire

Design and select
sample

Design and implement
data collection

Code and edit data

Make post-survey
adjustments

Perform analysis

Figure 2.6 – Steps involved in the process of designing a survey.
Source: Groves et al. (2004).
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Survey estimates can be produced by several methods of data collection with
different degrees of interaction. For example, some techniques can involve
face-to-face (FTF) interactions whereas others may have a lower degree of
interaction or no interactions at all (e.g., mail survey).
The formulation of an adequate questionnaire, which aims to collect all the
necessary information to answer the research questions, is also a very
important task (Punch, 2003). Questioning strategies utilised in research are
generally characterised by the amount of structure and degree of directness.
According to Peterson (2000), amount of structure is related to the extent to
which all study participants are asked exactly alike questions in an identical
way whereas degree of directness is the extent to which direct questions are
asked about the phenomena, or topics of interest in a research project.
Questionnaires can be constructed with open-ended or closed-ended
questions. In general, the latter format is normally used when answers are prespecified by a researcher and thus known prior to questionnaire application,
whereas the former can be used in the five distinct ways presented below
(Peterson, 2000):
•

When a researcher does not know how the participants will answer a
question;

•

When a researcher wants to ensure that answers will not be unduly
influenced by the presence of predetermined alternative answers;

•

When it is imperative on certain kinds of variables (e.g., zip or postal
codes survey);

•

When unanticipated events may influence the responses that study
participants provide in monitoring trends over time;

•

When applying follow-up questions.

Another very relevant aspect is related to sample design, since survey
research is almost always based on a sample of the population. The success
of the survey is dependent on the representativeness of the sample with
respect to a target population of interest to the researcher. According to Fink
(2003b), the importance of a sample lies in the accuracy with which it mirrors
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the target population, to which or to whom the survey’s finding are to be
generalised. Survey samples can be broadly divided into two types: probability
samples and non-probability samples. A detailed discussion on these
techniques can be found elsewhere (Salant, 1994, Fink, 2006, De Vaus, 2014).
Moreover, bias during the survey statistics steps can also be generated by
inadequate sampling selection (Groves et al., 2004). The benefits and
limitations of the most commonly used survey designs are presented in Table
2.5.

Table 2.5 – Benefits and limitations of the most common survey designs.
Design

Benefits

Limitations

Concurrent controls and
random assignment
(randomised controlled or
control trial; true
experiment)

If properly conducted, can
establish the extent to
which a programme
caused its outcomes.

Proper implementation
requires resources and
methodological expertise.

Easier to implement than
randomised control trial.

A wide range of potential
biases may occur because
without an equal chance of
selection, participants in
the programme may be
systematically different
from those in the control
group.

Self-controls (pretest/post-test)

Relatively easy to
implement logistically and
provides data on change.

Must be certain that
measurements are
appropriately timed;
Without a control group,
you cannot tell if effects
are also present in other
groups.

Historical controls

Easy to implement;
unobtrusive.

Must make sure that
‘normative’ comparison
data are applicable to
participants.

Solomon four-group

Rigorous design that
permits inferences about
causes;
Guards against the effects
of the pre-measure on
subsequent performance.

Need to have enough
participants to constitute
four groups;
Expensive to implement.

Concurrent controls
without randomisation
(quasi-experimental)
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Table 2.5 – Continued.

Factorial

Can be used to study a
range of main effects and
interactions.

May need a very large
sample size to study
interactions;
Because of the large
number of combinations of
questions that may be
answered, significant
findings may occur by
chance.

Cross-sectional

Provides baseline
information on survey
participants and
descriptive information
about the intervention.

Offers a picture of
participants and program
at one point in time.

Provides longitudinal or
follow-up information.

Can be expensive
because they are relatively
long-term studies;
Participants who are
available over time may
differ in important ways
from those who are not.

Can provide insights into
the causes and
consequences of disease;
Generally less timeconsuming and expensive
than cohorts.

The compared groups of
cases and controls are
selected from two
separate populations, and
you cannot be certain that
the groups are
comparable with respect
to extraneous factors
(some of which you may
not know);
Data often come from
records, which may be
incomplete or otherwise
inadequate.

Cohort

Case-control

Source: adapted from Fink (2003a).
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Chapter 3. Materials and methods
This chapter begins with a description of the geographical study area and
presents the demographic characteristics of the rural communities selected for
this research. The next section describes the activities carried out during the
researcher’s first visit to Santa Luzia community in 2015, followed by a
description of the activities performed during a second visit to the rural
communities of the Northeast Brazil in 2016. Sample collection, survey
methodology and methods used to perform all the analyses included in this
project are also explained in this chapter. Finally, details of the statistical
methods and tools used to analyse the data generated during fieldwork are
also provided.

3.1.
3.1.1.

Description of the study area
Rationale for community selection

The rural community Santa Luzia, Picuí, Paraíba (Fig 3.1) was selected during
the first visit because it presented a complex water supply system formed of
several sources of water, which represents the reality of most rural
communities in semi-arid regions of Brazil. Moreover, there was readily
available information about this community as it has been studied since 2012
by a collaborating group of researchers of the Federal University of Campina
Grande (UFCG). This on-going study supported access to the community
during field work described here.
During the second visit to Brazil, ten rural communities from four municipalities
were selected, based on ease of access and the personal safety of the
researcher(s). Table 3.1 presents the rural communities chosen, including their
respective municipalities. No more than ten communities were selected
because of time constraints. Santa Luzia was already part of this study, and,
therefore, it was the first one to be selected. Three other rural communities in
the same municipality of Picuí were also selected because of their ease of
access and support by staff within local government (who could help with
introductions to community leaders, or with access to remote community sites).
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The selection of the other six communities was undertaken with the support of
a community leader, as it was assumed that this person could help ensure a
degree of personal safety for the researcher(s) as well as facilitating and
supporting the development of surveys and water sampling strategies. It is
relevant to mention that all chosen rural communities were not only within the
semi-arid region, but that they also had complex water supply systems
(involving multiple water sources), as these were the basic requirements for
selection. It was envisaged that ten communities, presenting similar water
supply issues (but possibly using different alternative water sources and
techniques for storing water) might be more representative of the ‘real’
situation and help to elucidate community practices with respect to water
handling, treatment and storage.

Table 3.1 – Selected rural communities in the State of Paraíba.
Municipality
Nova Palmeira

Picuí

São Mamede
São João do Cariri

3.1.2.

Community
Papa Fina
Poço de Pedra
Quilombola Serra do Abreu
Mato Grosso
Pedreiras
Santa Luzia
Urubu
Assentamento Belmonte
Picotes
Uruçu

Description of municipalities and selected rural communities

The four municipalities that contain the rural communities visited during this
research are illustrated geographically in Figure 3.1. All four municipalities
present some similarities:
•

From a geological perspective, these municipalities sit on rocks from
the crystalline complex (igneous and metamorphic rocks);

•

All are situated in the semi-arid region within the ‘Caatinga’ biome,
which, according to the Picuí municipal solid waste integrated
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management plan (2013), has been widely degraded in recent years
(PMGIRS, 2013);
•

All streams present in these municipalities have an intermittent
(ephemeral) flow regime (MME, 2005a, b, c, d);

•

With the exception of São Mamede, which is situated in the
geomorphological unit of ‘Depressão Sertaneja’ (MME, 2005d), all
municipalities are situated in the geomorphological unit of ‘Planalto da
Borborema’, in Paraíba State (MME, 2005a, b, c);

•

Picuí, Nova Palmeira and São Mamede are all contained within the
hydrological ‘Seridó’ sub-catchment of the river Piranhas catchment,
whereas São João do Cariri is divided between two sub-catchment (‘Rio
Taperoá’ and ‘Alto Paraíba’), both within the hydrological limits of the
river Paraíba catchment.

Figure 3.1 – Location of Campina Grande (LABDES), Picuí, Nova Palmeira,
São João do Cariri, and São Mamede municipalities within Paraíba State.
Source: adapted from IBGE (n.d.).
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A brief description of these municipalities is presented in Table 3.2, followed
by additional information regarding the population, area and number of
households as well as the distance from urban centres for the chosen rural
communities in Table 3.3. Cases of acute diarrhoeal disease at community
level were not available in the Brazilian Health Ministry’s online database.
However, data for the entire municipalities with respect to acute diarrhoeal
diseases, registered in the health system, do exist and are presented in
Appendix 4 (Table A2.3).

Table 3.2 – Brief description of the municipalities involved in this research.
Municipality

Description

Picuí

Picuí is situated in the ‘Seridó Oriental Paraíbano’ microregion. The annual average temperature is 24.7 ºC
(Climate-Data, n.d.-b). The entire Picuí municipality has an
area of approximately 661 km2 (IBGE, n.d.) and its
population was last estimated to be 18,704 (33% rural) in
2016 (IBGE, n.d.). The annual average rainfall is 410 mm
(Climate-Data, n.d.-b), which is mostly distributed over four
months. Besides the presence of four lakes, the municipality
also contains seven reservoirs that are used to accumulate
and store harvested ground surface run-off rainwater.

Nova Palmeira

With a population of 4,849 inhabitants (41% rural) in 2016
(IBGE, n.d.), Nova Palmeira covers a total area of
approximately 310 km2 (IBGE, n.d.) and borders Picuí. The
annual average temperature is 23.5 ºC and annual average
rainfall is 419 mm (Climate-Data, n.d.-a).

São João do Cariri

São João do Cariri has an area of 653 km2 and is located in
the ‘São João do Cariri’ micro-region. According to IBGE
(n.d.), its population was last estimated to be 4,309 (46%
rural) (2016). Annual average precipitation is 399 mm and
annual average temperature is 23.2 ºC (Climate-Data, n.d.c). There are six water reservoirs, including a public pond
and six other lakes, to collect and store harvested ground
surface run-off rainwater (MME, 2005c).

São Mamede

Located in the Patos micro-region, São Mamede had an
estimated population of 7,738 inhabitants (23% rural) in
2016 (IBGE, n.d.). The municipality has an area of
approximately 530 km2. The annual average temperature is
25.5 ºC and the annual average precipitation is 702 mm
(Climate-Data, n.d.-d). There are at least three main
reservoirs to accumulate and supply water to this
municipality (MME, 2005d).
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Table 3.3 – Distance from urban area, population and number of households
for rural communities.
Municipality

Distance
from urban
*1
area (Km)

Area (Km )

10

3.49

105

36

Pe

8

2.85

174

57

Ub

12

1.49

127

37

MG

13

3.27

223

76

QSA

13

0.11

105

35

PP

9

0.88

120

38

PF

13

0.86

205

70

Pi

7

0.17

33

10

AB

14

7.73

68

17

Uc

12

2.85

159
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Community
SL*

Picuí

Nova
Palmeira

São Mamede
São João do
Cariri

4

2 *2

Population
3

*

Households

*

3

*1

Estimated distance based on GPS.
Estimated area of communities based on the measurement of the community area using a
free online google-maps area calculator tool (https://www.daftlogic.com/projects-googlemaps-area-calculator-tool.htm).
*3
Data supplied by the local municipal government and health professionals working in the
communities (personal communication).
4
* Population and households does not include the district of Santa Luzia, but only the rural
area.
*2

3.2.

Initial visit to Santa Luzia, Picuí - Paraíba, Brazil

A preliminary visit to Santa Luzia was undertaken during June to July 2015 in
order to acquire baseline information about this rural community and to identify
potential transmission routes along the water supply system from source to
consumer. The visit aimed to elucidate the current water supply situation and
to investigate the presence of faecal contamination in alternative water
sources at its origin as well as within storage systems at the household level.
In order to achieve this, 30 single samples of water, including harvested
rainwater, groundwater and surface water were tested for total coliforms,
thermotolerant (faecal) coliforms, E. coli, intestinal enterococci and somatic
coliphages. Furthermore, samples from each desalination system (two)
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present in the rural community of Santa Luzia were also analysed. Samples
were collected and tested at regular intervals over the one month visit.
For the molecular analysis of Salmonella spp. by real-time PCR, ten one-litre
water samples, collected from alternative sources, were concentrated using
the membrane filtration technique described elsewhere (e.g., Ahmed et al.,
2008). Processed membranes were placed into centrifuge tubes and stored in
a freezer at -10 ºC and transported to the UK, where they were further
processed (elution, DNA extraction and DNA quantification). In order to
improve recovery rates, the selection of the elution technique was based on a
bench-scale experiment to test three different eluents and two physical
processes to detach bacteria from the membrane (vortex and sonication) as
described in section 3.5. DNA extraction and quantification of Salmonella spp.
was then performed according to the method described in section 3.4.3.2.
Water samples were also analysed for the physico-chemical parameters pH,
temperature, turbidity and electrical conductivity, using a multi-parameter
Aquaread meter (model AP-2000). All physico-chemical analyses were carried
out in the field, whereas analysis of FIO was performed in the Desalination
Laboratory (LABDES) of UFCG campus in Campina Grande - Paraíba.

3.3.

Second visit to the rural communities of the Brazilian semi-arid

A more in-depth and prolonged second visit to rural communities in the semiarid Northeast of Brazil was undertaken between April and July 2016. Again,
the field work was performed during the rainy season as it is difficult to collect
water samples during the dry period, when people lack adequate volume of
water and do not want to give samples away. Moreover, certain waterborne
transmission pathways may be more easily identified during the rainy season
when contamination of groundwater or stored water with surface water run-off
is most likely to occur. During these three months, 99 households were
randomly selected and surveyed through a cross-sectional design study using
a semi-structured questionnaire. A sanitary survey was also performed to
investigate the sanitary condition of the water storage and collection systems
at each site.
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A single sample was taken from each storage device (including water storage
reservoirs and in-house drinking water containers) present in the 99 houses
visited during the survey and from the origin of alternative water sources (e.g.
open reservoirs, tankered water, desalinated water and groundwater), totalling
262 samples. The number of water samples was much higher than the number
of households surveyed because most of the houses presented multiple water
storage devices. Moreover, during the last week of the sampling campaign, 50
additional water samples were collected from the storage devices that
presented the highest levels of faecal contamination (based on the
concentration of E. coli observed in water samples) for subsequent analysis
using real-time PCR. The sampling methodology is explained in section 3.4.1.
Because of some difficulties with turbidity measurements during the initial visit,
a portable turbidimeter HACH 2100Q was used to take turbidity measurements
during the second trip. Based on the experience gained during the first visit to
Brazil, E. coli, intestinal enterococci and somatic coliphages were chosen as
components of the microbiological tests during the second visit. For E. coli
analysis, two methods (Petrifilm 3M and membrane filtration) were used in
parallel to assess the feasibility of using the former as a monitoring tool in these
rural communities. All E. coli tests using Petrifilm 3M were performed in the
field when the sample was collected. Some of the E. coli and IE (membrane
filtration) analyses were carried out in the field using an improvised laboratory
(Figure 3.2) when it was necessary to stay overnight, while the remaining
samples that were collected in the following day were taken back to LABDES
(Figure 3.3). Sample concentration, elution, DNA extraction and quantification
followed the same processes and methods used during the first visit.
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Figure 3.2 – Improvised laboratory for microbiological analysis in the field.

Figure 3.3 – Microbiological analysis by membrane filtration at LABDES.

3.4.

Physico-chemical and microbiological analyses

As mentioned previously, physico-chemical, as well as some microbiological,
analyses were carried out in the field but most microbiological analyses were
performed at LABDES, located approximately 100 to 150 km from the study
sites. The collaboration between UoB and UFCG facilitated not only the
microbiological analysis but also made sampling and survey works easier,
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especially in rural communities in which UFCG had undertaken previous
studies (e.g. Santa Luzia, Uruçu).

3.4.1.

Sampling

The logistics for field work were discussed and planned with collaborating
academics in order to efficiently collect water samples that better represents
the current situation found in rural communities present in semi-arid Brazil.
Water samples from different storage devices containing various alternative
water sources were collected daily for a period of three weeks during the first
visit and for a period of ten weeks during the second field visit. Thermocontainers, partially filled with ice, were used to keep samples refrigerated
during transportation from rural communities to LABDES, where they were
processed as soon as possible and within 12 hrs of collection.
Surface water samples (including samples from ponds and lakes) were
collected at about one metre from the bank, at about 10-15 cm below the
surface, while groundwater samples were collected from the outlet of the pump
before entering water reservoirs during the first visit. During the second visit,
most samples were from the midpoint of the water storage reservoir, at about
10-15 cm below the water surface, when stored volume of water allowed direct
sampling. However, when the volume of water was not sufficient, the use of
buckets tied to a rope was necessary to collect water samples. Furthermore,
at some sites at which hand-pumps were present and working, samples were
collected directly from the outlet, or using buckets to transfer the water into the
sterile flasks. It is also relevant to mention that sodium thiosulfate was added
to neutralise water samples containing any level of free chlorine. Figure 3.4
shows the sampling sites visited throughout the field work carried out during
both visits to the semi-arid region of northeast of Brazil.
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Figure 3.4 – Illustration of a few sampling sites investigated during the field
work in Northeast Brazil.
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Sampling water was very challenging because water is extremely scarce in
these rural communities and some residents did not allow collection of water
samples. It is useful to note that even when sampling was permitted; it was not
always possible to let water run for one to two minutes prior to collection from
taps (cistern, water tanks, etc.) as recommended by the New Zealand Ministry
of Health and the United Kingdom Environment Agency (MH, 2007, UKEA,
2010), because water is a highly valued resource in these settings. Moreover,
people do not normally let water flow before collecting it for drinking, and
therefore, these samples (taken as described here) might offer a better
representation of the water consumed for those households in which water
was collected at the tap. Finally, water samples from drinking water storage
containers were only analysed for faecal indicator organisms, because most
of households only allowed the collection of a very limited volume.

3.4.2.

Physico-chemical analyses

Physico-chemical analyses comprised traditional parameters that are rapid
and easy to measure in the field, and do not require complex equipment. The
chosen parameters can have an impact in the survival/persistence of
microorganisms in water and include pH, temperature, electrical conductivity
and turbidity. The former three parameters were tested using a multiparameter Aquaread meter (model AP-2000) (AQUAREAD, Broadstairs, UK),
whereas turbidity was measured with a portable turbidimeter (HACH 2100Q,
Loveland, USA). Furthermore, free-chlorine water test (SenSafe®, Rock Hill,
USA) was performed when the survey respondent claimed to use some form
of chlorine-based product for disinfection.

3.4.3.

Microbiological analyses

As mentioned previously, some of microbiological analyses for FIO were
carried out in the field, whereas most were performed at LABDES. Cellulose
nitrate membranes (Sartorius, Goettingen, Germany) were used for all FIO
analysis and to concentrate one-litre samples that were brought back to the
Environment and Public Health Research Group (EPHReG) laboratory at the
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University of Brighton, UK, to be further processed (DNA extraction and
quantification). All methods used for culture-based and real-time PCR-based
analysis are described in the following sections.

3.4.3.1. Culture-based microbiological methods
All FIO were enumerated by culture-based methods and only presumptive
tests (with no confirmatory analyses) were performed. Thermotolerant
coliforms and E. coli were analysed according to BS-EN-ISO 9308-1 (BSI,
2000a). However, for the detection of E. coli, tryptone bile x-glucuronide (TBX)
(CM0945), which is a specific chromogenic medium, was used. E. coli were
also enumerated using Petrifilm Select E. coli Count Plate (3M Health Care,
St. Paul, USA). Intestinal enterococci were enumerated in accordance with
BS-EN-ISO 7899-2 (BSI, 2000b) while total coliforms were tested according to
BS-EN-ISO 9308-1 (BSI, 2000a) with the use of lactose TTC agar with
tergitolâ7 medium (Fluka 54232). Somatic coliphages were enumerated
according to BS-EN-ISO 10705-2 (BSI, 2001). Quality assurance tests were
always performed when microbial analyses were carried out, this included
positive controls (confirmation step using a pre-prepared reference strains)
and negative controls (conducted using distilled H2O).

3.4.3.2. Molecular (real-time PCR) microbiological methods
DNA extraction was performed in accordance with the handbook supplied with
the DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany), which was used to
extract DNA from 200 µL of concentrated water samples. DNA-extracted
samples were frozen at - 80 ºC prior to further processing but for no longer
than six months. Real-time PCR analysis was carried out following the
manufacturer’s instructions included in the advanced genesig® kit for
Salmonella_invA, Shigella spp., Enteropathogenic E. coli, Cryptosporidium
and Giardia intestinalis (PrimerDesign, Southampton, UK). The amplification
was performed using the real-time PCR cycler Rotor-Gene Q (Qiagen, Hilden,
Germany) and data were evaluated using Rotor-Gene Q software, version
2.3.1 (Qiagen, Hilden, Germany). Real-time PCR analyses were always
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carried out in parallel with quality assurance tests, including replicates of at
least two positive controls and one negative control (RNAse/DNAse free
water). Moreover, an internal DNA extraction control was also used to evaluate
the performance of the DNA extraction process.

3.5.

Determination of concentration/elution methods

Selection of the concentration/elution method used to process water samples
for pathogen concentration and quantification was based on a comparative
study of the performance of various elution methods. Three repetitions of a
bench-scale experiment were performed in the EPHReG laboratory (from
March to April 2015) following the procedures outlined in Table 3.4.
As shown in Table 3.4, all the protocols used the same method for
concentration (membrane filtration). The membrane filtration process, using
0.45 μm cellulose nitrate filters, would appear to be an appropriate method to
concentrate bacteria because these membranes are also used for
bacteriological analyses in culture-based methods. The difference between the
five protocols is related to the elution solution, and the physical technique used
to detach bacteria from the membrane after filtration as well as the time in
which membranes were exposed to it.

Table 3.4 – Protocols for concentration/elution techniques investigated in
order to select the most effective technique.
Sample

Elution solution

Physical process to
detach bacteria from
membrane

Elution
time (min)

1
2
3
4
5

STE
PBS
PBS
Distilled water
Distilled water

vortex
vortex
sonication
vortex
sonication

5
5
15
5
15

STE = sodium chloride-tris-EDTA, 10X, pH 8.0; PBS = phosphate buffer solution, 0.1M, pH
7.5.
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First, a flame-sealed glass ampoule containing 0.2 g of freeze-dried
Salmonella typhimurium (NCTC 12023) culture was acquired from the National
Collection of Type Cultures (NCTC). The propagation of Salmonella
typhimurium was performed on tryptone soya agar/broth (TSA/TSB) following
the manufacturer’s instructions. Stock cultures were prepared from subcultures of Salmonella typhimurium grown in TSB with added sterile glycerol
(15% v/v). These were then distributed in two-millilitre Eppendorf tubes and
stored at – 80 °C until they were processed but were stored for no longer than
six months. Ten litres of artificially contaminated water samples were produced
weekly through the spiking of a specific dose of Salmonella typhimurium
culture to achieve a concentration in the order of 106 CFU/L in the final solution.
The initial concentration of salmonellae was performed by a culture-based
technique using xylose lysine deoxycholate (XLD) agar (CM0469) and
incubation for 48 hours at 37 ºC. Following this, ten one-litre sample were
separately filtered through 0.45 µm cellulose nitrate membranes (Sartorius,
Göttingen, Germany), which were transferred to polypropylene centrifuge
tubes, in which they were kept at – 80 °C overnight.
The following day, 15 mL of the eluent solution (STE, PBS or distilled H2O)
were added to each centrifuge tube. These were subsequently either vortexed
for five minutes in a Vortex-Genie 2, model G560E (MO BIO, USA) or placed
in an ultrasonic bath, model XUBA3 (Grant Instruments Ltd., Cambridge, UK)
for a period of 5 or 15 mins. Membranes were then removed and the
suspension was centrifuged at 10,000 G at 4° C for 20 mins. The supernatant,
resulting from the centrifugation step, was discarded and the pellet was resuspended in one millilitre of distilled water. Finally, samples were transferred
to two-millilitre Eppendorf tubes and kept at – 80 °C until processed for DNA
extraction and real-time PCR analysis according to the method reported in
section 3.4.3.2. The selected method, used to perform concentration/elution of
samples concentrated during both field visits to Brazil, was based on the
highest recovery rate achieved throughout these trials.
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3.6.

Development of household surveys and sanitary inspections

In this research, ninety-nine households located in ten rural communities
situated in four municipalities were randomly selected and a cross-sectional
survey performed using a close-end semi-structured questionnaire. The
questionnaire was designed with questions relating to the water supply
system, sanitation and hygiene and was conducted face-to-face with residents.
The first draft of the questionnaire, which contained 62 questions, was pretested in a community near Campina Grande and it was subsequently reduced
to 34 questions, following feedback from the community. However, after
visiting the subsequent communities, the questionnaire was again modified
and in its final version contained 24 questions, including some additional
questions relating to training given through government programmes (e.g., one
million cisterns, and the army operation tanker). The final version of the
questionnaire (in Portuguese) is presented in Appendix 1.
A brief explanation of the project and the reasons for surveying and collecting
water samples was provided to respondents within each household. Residents
were also informed that their participation was voluntary and that they were
not obliged to take part in this research, and that they could withdraw from it at
any point in time. Furthermore, it was explicitly stated that all the information
gathered during the study could be used for publication in scientific papers and
conferences, though their names would be kept confidential. Questionnaires
were only applied to households that agreed with all the conditions above and
these households received a copy of the informed consent form signed by the
researcher, which is also shown in Appendix 2 (in Portuguese). All activities
were compliant with University of Brighton ethical requirements (University of
Brighton, 2016).
A sanitary survey form was also developed to help identify potential sources
of contamination through the water supply systems. Again, the first draft
contained 19 questions related to rainwater harvesting systems, water storage
reservoirs, in-house drinking water storage containers, sanitation and hygiene.
However, after the pre-test and first household visits it was adapted four times
until the final format containing only five questions (Appendix 3, in
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Portuguese), including three topics related to rainwater harvesting system and
two to water storage reservoirs. Sanitary inspection of hygiene and sanitation
was attempted in the first four communities with limited success. Sanitary
inspection inside houses (e.g., for the presence of soap and cleanliness of
toilet) was very challenging as most participants were not comfortable with
showing the interior of their residences.

3.7.
3.7.1.

Statistical analyses
Concentration/elution experiments

The data generated during the concentration/elution experiments was tested
for normality and an adequate statistical method (ANOVA) to compare
differences between the mean of the five concentration/elution methods teted
was adopted. A tukey’s test was also used to demonstrate which results
differed significantly from one another.

3.7.2.

First visit to the Brazilian Northeast

Only descriptive statistics were used to describe the water quality dataset
generated during the preliminary visit to Santa Luzia because of the very low
number of water samples collected during this preliminary visit (groundwater
(n = 5), surface water (n = 7), harvested rainwater (n = 5), desalinated water
(n = 2) and urban treated drinking water (n = 1).

3.7.3.

Second visit to the Brazilian Northeast

Most of the data generated through the water monitoring during the second
visit did not follow a normal distribution, and therefore, a log10 transformation
was applied to the dataset. However, most of the data were still not normally
distributed. Moreover, in many situations during the statistical analysis,
samples with a low number of observations (n ≤ 5) and presenting unequal
sizes were used. Nachar (2008) and Smith (2011) recommend the use of
nonparametric tests to investigate differences in the median values in such
situations. The microbiological water monitoring dataset contained a few ‘non66

detect values’ that were substituted by the lower limit of detection (1 CFU/100
mL) during the statistical analyses. According to Clarke (1998), the best results
in this situation can be achieved by first ranking the data so that all non-detects
are tied at the lowest rank. Moreover, Helsel (1990) reported that nonparametric tests, such as rank-sum tests, work well for analysis of data with a
limit of detection, whereas parametric t-tests do not. Therefore, investigation
of differences in the median values (central tendency) were always estimated
with the use of nonparametric tests.
Due to low number of observations obtained for alternative water sources at
its origin, including desalinated water (n = 4), groundwater (n = 4) and army
operated tankers (n = 4), only descriptive statistics were used to evaluate. On
the other hand, the quality of alternative water sources within various storage
devices were evaluated and compared with respect to many factors observed
during the survey study using non-parametric tests. Depending on the factor
analysed (e.g. type of container used to collect water), the dataset was divided
into groups (e.g. collection of water through tap, cup, etc.). The total number
of observations for water quality within water storage reservoirs and in-house
drinking water storage containers was 156 and 90, respectively, but the
number of observations used in each specific analysis varied. Detailed
information on the number of observations used in each analysis is presented
along with the results in Chapter 5.
The Mann-Whitney test was used to compare differences in the median values
between two groups. In this case, the rejection of H0 was considered at a
significance level of 0.05. To compare more than two samples, the KruskallWallis test was selected because, according to Smith (2011), although Mood’s
median test is more robust against outliers and errors compared with the
Kruskal-Wallis test, the latter is more sensitive and powerful for analysing data
from many distributions because the confidence interval is, on average,
narrower. However, the Kruskall-Wallis test does not demonstrate which
groups differ significantly from each other. Dunn’s test was used for this
purpose, as recommended by Dinno (2015). According to this author, this test
is the appropriate nonparametric pairwise multiple-comparison procedure
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when a Kruskal-Wallis test is rejected, as it considers the family-wise error rate
(α).
Minitab (version 17) was used for all statistical analyses presented in this
document and a macro to run Kruskall-Wallis multiple comparisons was
downloaded from the Minitab support webpage. This macro allowed for
multiple comparisons among three or more groups using the Dunn’s
Bonferroni p-value adjustment to control the family-wise error rate (MINITAB,
2016). The family-wise error rate (α) was setup to a significance level of 0.05.
The α-value is used to adjust the p-value, which becomes α/m, m being the
number of comparisons among the groups (Dinno, 2015). Therefore, when
three groups (three comparisons) or four groups (six comparisons) were being
evaluated for differences in the median value, only pairwise (e.g., AB, AC, BC)
differences resulting in a p-value lower than 0.0167 or 0.008, respectively,
were considered significant. Finally, in order to investigate correlations
between levels of physico-chemical and microbial parameters and outcomes
from the surveys, the Spearman’s rho test (nonparametric version of the
Pearson correlation) was used.
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Chapter 4. Method development
In this Chapter, the results and statistical analysis associated with optimisation
of the concentration/elution methods are presented, followed by the outcomes
from the preliminary visit to Santa Luzia. This visit culminated in the production
of a schematic diagram that outlined the principal transmission pathways and
potential critical-control-points from water sources to consumers in a domestic
setting (typical of those found in the study area). It was subsequently possible
to develop a tiered approach to water quality and sanitary assessment, based
on an initial low-cost screening step, followed by more specific steps involving
more sophisticated approaches (such as real-time PCR). This approach was
designed to maximise the chances of detecting pathogenic microorganisms
through real-time PCR analysis at critical-control-points identified from the
questionnaire survey and preliminary microbiological screening involving the
detection of E. coli, Enterococcus spp. and somatic coliphages. Moreover, this
process was intended to provide a more rational and cost-effective means of
assessing and protecting the water supply system in the community. All the
steps involved in the development of the QMRA models used to assess risk
posed to rural communities, including the hazard assessment, exposure
assessment, dose-response selection and risk characterisation are also
presented in this chapter.

4.1.

Selection of concentration/elution methods

As mentioned earlier, the selection of the ‘most appropriate’ method for
concentrating one-litre water samples was based on the highest recovery rate
achieved during the concentration/elution experiments presented in section
3.5. Quantification of Salmonella typhimurium in concentrated samples was
performed by real-time PCR to assess inhibitory effects of any reagent used
during the concentration/elution process. On the other hand, enumeration of
Salmonella typhimurium prior to the concentration/elution steps also was
performed by culture-based techniques because, in this case, a volume of 5
µL may not have contained sufficient microorganisms to be detected by realtime PCR. In a few concentration/elution protocols, the final concentration of
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microorganisms was higher than initially recorded. This can be explained by
the fact that the real-time PCR method usually results in higher counts because
this technique quantifies DNA that could be detected from bacteria that are
alive but in a non-culturable state or even from dead cells. In contrast, the
culture-based method detects only viable, culturable organisms and may
underestimate the number of microorganisms because of the presence of
multiple colonies or competition for nutrients.
As the principal objective of these experiments was to compare and identify
the concentration/elution method that would give the highest rates of recovery,
the results are reported in terms of relative percentage values. This means that
the value of the concentrated sample with the highest Salmonella typhimurium
count was chosen to be the initial concentration. Therefore, in all runs, there is
at least one protocol that appears to give a 100% recovery rate. However, it is
important to note that no protocol resulted in 100% recovery efficiency and that
the results shown in Table 4.1 are not absolute true values, but rather are
relative percentages for ease of comparison between the different techniques.

Table 4.1 – Relative percentage recovery
concentration/elution techniques investigated.

rates

for

the

five

Recovery rates (%)

Elution/concentration
method

First run

Second run Third run

Mean

1
2
3
4
5

30.7
100.0
27.3
72.4
5.6

29.5
100.0
41.5
83.7
2.4

29.1
100.0
36.0
79.7
4.2

27.0
100.0
39.1
83.1
4.6

1 = STE + vortex for 5 minutes; 2 = PBS + votex for 5 minutes; 3 = PBS + sonication for 15
minutes; 4 = Distilled water + vortex for 5 minutes; 5 = desalinated water + sonication for 15
minutes.

The dataset was first subjected to a normality test, which resulted in a p-value
of 0.059 (p-value > 0.05). Therefore, this distribution was considered normal
(parametric). ANOVA was applied to investigate differences in the mean
among the five protocols tested during the concentration/elution experiments.
The results demonstrate that at least one of these protocols presented a
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significantly different mean recovery rate (p-value = 0.000). Tukey test with a
95% confidence interval was also performed to identify the different protocols.
Figure 4.1 illustrates the outcomes from the Tukey’s test, which indicates that
only protocol 1 (STE + vortex) and 3 (PBS + sonication) did not show a
significant difference in the mean recovery rate.

Figure 4.1 – Comparison of recovery efficiencies of all five protocols
evaluated, according to Tukey’s test.

According to the results, protocol 5 presented the lowest recovery rate followed
by protocols 1 and 3. Protocols 3 and 5 used sonication as the physical
process to detach bacteria from the membrane. This method appeared
inadequate to detach bacteria from membranes as the recorded recovery rate
was much lower compared with vortex. The only plausible reason for the lower
recovery rate achieved using vortex in protocol 1 was that the Sodium
Chloride-Tris-EDTA (STE) buffer might have caused inhibition during the
quantification of DNA by real-time PCR as the only difference between
protocols 1 and 2 was the use of STE or PBS respectively. In previous
research, Huggett et al. (2008) observed that ethylenediaminetetraacetic acid
(EDTA), which is one of the compounds used to prepare the STE solution, can
cause inhibition in real-time PCR assays. The second protocol (PBS + vortex)
provided the highest recovery rate in all repetitions and statistical analysis
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confirmed that this protocol recovered Salmonella typhimurium most
effectively from one-litre water samples. Therefore, protocol 2 was used for the
concentration of bacteria in water samples collected from alternative sources
during the first and second field trips to the rural communities of the semi-arid
northeast of Brazil.

4.2.

Outcomes from preliminary scoping visit to Santa Luzia

The first visit to Santa Luzia constituted a scoping exercise, which provided
fundamental information about the composition of the community and existing
infrastructure that was essential for planning the longer-term fieldwork
activities. Based on observations and communication with local people, an
initial diagram (Figure 4.2), illustrating the complexity of the current water
supply system in the rural community Santa Luzia, was developed.
It became apparent that Santa Luzia was not served by a sewerage system
and sanitation services were generally deemed to be very poor. The presence
of solid waste in the nearby area was also noted. The lack of a centralised or
reliable drinking water distribution system means that the residents are often
forced to use ‘alternative’ water sources, the origins of which are often unclear
(e.g., tankered water stored in private cisterns). Table 4.2 provides a more
extensive list of the factors potentially affecting the microbial quality of water
supplies used by the residents of Santa Luzia.
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Domestic water-use routes in Santa Luzia
Water
sources:

Domestic
water
storage:

Domestic
uses:
Irrigation
Health
hazards:

Domestic hygiene

Personal hygiene

- Accidental ingestion of
contaminated water
during irrigation;
- Ingestion of
contaminated vegetables.
- Contamination of the cutlery,
plates, glasses, pans, etc. that
may become a secondary
source of contamination that
can be transferred to hands,
fomites and mouth.

Food preparation

- Contamination of hands that
might become a secondary
source of contamination.
Contaminated hands can
transfer microorganisms to
mouth (ingestion) and/or to
fomites.

- Contamination of clothes that
may become a secondary
source of contamination.
Contaminated clothes can
transfer microorganisms to
body, hands and fomites
increasing the risk of infection.

- Contamination of the floor
and fomites which might
become a secondary source
of contamination, especially
for children that usually have
direct contact with the floor
when playing.

- Accidental ingestion of
contaminated water during
showering.

- Accidental ingestion of
contaminated water when
brushing the teeth.

- Contamination of
vegetables to be eaten raw
might transfer
microorganisms to mouth.

- Cooking with contaminated
water might transfer
microorganisms to food.
However, the risk of infection
is likely to be reduced as the
process of cooking (e.g.
boiling, frying, etc.) normally
reduces the infectious
microorganisms' levels.
- Direct contamination
through ingestion of
contaminated water.

Figure 4.2 – Schematic representation of the water supply system in the Santa Luzia rural community.
= surface water;
= cisterns;

= groundwater;

= harvested rainwater;

= in-house drinking water storage container;

= clothes washing;

= dish washing;

= general washing;

= tanker;
= irrigation;

= desalination system;
= teeth brushing;

= vegetables washing;
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= public community taps;

= hands washing;
= cooking;

= drinking.

= showering;

Table 4.2 – Factors potentially affecting the presence and transmission of
microbial contamination in Santa Luzia.
Water supply system

Factors affecting microbial contamination

Water sources:
Lakes/ponds

Presence of animals in the catchment area;
Precipitation within the catchment area;
Presence of pit latrines or other human faecal
sources.

Groundwater

Presence of animals in the catchment area;
Soil type;
Presence of pit latrines or other human faecal
sources.

Harvested rainwater

Presence of animals in the catchment area (roof).

Water transportation
Tankers
Presence of contamination in the water tank.
Communal public water Lack of hygiene and maintenance of these
taps
communal areas.
Water storage
Cisterns

Presence of animals in the catchment area;
Precipitation within the catchment area;
Presence of pit latrines or other human faecal
sources.

Presence of insects inside houses;
In-house drinking water
Inadequate and infrequent cleaning of storage
storage containers
container.

The presence of animals (e.g., in the catchment, or on roofs) can contribute to
increased faecal loading of water sources (e.g., surface waters, groundwater
and harvested rainwater), especially following rainfall events, which can result
in an elevated risk to public health. Although more FIO may be detected in
such waters, the presence and levels of pathogens is more questionable and
will depend on issues such as the health status of the population (e.g.
incidence of a certain disease within the community from which the water is
sourced, the shedding rate amongst healthy and unhealthy individuals, etc.).
Therefore, a microbial risk assessment based solely on FIO may not be
particularly useful for comparing the risks posed by multiple water sources,
such as is the case in Santa Luzia.
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As mentioned in section 1.1.1, the poor siting, or inadequate maintenance of
pit latrines can result in catastrophic impacts on water bodies, especially
groundwater. Effective latrine construction should consider many aspects,
such as the distance between pit latrines and water sources or storage tanks,
type of soil and its infiltration rate, topography, etc. Open defecation can also
lead to adverse impacts on surface and groundwater in a similar way, but there
will also be increased risks associated with additional transmission pathways
(e.g., faeces – soil – hand – mouth), especially for children who may play in
the areas in which open defecation is practiced. As stated previously, the
health status of the population will, in part, determine the load of pathogenic
microorganisms released into the environment.
It is well documented that the occurrence of run-off in a catchment area caused
by a precipitation event may increase the level of faecal contamination entering
water bodies, including surface waters and harvested rainwater, because more
particles and microorganisms are washed into water bodies. In addition,
intense precipitation events can lead to the resuspension of bed sediments, or
those present within cisterns used to collect rainwater. This can cause the
mixing of re-suspended microorganisms and introduction into water bodies.
Hygiene behaviour within the domestic environment is likely to play a very
important role in the cross-contamination pathways in this community and
needs to be better understood (e.g., hand-washing). Moreover, the collection,
handling and storage of drinking water from in-house drinking water storage
containers, as well as from water storage reservoirs, might also contribute to
public health risks, especially in water-limited settings.

4.2.1.

Water quality of alternative water sources in Santa Luzia

The purpose of this preliminary water quality evaluation was to detect and
compare the potential concentrations of FIO in all alternative sources of water
used by the rural community of Santa Luzia. However, the enumeration of total
and thermotolerant coliforms resulted in the growth of colonies that differed in
colour and morphology from the description provided in the ISO standards for
total or thermotolerant coliforms. It was not possible to identify these
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organisms under field conditions, so as a precautionary measure the entire
results were excluded from subsequent analysis.
It is also important to mention that an interruption in the power supply of the
microbiology laboratory at UFCG for a period of three days during the first
week meant that fridges, freezers and incubators could not be used and
consequently microbiological analyses for the first ten water samples were
lost. However, data collected for the remainder of the screening study were
successfully tested for the presence of FIO.
Overall, E. coli and IE were the most frequently detected FIO in all samples
analysed. Somatic coliphages were not detected in one millilitre of water
samples from groundwater sources but were recorded in a few samples of
surface water and harvested rainwater. Samples from surface water presented
the highest levels of FIO, followed by harvested rainwater and groundwater.
Similarly, to FIO analysis, the highest concentration of Salmonella spp. was
found in surface waters, followed by harvested rainwater and groundwater.
However, only three out of ten samples analysed (including one from wells,
one from surface waters and one from harvested rainwater) demonstrated any
level of contamination by Salmonella spp. The results of the microbiological
and physico-chemical analyses considering alternative water sources used by
inhabitants of Santa Luzia are presented in Table 4.3 and Table 4.4,
respectively.
Interestingly, IE were detected in at least one sample from each group of
alternative sources, as well as in treated water from the urban area. The
average concentration of IE detected in harvested rainwater (550 CFU/100
mL) and surface water (620 CFU/100 mL) was very similar. All alternative
water sources samples presented a certain level of faecal contamination that
varied more significantly for harvested rainwater and surface water. Most
samples did not meet the recommended level of E. coli (< 1 CFU/100 mL)
established in the WHO drinking water guidelines (WHO, 2011b) and in the
Brazilian drinking water standards (MS, 2011).
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Table 4.3 – Number of observations (n), geometric mean (including, lower and
upper limits) of microbial concentrations in alternative water sources in Santa
Luzia.
Origin of sample

E. coli
(CFU/100 mL)

IE
(CFU/100 mL)

Somatic
coliphages
(PFU/100 mL)

Surface water
(n = 7)

150
(< 10; 30000)

620
(93; 7000)

250
(< 100; 25000)

Harvested rainwater
(n = 5)

75
(7; 2100)

550
(50; 3100)

160
(< 100; 350)

Groundwater
(n = 5)

1.7
(< 1; 7)

1.3
(< 1; 3.5)

< 100

< 1 CFU/100 mL = no detection of microorganisms in 100 mL of sample
< 10 CFU/100 mL = no detection of microorganisms in 10 mL of sample
< 100 CFU/100 mL = no detection of microorganisms in 1 mL of sample

Table 4.4 – Number of observations (n), arithmetic mean, lower and upper
limits for the physico-chemical parameters evaluated in alternative water
sources in Santa Luzia.
Origin of sample

Temperature
(ºC)

Turbidity
(NTU)

pH

EC
(µS/cm)

Groundwater
(n = 5)

25.6
(23.9; 26.8)

7.1
(7.0; 7.5)

1.85
2993
(0.02; 6.29) (2507; 3458)

Surface water
(n = 7)

27.7
(25.6; 29.4)

8.0
(7.5; 10)

21.0
(1.09; 47.1)

Harvested
rainwater (n = 5)

24.6
(23.4; 25.6)

7.1
(7.0; 7.5)

2.88
108 (44;218)
(0.38; 5.55)

Desalinated water
(n = 2)

25.1
(24.2; 26.0)

7.3
(7.0; 7.5)

0.23*1

260
(248; 271)

28.4

8.0

9.77

7968

Urban treated
drinking water
(n = 1)*2
1

1429
(67; 3125)

* Both samples presented the same value of 0.23 NTU.
2
* There was only one sample analysed for urban treated drinking water, therefore there is no
upper and low limits presented in this table.
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4.3.

Development of a tiered approach to monitoring

Following analysis of data from the scoping study, it was decided to develop
the research in sequential steps. As illustrated in Figure 4.3, these were based
on a tiered-screening approach that was designed to maximise the chances of
detecting pathogenic organisms through real-time PCR analysis at critical
points, previously identified through a questionnaire survey and preliminary
microbiological analyses based on E. coli, IE and somatic coliphages detection

(hazard screening of criticalcontrol-points)

Community survey
(identification of exposure pathways and behaviour)

Intermediate

Faecal indicator organisms

Basic

PCR
(pathogen
quantification)

Advanced

and enumeration.

Figure 4.3 – Hierarchical pyramid displaying the tiered relationship between
the various water risk analysis components.

Moreover, this approach provided a more rational approach to understanding
the complexities of the current water supply system and transmission
pathways in rural communities, especially those located in arid and semi-arid
regions. Finally, it also allowed for more cost-effective (in terms of both
resources and labour) targeting of resources, which should maximise
improvements to health amongst such communities. The hierarchical pyramid
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consists of three tiers from basic, non-laboratory based surveying through to
advanced detection of specific pathogens using real-time PCR.

4.3.1.

Tier 1 – Basic level

The first screening tier aimed to assess exposure routes and people’s
behaviour within the community, especially with regards to hygiene practice
and domestic water usage. It was expected that this tier would provide valuable
information about the potential transmission pathways for waterborne diseases
as well as a good indication of where contamination may occur throughout the
entire system, especially in the domestic environment. Tier 1 methods were
used to inform the effective targeting of the tiers that followed. The survey was
based on a cross-sectional design through the application of a semi-structured
questionnaire to households, as well as through a sanitary inspection. The
resulting data helped to elucidate the current water supply system within rural
communities and supported the development of subsequent QMRA models.

4.3.2.

Tier 2 – Intermediate level

Tier 2 was designed to provide additional quantitative information to tier 1.
Faecal indicator organisms (FIO) were enumerated to assess the hygienic
quality of water and to identify critical control points (those demonstrating
higher levels of E. coli, IE and somatic coliphages). This second tier provided
some information on the persistence of these microorganisms along the water
supply chain as they were analysed throughout the entire system. Tier 2
methods were used to support the estimation of pathogens for subsequent
QMRA development and application. Moreover, it was intend to support the
effective targeting of pathogen detection using real-time PCR.

4.3.3.

Tier 3 – Advanced level

It was hoped that the outcomes from tier 2 could be used to guide the effective
targeting of real-time PCR to detect pathogenic microorganisms at critical
points, where it was assumed they were most likely to be present (i.e., those
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points containing higher levels of faecal contamination). However, pathogens
were not detected in one litre samples. Target pathogen selection was based
on the most prevalent pathogens reported in previous studies, preferably
undertaken in the semi-arid region and/or Northeast of Brazil (section 4.4.1).
The tier 3 method was expected to provide more information on the direct
quantification of pathogens for QMRA development. Table 4.5 shows some
characteristics of each tier, including level of expertise, resource requirement,
implementation cost and suitability.
As shown in Table 4.5, the levels of expertise required, as well as the level of
resources required for implementation (e.g., cost, personnel), increases for
each tier. The development of a sustainable WSP in rural settings should
consider these factors. In order to reduce costs and to make the application of
this approach more feasible in rural areas, the use of data from lower tiers,
such as FIO (tier 2) associated with incidence of diarrhoeal diseases (provided
by local and federal health departments), to feed QMRA models was
investigated and critically evaluated.

Table 4.5 – Levels of expertise, resources and cost associated with each tier.
Personnel

Example of
monitoring
tools

No.

Level

Expertise Lab requirement Cost*

1

Basic

Nonexpert

Non-laboratory

$

Sanitary &
catchment
surveys

2

Intermediate

Trained
technician

Culture
laboratory

$$

FIO, phages

4

Advanced

Specialist
scientist

Molecular
laboratory

$$$

PCR of
pathogens

Suitable for
field use?
ü

ü/û

û

= individual;
= small team;
= group (lab technicians etc)
$ = lower cost; $$ = moderate cost; $$$ = higher cost
û = no and ü = yes

4.4.

Development of the quantitative microbial risk assessment
(QMRA)

In the following sections, the various steps involved in the development of
QMRA models to investigate the risks posed to human health, with respect to
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the selected target pathogens (section 4.4.1) and the scenario variants
developed for the rural communities (section 4.4.2) are presented. QMRA
models were developed based only on the data from tiers 1 and 2 because the
detection of pathogens (tier 3) was not successful as mentioned before. A
detailed explanation on each stage of QMRA developed is presented in
Appendix 4.

4.4.1.

Hazard assessment

Reference target pathogens were selected by reviewing of previous research
obtained from a systematic review of the extant literature on specific
aetiological agents (pathogens) in the faeces of patients presenting
symptomatic and asymptomatic diarrhoeal infection in Brazil, according to the
criteria listed below:
•

Research undertaken in the northeast of Brazil;

•

Pathogen prevalence investigated, considering diarrhoeal and/or nondiarrhoeal cases separately;

•

Research undertaken during the past ten years (2007 – 2016 inclusive).

The literature review revealed thirty-three studies that identified diarrhoeacausing aetiological agents in human stool, undertaken in Brazil since 1980.
Eight of these studies were undertaken in Northeast Brazil but three
investigated the prevalence of specific pathogens in the general population,
with no distinction made between non-diarrhoeal and diarrhoeal cases,
therefore were excluded. Finally, three out of the remaining papers were
published during the past ten years, and therefore chosen to support the
selection of target pathogens. The selection of pathogens of interest in this
study was informed by more prevalent pathogens observed in this select range
of studies. Figure 4.4 illustrates the process used for the selection of the most
relevant research papers.
Nakagomi et al. (2008) investigated and recorded the prevalence of norovirus
in stools among 233 diarrhoeic children up to five years of age, during a oneyear prospective study undertaken in Recife, Pernambuco, Brazil. In the other
two studies, the prevalence of E. coli pathotypes isolated from stools of
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children presenting asymptomatic infection and symptomatic infection
(diarrhoeal illness) was investigated. Bueris et al. (2007) studied 1020
diarrhoeic and 187 non-diarrhoeic children up to ten years of age in Salvador,
Bahia, Brazil, whilst Moreno et al. (2010) studied 290 diarrhoeic and 290 nondiarrhoeic infants under two years of age in João Pessoa, Paraíba, Brazil.
Moreover, in the latter study, the prevalence of Salmonella spp., Shigella spp.,
Campylobacter spp. and Giardia lamblia associated with symptomatic and
asymptomatic diarrhoeal infections was also recorded.
Target pathogens, representing three groups of pathogens (bacteria, protozoa
and viruses), were selected for the risk assessment step. These included
Salmonella Spp., Giardia lamblia and norovirus. The prevalence of
asymptomatic and symptomatic human infection due to each selected target
pathogenic microorganism is presented in Table 4.6 and the prevalence of
target pathogens in considered animals with exception of humans used in this
risk assessment is presented in Table 4.7. Detailed explanation regarding the
selection of target pathogens and their respective prevalence can be found in
Appendix 4. Moreover, a brief description of these pathogens is also presented
in Appendix 4.

Research undertaken in Brazil (from 1980)
(33)

Research undertaken in the Northeast of Brazil
(8)

Research that investigated diarrhoeal cases
and non-diarrhoeal controls separately
(5)

Research undertaken during the past ten years
(3)

(3)
Figure 4.4 – Illustration of the process used to select relevant research on the
prevalence of diarrhoea-causing aetiological agents for the study area.
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Table 4.6 – Prevalence of selected target pathogens in diarrhoea illness cases
and carriers.
Target pathogen
Salmonella spp.
Giardia lamblia
Norovirus
1

Prevalence (%)
Symptomatic
Asymptomatic
*1
7.9
2.2*3
9.3*1
1.0*1
15.0*2
13.1*4
2

3

* Adopted from Moreno et al. (2010); * Adopted from Nakagomi et al. (2008); * Adopted from
4
Orlandi et al. (2006); * Adopted from Kabue et al. (2016)

Table 4.7 – Prevalence of selected target pathogens for all animals, other than
humans, that contribute to the microbial contamination in this study.
Animal
Cat
Cattle
Chicken
Dog
Goat
Pig
Pigeon
Sheep

Prevalence of target pathogen (%)
Salmonella nonGiardia lamblia
Norovirus
typhoid
(assemblage A)
(GII.4)
2
7
1.0*
5.0*
3
8
11.0*
8.6*
1.5*5
1
9
4.5*
7.8*
4
11
31.5*
2.3*
3
12
28.0*
6.6*
3.5*6
1.2*13
4
10
20.9*
3.4*
-

- = Not considered in this risk assessment because data were not available or because the
animal was not considered a relevant source of contamination for a specific pathogen.
1
2
3
4
* Jay-Russell et al. (2014); * Hill et al. (2000); * Gugel et al. (2010); * de Azevêdo (2012);
5
6
7
8
* Dias (2015); * Hidasi (2013); * Brinker et al. (2009) and Souza et al. (2007); * Dias et al.
9
10
(2008) and Souza et al. (2007); * da Silva (2010) and Souza et al. (2007); * Paz and Silva
11
12
(2007) and Tzanidakis et al. (2014); * Radavelli et al. (2014) and Tzanidakis et al. (2014); *
13
Armson et al. (2009); * da Cunha et al. (2017).

All identified hazardous events associated with the summarised microbial
routes along the water supply system and within the domestic environment
identified in this study is presented in Appendix 4. These were critically
evaluated in order to select the most significant for the risk assessment
developed in this study.
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4.4.2.

Exposure assessment

One of the objectives of this work was to identify transmission pathways that
are likely to contribute to infectious disease within the domestic environment,
especially those related to the drinking water supply. Following the
development of the first schematic diagram showing routes of domestic wateruse in Santa Luzia (section 4.2), two further improved diagrams were
subsequently designed based on the researcher’s observations and
information gathered during field work. Figure 4.5 illustrates the existing
complex water supply system and Figure 4.6 introduces the microbial
transmission pathways identified in the domestic environment (household
level) in the rural communities. The exposure assessment was based on the
microbial contribution (daily excreted number of E. coli) originating from
relevant animals present in the study area and associated with the microbial
transmission routes and hazardous events identified in this research.
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Figure 4.5 – Schematic representation of the water supply system in rural communities visited in the semi-arid of Brazil.
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Figure 4.6 – Schematic representation of the microbial transmission routes within the domestic environment in rural communities
visited in the semi-arid of Brazil.
WSR = water storage reservoirs; TC = transport container; DWSC = in-house drinking water storage container; and DC = drinking container.
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4.4.2.1. Scenario development
This research did not aim to assess differences in the risk of specific diseases
among the studied communities, but rather to use all the information gathered
and knowledge acquired during the field work to investigate the overall
microbial risks for rural communities using various alternative water sources
with or without prior treatment under semi-arid conditions. Moreover, the
effectiveness of WASH interventions to reduce risk of infection was also
investigated. Even though this research aimed to assess microbial risks posed
by the drinking water route, the microbial risk posed through the hand-to-mouth
route was also included in variants of the developed scenario in order to
compare the impact of this route with the outcomes from drinking water route
assessments.
The inclusion of the hand-to-mouth pathway was based on the survey
outcomes and researcher observations, which suggested that the contribution
from this microbial transmission route might be potentially significant to
diarrhoeal diseases in the rural communities investigated. This was previously
suggested by Pickering et al. (2011), who concluded that various household
activities may significantly increase the number of E. coli and intestinal
enterococci on hands, making this pathway an important potential
transmission route for disease among Tanzanian mothers. Moreover, as
illustrated in the conceptual scenario model developed to assess microbial risk
within the rural communities (Figure 4.7), hands appear to play an important
role in microbial contamination of water at various stages within the domestic
environment. People normally use their hands to perform most of their daily
activities and cross-contamination may occur in many instances. Pinfold
(1990), during a study in rural Northeast Thailand, observed that water
handling was the major contributor to cross-contamination of stored water.
The exclusion of some microbial cross-contamination critical-points, such as
flies, food, fomites, dish-drying cloths, washing-up and hand-washing
containers from the schematic diagrams allowed the development of a
simplified conceptual model of the microbial transmission pathways associated
with drinking water exposure for the QMRA modelling. However, it is important
to bear in mind that excluded cross-contamination routes might also be
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significant contributors to the spread of diarrhoeal diseases. The microbial
routes identification (ID), with respect to the hazardous events considered for
the QMRA (Appendix 4, section 2.2) modelling are represented by numbers
within the black circles in Figure 4.7. The ‘T’ numbers refer to the microbial
‘transfer’ routes from one stage to the following stage along the water supply
chain (e.g., groundwater to cistern).
The first three variants (SV1 to SV3) of this scenario were developed to assess
the risk of infection through the drinking water route posed to the rural
population using desalinated water, harvested rainwater (roof run-off) and
tankered water. Groundwater was not considered in this analysis because of
the very limited number of residents (two) recorded as drinking water from this
source. Furthermore, the percentage contribution of each alternative water
source that generated ‘mixed waters’ was not known, and therefore, this was
also excluded. The following three variants (SV4 to SV6) were created to
assess and compare microbial risk among households consuming drinking
water without treatment with those that reported adding chlorine tablets before
consumption and those that reported consuming filtered water (ceramic candle
filters). Table 4.8 presents the first six scenario variants.
It is relevant to mention that fitting a probability density function was not
possible due to the low number of E. coli observations and poor fitting in a few
circumstances, caused by the re-grouping of the E. coli data to represent each
alternative water source or type of POU treatment separately. Therefore,
probability density functions for the E. coli inputs used in the first six variants
of the scenario were created based on triangular distributions (Table 4.11).
The first and third quartiles of E. coli counts observed at each step of the water
supply chain (origin, water storage reservoirs and in-house drinking water
storage containers) were used to represent the minimum and maximum
values, whereas the median was assumed to be the mode of the distribution.
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Figure 4.7 – Conceptual model for the microbial transmission pathways associated with drinking water and hand-to-mouth exposure
routes in rural communities for QMRA.
WSR = water storage reservoir; TC = transport container; DWSC = in-house drinking water storage container; DC = drinking container.
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Table 4.8 – Scenario variants used to assess the risk of infection posed to the
rural population using one of alternative water sources and different types of
POU treatment.
Scenario variant
SV1
SV2
SV3
SV4
SV5
SV6

Alternative water source/POU treatment
Desalinated water
Harvested roof run-off rainwater
Tankered water
Non-treated drinking water
Chlorinated drinking water (reported)
Filtered drinking water (ceramic candle filters)

Scenario variant SV7 was created in such a manner as to represent the
existing water supply system within the rural communities, based on the
reported proportion of use of each alternative water source, which were 59%,
21% and 20% for harvested roof run-off rainwater, tankered water and
desalinated water, respectively. As the proportion of tankers transporting
groundwater and surface water was unknown, a volumetric contribution of 50%
was adopted for both sources that comprised the water supplied by tankers. It
is relevant to mention that all these estimates were based on this crosssectional study, but were assumed to represent the proportion of water
sources used throughout the entire year.
Several other variants were created based on SV7 to evaluate and compare
the risk of infection posed by drinking water and hand-to-mouth routes
following the implementation of single or combined WASH interventions. A
brief description of the considered interventions, as well as the assumed
reduction in the microbial contamination caused by their implementation, is
presented in Table 4.9. Moreover, a summary of the scenario variants using
different combination of interventions assessed in this research is presented
in Table 4.10.
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Table 4.9 – Brief description of interventions and their respective assumed
reduction in microbial contamination.
Intervention

Description

Sanitation

Assuming a two log10 reduction for all target pathogens due to
improvements to adequately contain and treat human faecal
material through the replacement of soakaways by well-managed
septic tanks and/or construction of these systems at sites not
affecting the contamination of groundwater significantly, and
respecting a minimum distance from water storage reservoirs.

Water quality at
the water storage
reservoirs

Assuming an intervention in water quality at the water storage
reservoirs in order to provide adequate chlorine disinfection of water
within water storage reservoirs. Assumes that a level of one mg/L
of free chlorine for at least 20 minutes (CT20) is reached, followed
by a residual level 0.5 mg/L. Based on the Centers for Disease
1
Control and Prevention (CDC)* , a reduction of six log10 for
Salmonella spp. and norovirus, whereas a reduction of three log10
for Giardia lamblia can thereby be achieved.

Water quality at
the drinking water
storage containers

(1) Assuming an intervention in water quality within the in-house
drinking water storage containers, based on chlorination at a level
of 0.5 mg/L for at least 20 minutes, maintaining a 0.2 mg/L of free
chlorine thereafter. Based on information from the CDC, the
concentration of Salmonella spp. and norovirus were assumed to
decrease by five log10, whereas for Giardia lamblia, reduction was
assumed to be only two log10.
(2) Assuming an intervention in the water quality within the in-house
drinking water storage containers by filtration, based on the
adequate use and maintenance of ceramic candle filters with pores
no larger than ≤ 1 µm. A reduction of one log10, two log10 and three
log10 were assumed for norovirus, Salmonella spp. and Giardia
lamblia, respectively. These assumptions were adopted from
research by Laurent (2005).

Training on safe
handling and
storage of drinking
water associated
with the protection
of water storage
reservoirs

The implementation of this intervention was assumed to reduce the
microbial contribution from hand to water storage reservoirs by
50%, 75% from hand to transport containers, 90% from hand to inhouse drinking water storage containers and 90% from hand to
drinking containers. Moreover, a further reduction of one log10 in the
microbial contribution from land surfaces to transport containers
was also assumed to be caused by the safe storage of transport
containers (i.e., buckets). Finally, a 90% reduction of the microbial
contribution from land surfaces to the contamination of water
storage reservoirs was assumed, as a result of the construction of
fences to protect the water storage reservoirs from the entry of
animals.

Hands hygiene

This intervention was assumed to cause a reduction of two log10 for
Salmonella spp. and 1.17 log10 for norovirus, based on a study
undertaken by Bloomfield et al. (2007). Reduction of Giardia lamblia
was assumed to be one log10.

1

* Adapted from https://www.cdc.gov/safewater/effectiveness-on-pathogens.html;
(1) Chlorination within the in-house drinking water storage containers; (2) Filtration using
ceramic candle filters (≤ 1 µm) attached to in-house drinking water storage containers.
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Table 4.10 – Summary of interventions (single or combined) assessed by
means of scenario variants SV7 to SV43.
Scenario
Water at
Water at
Hand
Sanitation
TSWHS
variant
WSR
DWSC
hygiene
SV7
Scenario variant base with no intervention
SV8
SV9
*1
SV10
*2
SV11
SV12
SV13
SV14
*1
SV15
*2
SV16
SV17
SV18
*2
SV19
SV20
SV21
*1
SV22
*1
SV23
*2
SV24
*2
SV25
SV26
*2
SV27
SV28
SV29
*1
SV30
*2
SV31
*1
SV32
*2
SV33
SV34
*2
SV35
*2
SV36
SV37
*1
SV38
*2
SV39
*2
SV40
*2
SV41
*2
SV42
*2
SV43
SV = scenario variant; WSR = water storage reservoirs; DWSC = in-house drinking water
storage containers; TSWHS = training on safe handling and storage of drinking water.
1
2
* = chlorination; * = filtration (ceramic candle filter).
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As the number of observations for water sources at its origin was very low, the
monitoring E. coli data for these components of the water supply system were
not considered during the assessment of SV7 to SV43. Instead, the
concentration of E. coli and target pathogens were estimated based on
assumptions regarding the microbial contamination and transfer of
microorganisms between intermediate cross-contamination critical-points
(Appendix 4). A probability density function (PDF) was fitted to the E. coli
monitoring data for water storage reservoirs (n=94), which was used to
estimate the concentration of target pathogens in water storage reservoirs.
Following the water storage reservoir, the concentrations of E. coli and target
pathogens

were

estimated,

based

on

the

proportional

inputs

of

microorganisms along the water supply system.
Although the concentration of E. coli on hands was not measured in this study,
the microbial load on both hands observed in a research undertaken by
Pickering et al. (2010) that quantified E. coli on the hands of Tanzanian
mothers was used to create a PDF to represent the concentration of E. coli on
hands. The authors observed a mean concentration of 2.49 log10 CFU of E.
coli per two hands, varying from 0.54 to 4.21 log10 CFU. The number of E. coli
present on both hands was assumed to be distributed according to a triangular
distribution, with the minimum, mode and maximum values being 0.54, 2.49
and 4.21 log10 CFU, respectively. Table 4.11 presents the type and parameters
of the PDF representing the concentration of E. coli on hands and in water
used in this risk assessment.
Probability density functions (PDF) were also created to represent the T90
(inverse of decay) for E. coli and target pathogens in soil, surface water and
groundwater, which were drawn from literature. T90 is the time, commonly
expressed in days, required for a reduction of 90% (one log10) of the
concentration of microorganisms. The decay rates of different microorganisms
may vary greatly and also differ according to environment. Table 4.12 presents
the triangular PDF created to account for the variation in the parameter T90
reported in the literature and more details regarding the creation of these PDF
are presented in Appendix 4. It is important to mention that the lower bound of
the triangular distributions created to represent the T90 of microorganisms in
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soil was assumed to be equal to the mode value (e.g. 29 for E. coli) because
it was expected that extended survival of microorganisms would be unlikely
under semi-arid conditions, where high temperatures and low humidity are
common.

Table 4.11 – Probability density functions to represent E. coli levels on hands
and in water within water storage reservoirs and in-house drinking water
containers in the rural communities studied.
Water quality at different
stages of the water
supply chain
Hands
HRRW + TW at WSR
HRRW at WSR
TW at WSR
HRRW + TW at WSR*1
HRRW + TW at WSR*2
HRRW + TW at WSR*3
DW at DWSC
HRRW at DWSC
TW at DWSC
HRRW + TW at DWSC*1
HRRW + TW at DWSC*2
HRRW + TW at DWSC*3

PDF type and parameters
Triangular (3.5;309;3162) (CFU)
Lognormal (154.15;1338.1) (CFU/100 mL), n = 94
Triangular (1;10;42.5) (CFU/100 mL), n = 59
Triangular (6.5;31;194) (CFU/100 mL), n = 35
Triangular (3;5;31) (CFU/100 mL), n = 25
Triangular (1;10;37) (CFU/100 mL), n = 21
Triangular (2;10;51) (CFU/100 mL), n = 17
Triangular (1;9;79.5) (CFU/100 mL), n = 12
Triangular (1.75;6.5;35) (CFU/100 mL), n = 20
Triangular (3;14;24) (CFU/100 mL), n = 5
Triangular (2;8;34) (CFU/100 mL), n = 25
Triangular (1;4;29) (CFU/100 mL), n = 21
Triangular (1;1;1) (CFU/100 mL), n = 17

HRRW = harvested roof run-off rainwater; TW = tankered water; WSR = water storage
reservoir.
1
2
* = water that was transferred from WSR to DWSC and was not submitted to treatment; * =
water that was transferred from WSR to DWSC and was reportedly treated by the addition of
3
chlorine tablets; * = water that was transferred from WSR to DWSC and was treated by
ceramic candle filters.
The only fitted distribution was the HRRW + TW at WSR (second in the table).

Table 4.12 – Probability density functions to represent T90 for E. coli and target
pathogens drawn from the literature.
Microorganism
E. coli

Triangular PDF of T90 (days)
Soil
(29,29,41)*

1

Surface water
(4,5,7)

Groundwater
(1,9,25)

2

Salmonella spp.

(29,29,41)

(4,5,7)*

(1.5,5,10)

Giardia lamblia

(26,26,34)

(13,18,29)

(10,20,40)

Norovirus

(22,22,38)

(4.5,6.5,10)

(10,17,30)

T90 values for soil were drawn from WHO (2016) and for surface water and groundwater from
1
2
Murphy, H. (2017); * = assumed to be the same as for Salmonella spp.; * = assumed to be
the same as for E. coli.
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The daily number of excreted E. coli and target pathogens for all animals
considered in this risk assessment is presented in Table 4.13. These were
used to estimate the number of E. coli and target pathogens at each
intermediate cross-contamination critical-control-point and water source using
equations presented in Appendix 4. This appendix also presents all the steps
involved in the estimation process, which considered many factors such as the
mass of faeces and the number of microorganisms excreted per day with
regard to each animal (Table A2.1), prevalence of asymptomatic and
symptomatic (humans) infection (Table 4.6 and Table 4.7), incidence of human
diarrhoea in 2016 among the local population (Table A2.4), unreported number
of symptomatic cases (reported cases were assumed to be 25%) and
assumptions related to the proportion of animals defecating in different
components of the water supply system (Table A2.2).

Table 4.13 – Daily number of excreted E. coli and target pathogens with
respect to every selected animal that contributes to the microbial
contamination in the rural communities.
Animals
considered
for the QMRA
Cat
Cattle
Chicken
Dog
Goat
Pig
Pigeon
Sheep
Human

E. coli
1.23 x1010
1.26 x 1012
4.82 x 1010
9.22 x 1011
3.66 x 1011
2.62 x 1012
1.02 x 1012
1.55 x 1011
4.21 x 1013

(CFU)
Salmonella
Giardia
spp.
lamblia
3
6.14 x 10
6.13 x 106
5.02 x 108
3.27 x 106
1.82 x 105
0
6
1.31 x 10
1.89 x 107
5.91 x 107
8.41 x 105
9.01 x 107
2.38 x 106
9.85 x 105
1.02 x 105
2.05 x 107
9.40 x 104
2.41 x 1011
4.00 x 108

Norovirus
0
0
0
0
0
0
0
0
1.21 x 1012

n.a. = not applicable; CFU = colony-forming units.

Although a few researchers observed growth of E. coli in soils (Fujioka et al.,
1998, Byappanahalli and Fujioka, 2004) and water (Vital et al., 2008, Djaouda
et al., 2013), as well as long survival times in soils (Jiang et al., 2002, Zhang
et al., 2013) and water (Flint, 1987, Byappanahalli et al., 2003), higher
persistence and/or growth of E. coli was not considered in the risk assessment.
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Therefore, the concentration of target pathogens was increased or decreased
proportionally to the difference in the number of E. coli estimated to enter the
system and the concentration of E. coli observed during monitoring. More
information regarding all calculation involved in this risk assessment can be
found in Appendix 4.

4.4.2.2. Estimation of ingested dose
According to the literature, the mean intake of water per person varies between
1.10 and 1.95 litres per day (Cantor et al., 1987, Ershow and Cantor, 1989,
Ershow et al., 1991, Levallois et al., 1998, USEPA, 2000, Williams et al., 2001).
In order to represent the worst-case scenario, the rural population living in the
rural communities of semi-arid regions were assumed to drink higher amounts
of water each day compared with the reported average. However, based on
the fact that people normally drink water at various intervals throughout the
day and contamination of the drinking container was considered in this
assessment, the risk of infection was based on the ingested volume per event
rather than the daily intake of water. A triangular PDF was created based on
assumed intakes of 100 mL (minimum), 250 mL (mode) and 500 mL
(maximum).
The ingestion rate for the drinking water route was estimated by multiplying
the estimated concentration of target pathogens at in-house drinking water
containers by the water intake per event, summed with the microbial
contribution from hands to the drinking container. The ingestion rates with
regard to the hand-to mouth microbial pathway was based on the assumption
that only one percent of microorganisms contained on one hand was
transferred to the mouth each time the mouth was touched. Moreover, hands
were considered to be contaminated only fifty percent of the times that mouth
touching occurred. The equations used to estimate the ingestion dose for both
routes are presented in Appendix 4.
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4.4.3.

Selection of dose-response model

Table 4.14 presents all selected parameters, adopted from CAMRA (2015), to
feed the dose-response models used in the risk characterisation step. The
Beta-Poisson model ((Eq. 2.2) in 2.4.2) was chosen to assess risk posed by
Salmonella spp. and norovirus, whereas risk of infection by Giardia lamblia
was performed using the exponential dose-response model ((Eq. 2.1) in 2.4.2)
as recommended. The use of the best fit parameters from Meynell and Meynell
(1958) for non-typhoidal Salmonella was recommended by CAMRA (2015).
However, the authors investigated the risk of death with dose applied via
intraperitoneal (not orally as in drinking water ingestion). Moreover, preliminary
tests for dose-response model selection showed that the use of these
parameters resulted in a much higher risk of infection (2 to 5 logs) compared
to all other best fit parameters for Salmonella Typhi, Salmonella anatum and
Salmonella meleagridis (data not shown). Therefore, the best fit parameters
for Salmonella meleagridis (McCullough and Eisele, 1951), which resulted in
higher risk estimates (except for non-typhoidal Salmonella) was chosen.

Table 4.14 – Selected parameters for dose-response models.
Host
type

Agent
strain

mice

Salmonella
meleagridis
strain I

Route

Best fit
model

Optimised
parameter(s)

Oral

α = 3.89 x 10
1
, N50 = 1.68
4
x 10

-

BetaPoisson

α = 1.11 x 10
1
, N50 = 1.70
4
x 10

-

Human

Norovirus

Oral

BetaPoisson

Human

Giardia
lamblia from
an infected
human

Oral

Exponential

K = 1.99 x 10
2

LD50/
ID50

Reference

1.68 x 10

4

1.70 x 10

4

3.48 x 10

1

-

(McCullou
gh and
Eisele,
1951)
(Leak et
al., nd)
(Rendtorff,
1953)

There was no model for norovirus in the list of complete models provided by
CAMRA (2015), and therefore, the parameters for norovirus were adopted
from a case study performed by a group of researchers and presented on the
CAMRA website. Finally, the exponential model used to assess risk of infection
caused by Giardia lamblia required only one parameter (k), which was adopted
from a study by (Rendtorff, 1953).
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4.4.4.

Risk characterisation

The probability of infection per person per year with regards to all variants were
stochastically estimated using the software @Risk Version 7.5.1 (Palisade
Corporation). The ingestion dose for each variant was combined with the doseresponse, and simulations with 10000 iterations using the Latin hypercube
sampling technique were performed. The number of hand-to-mouth touching
events per day was assumed to be ten, based on the findings of recently
published research undertaken in a rural area of Accra, Ghana (Antwi-Agyei
et al., 2016). However, another triangular PDF was created to include
uncertainty on the daily number of events that someone consumes water in
the analysis. This PDF was assumed to have a minimum of one, maximum of
ten and mode of six events per day.
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Chapter 5. Results of field work: surveys
and water analysis
In this chapter, the outcomes from the household survey and sanitary
inspections are presented, followed by the results of physico-chemical and
microbiological analyses of household water quality. It is important to note that
here the term ‘water sources’ refers to the means by which water was delivered
to and stored within the household water storage reservoir (e.g., harvested
rainwater, tankered water and desalinated water) rather than its ‘original’
source (e.g., groundwater, rainwater or surface water), in which case the term
‘original source’ is used.

5.1.
5.1.1.

Household and sanitary survey
Rural community composition in semi-arid Brazil

Table 5.1 shows the number and proportion of households visited at the study
sites in Northeast Brazil (April-June 2016) and the arithmetic mean number of
residents per household and per community. The mean number of residents
per household, considering all communities, was 3.5 (Stdev = 1.4).
The average proportion of households visited during field work (Table 5.1) was
22% overall, ranging from 7% in Papa Fina to 41% in Assentamento Belmonte
and Urubu. Elderly residents (>60) and children (< 5) comprised approximately
30% of the population in these rural communities. This is important as these
two age groups tend to be more susceptible to diarrhoeal diseases.
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Table 5.1 – Number of households visited, percentage of total number of
households and mean number of residents per household (by community).
Community

N

Proportion (%)

Mean

StDev

Min.

Max.

AB

7

41

3.1

1.6

1

6

MG

15

20

3.5

1.1

2

6

PF

5

7

3.6

1.1

2

5

Pe

14

25

3.4

1.2

2

6

Pi

3

30

3.0

1.7

2

5

PP

8

21

3.5

0.7

2

4

QSA

6

17

2.7

1.2

1

4

SL

13

36

3.9

1.2

1

6

Ub

15

41

3.9

2.0

2

10

Uc

13

25

3.2

1.7

1

7

AB = Assentamento Belmonte; MG = Mato Grosso; PF = Papa Fina; Pe = Pedreiras; Pi =
Picotes; PP = Poço de Pedra; QSA = Quilombola Serra do Abreu; SL = Santa Luzia; Ub =
Urubu; Uc = Uruçu.

5.1.2.

Water supply systems

In total, ten water sources were identified and Table 5.2 presents the various
sources used by households in each community. Ninety-two per cent of
households reported having sufficient water for basic domestic activities (e.g.,
drinking and cooking) throughout the year. This highlights the importance and
the success of government programmes to supply water (army tanker
operation) and cisterns (P1MC) to rural communities in the semi-arid region of
Brazil, especially during dry periods. However, most communities used more
than five water sources, making the consistent provision of safe water much
more challenging (Table 5.2).
The most common source used by these rural communities was harvested roof
run-off rainwater, followed by water provided by tankers (army operation and
municipal

government

programmes).

Although

residents

from

five

communities reportedly used desalinated water for drinking, it was observed
that only three of these communities had a desalination system, whereas
residents from the other two communities normally buy desalinated water from
private companies.
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Table 5.2 – Number and type of water sources used by rural communities.
Community

Number of sources

Water sources

AB
MG

2
6

Pe

6

PF
Pi
PP
QSA

6
2
5
5

SL

7

DW, HRRW, HPT, CT, AOT, MGOT,
POT

Ub

7

HRRW, HCSRW, HPT, AOT, MGOT,
POT, HGSRW

Uc

9

DW, HRRW, HPT, CT, AOT, MGOT,
DP, POT, HGSRW

HRRW, CT
DW, HRRW, HPT, CT, AOT, MGOT
HRRW, HCSRW, HPT, AOT, MGOT,
HGSRW
DW, HRRW, HPT, AOT, MGOT, DP
DW, CT
HRRW, HCSRW, AOT, MGOT, DP
HRRW, HCSRW, MGOT, DP, HGSRW

DW = desalinated water; HRRW = harvested roof run-off rainwater; HCSRW = harvested
cemented surface run-off rainwater; HPT = household private tubewell; CT = community
tubewell; AOT = army operated tanker; MGOT = municipal government operated tanker; DP
= dew ponds; POT = privately operated tanker; HGSRW = harvested ground surface run-off
rainwater.
AB = Assentamento Belmonte; MG = Mato Grosso; PF = Papa Fina; Pe = Pedreiras; Pi =
Picotes; PP = Poço de Pedra; QSA = Quilombola Serra do Abreu; SL = Santa Luzia; Ub =
Urubu; Uc = Uruçu.

A considerable number of residents did not know the origin of the water
supplied by the army operation, although they believed it to be safe. On the
other hand, respondents frequently knew the origin of the water delivered by
privately operated tankers as these were often priced according to its ‘quality’
(treated water, freshwater (not salty) or brackish water), the latter being the
cheapest source and normally not used for drinking.
Most households (87%) used two or three alternative sources of water and
79% of respondents reported having at least two water storage reservoirs.
About half of storage reservoirs evaluated stored a single water source (55%),
whereas in some circumstances, water sources were mixed in these storage
reservoirs. For instance, 40% of water storage reservoirs stored a mix of two
water sources, whereas 5% stored three. However, only 5% of households
reported using water from mixed sources for drinking purposes. Figure 5.1
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shows the number of households that reportedly used one or more water
sources, for each community.

16
14

Households

12
10
8
Num ber of
w ater sources

6

4
3
2
1

4
2
0

AB

MG

Pe

PF

Pi

PP

QSA

SL

Ub

Uc

Community

Figure 5.1 – Number of households that reported to use one or more water
sources by community.
AB = Assentamento Belmonte; MG = Mato Grosso; PF = Papa Fina; Pe = Pedreiras; Pi =
Picotes; PP = Poço de Pedra; QSA = Quilombola Serra do Abreu; SL = Santa Luzia; Ub =
Urubu; Uc = Uruçu.

A considerable proportion of households were observed to have ‘piped’ water
(i.e., hoses), of which an estimated 40% consisted of a simple water
distribution system connected to a shower head and 20% of a system
connected to the kitchen. In contrast, fewer than 7% of households were
observed to be connected to a household distribution system for drinking
water, most of which used electric pumps to draw water from water storage
reservoirs, though one household reported having a gravity distribution
system. Most households collected their drinking water from water storage
reservoirs (e.g., cistern, tanks, etc.) using a bucket attached to a rope (79%),
or a hand pump (14%).
When residents were asked about cleaning frequency of the water storage
reservoirs, 84% reported that they cleaned the system whenever the water ran
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out, 5% cleaned the system at least once a year and 11% reported that they
had never cleaned it. Although a high proportion of respondents reported
cleaning their water storage reservoirs, a lower number of residents reported
using chlorine-based products (37%) to perform this task compared with those
that used only water for cleaning (52%).
Most respondents reported using only one source for drinking water (68%),
whilst 32% reported using a second source when the first option was not
available. Most households used harvested roof run-off rainwater (72 out of
99), followed by tankered water (25) and desalinated water (24) for this
purpose, as presented in Table 5.3. Figure 5.4 presents the proportion of
households storing drinking water in the home using one of five different
containers commonly encountered in these rural communities. The majority of
respondents reported using commercial plastic containers (20 L) and clay pots,
followed by ceramic filters attached to clay pots. However, a smaller proportion
of households reported keeping their drinking water in buckets, which are
normally covered with a piece of cloth. In fact, only 2% of households reported
not possessing a lid to cover the in-house drinking water storage container.

Table 5.3 – Water sources used for drinking by household in rural
communities.
Water source

Number of households

Desalinated water (DW)
Harvested roof run-off rainwater (HRRW)
Harvested cemented surface run-off rainwater
(HCSRW)

24
72

Household private well (HPT)
Community well (CT)
Army operated tanker (AOT)
Municipal government operated tanker (MGOT)
Dew pond (DP)
Privately operated tanker (POT)
Harvested ground surface run-off rainwater
(HGSRW)

1
4
12
13
0
4
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4

0

Drinking water storag e container

8.2 %
8.2 %

21.4 %

Ceramic filter/ clay pot
Clay pot
Comercial plastic container
Other plastic container
Bucket

32.6 %
29.6 %

Figure 5.2 – Percentage of households that use each of five different in-house
drinking water storage containers.

About 87% of households reported washing their in-house drinking water
storage containers before ‘new’ water was added to the container and 10%
reported washing it weekly. However, only 32% of respondents reported that
they washed their in-house drinking water storage containers with a chlorinebased product, whilst 23% reported washing it with water and soap and most
(45%) reported using only water. Furthermore, 50 out of 99 households
reported practicing some form of treatment before consuming the water. Most
households reported using chlorine tablets (29 out of 50) provided by municipal
health professionals during their monthly visits to these communities, whilst
thirteen households reported using ceramic filters to treat their drinking water.
Seven households reported using both ceramic filters and chlorine to treat
water prior to consumption and one household possessed an in-house reverse
osmosis filtration system. However, a high percentage of people (49%) were
observed to be drinking water with no prior treatment at all. With regards to the
collection of water from the in-house drinking water storage containers for
drinking, it was found that the majority of households possessed a tap to pour
water into a glass (50%), whereas about 42% used cups/glasses to collect it
from the container and 8% turned the container to pour water into a glass.
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5.1.3.

Sanitation and hygiene

Most households (89%) were observed to possess a pour-flush toilet system,
the majority of these being located inside the home (87%). However, about 7%
of families still practice open defecation. Figure 5.3 illustrates the number of
households with different types of toilets, by community. Most respondents
reported having a septic tank system to receive toilet effluent, but it was found
that only one property had an ‘adequate’ septic tank (defined as being one that
performs primary treatment, reducing BOD and separating solids that are
periodically removed and properly disposed of (Mara, 1996, USEPA, 2017)),
whilst the toilet effluent of about 96% of households was observed to run
directly to soakaways.

16
14

Households

12
10
8
6
4
OD
VPL
PFT

2
0

AB

MG

Pe

PF

Pi

PP

QSA

SL

Ub

Uc

Community

Figure 5.3 –Type of household defecation practice by community.
Legend: OD = open defecation; VPL = ventilated pit latrine; PFT = poor flush
toilet.
AB = Assentamento Belmonte; MG = Mato Grosso; PF = Papa Fina; Pe = Pedreiras; Pi =
Picotes; PP = Poço de Pedra; QSA = Quilombola Serra do Abreu; SL = Santa Luzia; Ub =
Urubu; Uc = Uruçu.

It was suspected that a number of households reporting that they possessed
a septic tank did not actually have one, because 95% of households reported
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to have never emptied or cleaned their ‘septic tanks’. These responses
prompted the researcher to clarify to each participant the difference between
septic tanks and soakaways. Once this explanation was provided, all
participants confirmed that they in fact possessed a soakaway rather than a
septic tank. Households reported that they were responsible for building their
own system to collect domestic wastewater, which was observed to be a hole
dug in the backyard. A few respondents reported digging a new hole nearby
when the previous one had filled up.
The majority of rural communities did not have solid waste collection, with the
exception of the Picotes community (situated seven Km from the urban area
of São Mamede), from which 100% of solid waste was reportedly collected,
and two households in the Santa Luzia community, which were the nearest
houses to the district of Santa Luzia where solid waste collection was also
practiced. With regard to households living in areas with no solid waste
collection (95%), an estimated 97% simply burnt their solid waste and 3%
reported burying it.
A high number of households were observed to possess a shower head for
showering (42%), whilst the remaining 58% used a cup to pour water over the
body. The average volume of water used for showering/bathing, for all
communities studied, was reported to be approximately 14 litres per person.
The majority of households (91%) reported using 10 to 20 litres of water per
person for showering and an estimated 8% of respondents reported using
fewer than 10 litres for the same purpose. A significant number of households
(37%) reported discharging the waste water generated during showering into
soakaways that also contained wastewater from the toilet. However, most
respondents reported discharging shower wastewater to the backyard (63%).
Moreover, about half of these respondents agreed that shower wastewater
was a potentially valuable resource, which was therefore used to irrigate plants
in the backyard.
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5.1.4.

Training related to water, sanitation and hygiene

The proportion of households that reported having received training (with
regards to maintenance and cleaning of cisterns, water collection and
transportation so as to avoid contamination as well as safe storage of drinking
water) by the Brazilian government programmes was very low. Eleven of 72
households from six communities claimed not to remember whether they had
received any such training, whilst more than half of the remaining 61
households reported not having received this training. This suggests that lack
of adequate health and safety training to householders (including follow-up
training) may constitute a significant problem. Respondents were also asked
whether there was any training made available with regard to the inspection,
maintenance and cleaning of ‘septic tanks' and adequate practices of personal
and general domestic hygiene. All households reported not to have received
these instructions.

5.1.5.

Sanitary survey

An observational sanitary survey to assess the rainwater harvesting system
(RWHS) (three questions), cistern (two questions) and hygiene (one question)
was undertaken in 55 households located in six rural communities. Most
RWHS did not possess a first-flush device. Moreover, it was observed that
fencing to protect water storage reservoirs was not a common practice among
the residents in these communities. Finally, the presence of litter and/or faeces
around the house did not seem to be a major issue in these communities as
these materials were not observed in 96% of households.

5.2.

Water supply system analysis

Of the results of analysis presented in this section, only those from E. coli
analysis performed using membrane filtration were considered because only
37% of samples from water storage reservoirs and 16% from in-house drinking
water storage containers presented positive results for the presence of E. coli
using the Petrifilm method (which has a detection limit of 100 CFU per 100
mL). Somatic coliphages were detected in only 19% and 20% of samples from
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water storage reservoirs and in-house drinking water storage containers,
respectively (detection limit of 50 PFU per 100 mL). As it would be necessary
to replace ‘undetected’ results (a major part of the dataset) with the limit of
detection, it was concluded that this could lead to misinterpretation of the
results. Therefore, the results with regards to E. coli (Petrifilm) and somatic
coliphages were discarded and not considered in further analysis.

5.2.1.

Quality of water sources

The focus of this research was the water quality within water storage reservoirs
and in-house drinking water storage containers, but additional non-household
water samples were collected for the purpose of comparison with desalination
systems (n=7) (desalinated water immediately following osmosis membrane
(n=3), at collection points (n=2) and at desalinated water storage reservoirs
(n=2)), groundwater tanks (n=4) (prior to desalination) and surface water (at
its original source (n=1) and within tankers from the army operation (n=4)). As
shown in Table 5.4, desalinated water clearly presented lower levels of
turbidity, electrical conductivity and faecal pollution. However, in the
desalination system within the community of Uruçu, intestinal enterococci (IE)
were found in the groundwater storage tank prior to treatment (41 CFU/100
mL) and in the desalinated water reservoir (11 CFU/100 mL). The source of IE
in treated water is not clear and could have been related to many factors, such
as post-contamination within the desalinated water tank, the presence of
biofilms in the distribution pipes that transport water from the treatment system
to the storage tank or potential integrity issues with the osmosis membrane,
which allowed the passage of microorganisms. Moreover, it could also have
been the result of these microorganisms growing and multiplying under these
conditions. Indeed, re-growth of intestinal enterococci in environmental
matrices has been previously demonstrated by other authors (Desmarais et
al., 2002, Byappanahalli et al., 2012)
The presence of E. coli (21 CFU/100 mL) was also recorded in water samples
at the tap, which residents used to collect desalinated water within the
community of Papa Fina. However, E. coli and IE were not detected in the
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groundwater storage tank (prior to desalination) in this community.
Contamination of treated water may have occurred within the desalinated
water storage tank or within the pipes during transportation of treated water to
the collection tap, though environmental re-growth of this organism is also a
possibility, as mentioned for IE above.

Table 5.4 – Median (Mdn) and interquartile range (IQR) for temperature, pH,
electrical conductivity, turbidity, E. coli and IE in water samples collected from
non-household water storage reservoirs, including desalinated water,
groundwater and water from the army operation tankers.
Parameter
Temperature
(ºC)
pH
Electrical
conductivity
(µS/cm)
Turbidity
(NTU)
E. coli
(CFU/100 mL)
IE (CFU/100
mL)

Desalinated water
(n = 4)*1
Q1
Mdn
Q3

Groundwater
(n = 4)
Q1
Mdn
Q3

Army operated
tankers (n = 4)
Q1
Mdn
Q3

25.5

27.0

28.2

24.9

26.1

27.4

28.0

28.5

28.6

5.79

6.75

7.57

5.21

6.74

6.85

7.59

7.71

7.74

251

297

380

3328

3990

10876

707

770

782

0.22

0.26

0.35

0.39

0.56

1.48

5.40

5.83

7.75

1.0

1.0

16.0

1.0

1.0

43.8

1.13

1.75

2.75

1.0

1.0

8.5

1.0

1.5

31.3

13.0

17.0

18.0

*1 Considering only the samples from collection points and water storage reservoirs;
µS/cm = microsiemens per centimetre; NTU = nephelometric turbidity units; CFU = colonyforming units.

E. coli and/or IE were detected in three samples of groundwater stored in water
tanks but only one sample presented a relatively high concentration of E. coli
(58 CFU/100 mL) and IE (41 CFU/100 mL). Moreover, all four water samples
collected from the army-operated tankers (originating from surface water),
presented E. coli and/or IE, varying from 1 to 3 CFU/100 mL for E. coli and
from < 1 to 18 CFU/100 mL for IE, three of which were collected 20 minutes
after the addition of chlorine tablets and one of which was collected at the
moment at which water was being delivered to a household. E. coli and IE
were detected in a sample collected directly from the surface water (lake) used
by the army-operated tankers at concentrations of 1 CFU/100 mL and 16
CFU/100 mL, respectively.
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Staff from the tanker operation were asked about the residual free chlorine and
FIO monitoring of the delivered water. They reported that water analysis was
not performed at the location at which the tankers were filled. Although the
addition of chlorine tablets was observed during the filling of tankers, only one
sample presented a residual free chlorine of 0.1 mg/L (limit of detection = 0.05
mg/L), which might explain the similar results of FIO enumeration observed in
surface water samples at its origin and within tankers. Residual free chlorine
was measured when samples were collected (mostly at 20 minutes after
chlorine addition). It is pertinent to mention here that, although the Brazilian
drinking water legislation requires a minimum level of residual free chlorine of
0.5 mg/L and that analysis of residual free chlorine of water delivered by
tankers for human consumption must be performed every time a tanker is filled
up (MS, 2011), this procedure was not observed in the field. Moreover,
Brazilian legislation also requires at least monthly analysis of pH, colour,
turbidity and total coliforms of sources used to supply water by tankers, as well
as the identification of tankers with a label stating ‘Potable Water’ (MS, 2011).
Unfortunately, it was not possible to carry out statistical analysis to investigate
differences in water quality among these sources because there were fewer
than five observations for each source, which is the minimum acceptable
number of observations to perform a Kruskal-Wallis test. It is relevant to
mention that the results presented in Table 5.4 were based on only four
samples for each source, and therefore, any statement or conclusion should
be treated with caution.

5.2.2.

Quality of water within water storage reservoirs

The results of physico-chemical analyses of water, including all household
water storage reservoirs from all rural communities are presented in Table 5.5.
All parameters analysed demonstrated wide variance in their values, which
reflects the complexity of multi-source water supply systems. It is important to
mention that in the following analysis, ‘mixed waters’ refers to samples from
storage reservoirs containing water from two or more sources, with the
condition that none of the sources had a volumetric percentage contribution of
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80% or higher. Moreover, for the purpose of this analysis, all harvested
rainwater samples were considered, regardless of the harvesting area,
whereas the results of water monitoring, including privately operated,
municipal government operated and the army operated tankers, were
considered together, as ‘tankered water’.

Table 5.5 – Physico-chemical analysis of water from water storage reservoirs.
Parameter

N

Min

Q1

Mdn

Q3

Max

pH
Temperature (ºC)
Turbidity (NTU)
Electrical conductivity
(μS/cm2)

146
147
153

4.04
24.2
0.17

7.84
25.6
0.72

8.34
26.2
1.31

8.62
27.4
2.94

10.65
35.6
417

133

9.0

143

346

723

7600

NTU = nephelometric turbidity units; µS/cm = microsiemens per centimetres.

Table 5.6 illustrates the proportion of water sources stored in different water
storage reservoirs. It is relevant to mention that 22 out of 24 water samples
collected from water tanks originated from groundwater sources. Buckets,
open tanks and plastic containers were not considered in the following analysis
because their sample sizes were considered too small (n < 5) for the KruskalWallis test.
Figure 5.4 illustrates the physico-chemical results for the considered water
sources. The pH level of tankered water (Mdn = 8.19, IQR = 7.91 – 8.45, n =
34) was significantly higher compared with groundwater (Mdn = 7.40, IQR =
5.50 – 7.82, n = 27) (p-value < 0.008). Moreover, the pH for harvested
rainwater (Mdn = 8.55, IQR = 8.24 – 8.72, n = 72) was observed to be higher
than groundwater and water delivered by tankers (p-value < 0.008), which may
have been caused by the harvesting surface area and/or conditions within the
water storage reservoirs, as pure rainwater normally presents a slightly acidic
pH, varying from 4.5 to 5.6 (Charlson and Rodhe, 1982, Liljestrand, 1985).
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Table 5.6 – Cross-tabulation between water sources and water storage
reservoirs.
Water source

Water storage
reservoir

GW

MW

HRW

TW

All

Bucket

0

0

1

0

1

Cistern

2

14

72

34

122

Open tank (cement
or natural stones)

2

0

2

0

4

Plastic container

1

0

1

0

2

Water tank
(cement/fibreglass)

22

1

0

1

24

All

27

15

76

35

153

GW = groundwater; MW = mixed water; HRW = harvested rainwater; TW = tankered water.

11
35.0

Temperature (ºC)

10
9

pH

8
7
6
5

32.5
30.0
27.5
25.0

4
GW

HRW

MW

TW

GW

HRW

MW

TW

Sample source

8000

7

7000

6

6000

Turbidity (NTU)

Electrical conductivity (µS/cm)

Sample source

5000
4000
3000
2000
1000

5
4
3
2
1

0

0
GW

HRW

MW

TW

GW

Sample source

HRW

MW

TW

Sample source

Figure 5.4 – Boxplots to demonstrate the median and interquartile range (IQR)
for pH level, temperature, electrical conductivity and turbidity for water samples
from water storage reservoirs.
Outliers were removed from the turbidity boxplot to facilitate the visualisation of median and
IQR. Only two samples of mixed waters, harvested rainwater and tankered water presented
measurements of turbidity higher than 100 NTU.
GW = groundwater; MW = mixed water; HRW = harvested rainwater; TW = tankered water;
µS/cm = microsiemens per centimetres; NTU = nephelometric turbidity units.
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Groundwater presented significantly higher temperatures (Mdn = 26.9 °C, IQR
= 26.1 – 30.4 °C, n = 27) compared with all other alternative sources (p-value
< 0.008), while turbidity levels were observed to be significantly lower in
harvested rainwater samples (Mdn = 0.97 NTU, IQR = 0.61 – 2.28, n = 76)
compared with tankered water (Mdn = 1.6, IQR = 1.2 – 4.1, n = 35) (p-value <
0.008). Moreover, harvested rainwater (Mdn = 145.5 µS, IQR = 104 – 248 µS,
n = 64) presented significantly lower electrical conductivity compared with all
other sources (p-value < 0.008). It is important to bear in mind that these
samples were collected from a diverse range of water storage reservoirs.
Therefore, these results do not reflect the water quality at its original source
but rather its quality within these storage reservoirs.
As shown in Table 5.6, most water samples from water storage reservoirs were
collected from cisterns (122 of 153) and water tanks (24 of 153), whereas there
was only one sample from buckets, two from plastic containers and four from
open tanks. Therefore, only the quality of water in cisterns and water tanks
was compared. Water samples from cisterns presented a significantly higher
median pH (Mdn = 8.40, IQR = 8.04 – 8.63, n = 117) compared with those from
water tanks (Mdn = 7.40, IQR = 5.50 – 7.82 n = 23) (p-value < 0.05). The
material used to build the cistern may have been one of the factors that
influenced the high pH values in harvested rainwater sources, as most were
stored in these systems, which were constructed from cement plates.
Moreover, cisterns showed a significantly lower temperature value (Mdn = 26.2
°C, IQR = 25.6 – 27.2 °C, n = 118) compared with water tanks (Mdn = 27.3 °C,
IQR = 26.2 – 30.4 °C, n = 23) (p < 0.05). The higher temperature levels
recorded in groundwater sources were very likely to be also related to the
water storage reservoir, as the large majority of groundwater samples were
collected from tanks made of cement or fibreglass (more than 75%), which
were fully exposed to sunlight, whereas, cisterns had only about 30% of their
height exposed above ground.
With regard to the microbiological analysis, E. coli was detected in 86% of
water samples from water storage reservoirs, whilst IE were detected in 93%
of water samples from water storage reservoirs. Table 5.7 presents the FIO
results for water samples collected from all water storage reservoirs. The
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median concentration of IE was significantly higher than that of E. coli (p <
0.05). Figure 5.5 presents boxplots illustrating the median concentration and
interquartile range (IQR) of E. coli and IE with regard to the various water
sources (grouped in the same manner as for physico-chemical analysis,
previously presented in this section), whilst the median concentration and
interquartile range (IQR) of E. coli and IE in different water storage reservoirs
are presented in Figure 5.6. The various alternative water sources, stored in
cisterns or water tanks, did not show any significant difference in their median
concentration of E. coli and IE.

Table 5.7 – Descriptive statistics for E. coli and IE, with regard to all water
samples collected from household water storage reservoirs.
FIO

N

Min.

Q1

Mdn

Q3

Max.

E. coli (CFU/100 mL)
IE (CFU/100 mL)

153
153

1
1

4
20

22
103

108
300

5600
10000

CFU = colony-forming units.
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Figure 5.5 – Boxplot showing the median and interquartile range (IQR) for the
concentration (log10 CFU/100 mL) of E. coli and IE in alternative water
sources.
GW = groundwater; MW = mixed water; HRW = harvested rainwater; TW = tankered water;
CFU = colony-forming units.
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Figure 5.6 – Boxplot showing the median and interquartile range (IQR) for the
concentration (log10 CFU/100 mL) of E. coli and IE in water samples from
different water storage reservoirs.
CFU = colony forming units.

There was no significant difference in the median concentration of either E.
coli or IE between the different procedures used to collect water from water
storage reservoirs (buckets tied to a rope, hand pumps or electric pumps).
Electric and hand pumps were expected to protect the quality of water within
the water storage reservoirs because people do not need to open the system
and potentially transfer microbial contamination from hands and/or buckets
(and ropes). However, in some cases, households possessing an electric or a
hand pump were observed to collect water by immersing a bucket in the water
storage reservoir. Most of them reported doing this because they found the
use of hand pumps to be very laborious, whereas a few others reported that
their hand or electric pump was out of order. This might have contributed to an
increase in the microbial load of water storage reservoirs with hand or electric
pumps. There was no difference in the median concentration of E. coli and IE
among the households that reported cleaning their water storage reservoirs at
least once a year (n = 6), the participants that reported always to clean their
water storage reservoirs when it became empty (n = 122), and the ones that
reported never to have cleaned it (n = 14). Figure 5.7 presents the median
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concentration and interquartile range (IQR) of E. coli and IE with regard to the
different cleaning frequencies.
When the sanitary survey data were cross-analysed against physico-chemical
and FIO monitoring results, no significant difference in the median values for
any parameters analysed was observed for the issues presented in the
sanitary form (Appendix 3). However, it is important to bear in mind that there
were only six samples from households possessing a ‘first flush’ device and
seven with a fence to protect the water storage reservoir. Fencing was mostly
associated with cisterns from the P1+2 government programme, which were
normally used to store water chiefly used for agricultural and livestock
purposes.
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Figure 5.7 – Boxplot to show the median and interquartile range (IQR) for the
concentration of E. coli and IE for water samples from water storage reservoirs
(log10 CFU/100 mL), with regard to different cleaning frequencies.
Yearly = at least once a year; Regularly = always when water storage reservoirs become
empty; Never = has never been done; CFU = colony-forming units.

Weak correlations between physico-chemical and microbiological parameters
were identified among water samples from water storage reservoirs (E. coli
and IE (Spearman Rho = 0.385, p = 0.000), E. coli and turbidity (Spearman
116

Rho = 0.186, p = 0.021) and IE and temperature (Spearman Rho = - 0.198, p
= 0.016)).
According to the WHO/UNICEF (2017) ladder for drinking water service level,
the population living in the rural communities studied experienced a ‘basic
level’, which corresponds to the use of ‘improved’ drinking water sources
collected at a point no more than 30 minutes (roundtrip) from the home. All the
sources presented in Figure 5.5 (groundwater, mixed waters, harvested
rainwater and tankered water) were considered to be at this basic level. These
four source distinctions can be further subdivided into nine sources and are
presented in Table 5.2. With the exception of desalinated water stored in inhouse drinking water storage containers, all the other sources were stored in
the water storage reservoirs. Ninety nine percent of the population in these
communities consume water from one of these sources. However, one percent
of the population experiences no drinking water service, as evidenced by the
collection of water from dew ponds when no other source was available. Only
samples from water storage reservoirs holding basic level services were
collected, and therefore, it was not possible to compare the quality of water
between different service levels.
Finally, differences in the quality of water among different harvesting areas
(roof run-off, cemented and ground surfaces) and among different tanker
operators (municipal and army programmes), were investigated. Privately
operated tankers were excluded from this analysis because of the limited
number of samples from water storage reservoirs containing water originating
from this source. No statistically significant difference in the water quality, with
regards to all physico-chemical and microbiological parameters monitored,
was observed between samples from water storage reservoirs containing
water supplied by tankers from municipal, or army operated programmes.
With respect to the various run-off surfaces used for rainwater harvesting, no
difference in the median concentration of IE was observed. However, the
concentration of E. coli in cemented run-off RWHS (Mdn = 71, IQR = 19 - 154
CFU/100 mL, n = 8) was significantly higher than the concentration observed
in roof run-off systems (Mdn = 10, IQR = 3.0 - 43 CFU/100 mL, n = 59) (pvalue < 0.016). Furthermore, water from cisterns receiving ground run-off
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harvested rainwater showed significantly higher levels of turbidity (Mdn = 5.96
NTU, IQR = 1.25 – 13.60 NTU, n = 9) compared with roof run-off (Mdn = 0.89
NTU, IQR = 0.58 – 1.87 NTU, n = 59) (p-value < 0.016).

5.2.3.

Quality of water from in-house drinking water storage
containers

In this section, differences in the water quality of in-house drinking water
containers in the rural communities were compared, with respect to drinking
water sources, storage containers and existing point-of-use (POU) water
treatment. Physico-chemical and microbiological results from the various
drinking water samples are presented in Table 5.8. Although 35 out of 99
households reported using chlorine tablets to disinfect their drinking water,
residual free chlorine was found in only one sample (1.2 mg/L, limit of detection
= 0.05 mg/L), whilst FIO were detected in a large number of supposedly
chlorinated samples (80%). This discrepancy may have been caused by the
non-application or inadequate use of chlorine tablets supplied by a government
programme. Residents may have given answers that they thought were
wanted because they were afraid of losing benefits from government
programmes. As for water storage reservoirs, the concentration of IE was
significantly higher than that of E. coli (p < 0.05) in drinking water samples
collected from in-house drinking water storage containers.

Table 5.8 – Descriptive statistics for turbidity, free chlorine, E. coli and IE, with
regard to all water samples collected from household in-house drinking water
storage containers.
Parameter

N

Min.

Q1

Mdn

Q3

Max.

Turbidity (NTU)
Free chlorine (mg/L)
E. coli (CFU/100 mL)
IE (CFU/100 mL)

88
35
88
88

0.17
0
1
1

0.39
0
1
6

0.72
0
3
54

1.28
0
26
215

33
1.2
6440
8640

IE = intestinal enterococci; CFU = colony-forming units; NTU = nephelometric turbidity units;
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In order to investigate differences in the quality of water within in-house
drinking water containers, the same considerations used to group harvested
rainwater and tankered water were applied but the mixed water group was not
considered as this source was not commonly used for drinking purposes (less
than five percent of residents). Significantly higher turbidity levels were
observed in water samples from in-house drinking water storage containers
containing water originating from tankers (Mdn = 1.42, IQR = 0.98 – 2.91 NTU,
n = 13) compared with those containing harvested rainwater (Mdn = 0.69 NTU,
IQR = 0.36 – 1.12 NTU, n = 51) and desalinated water (Mdn = 0.48 NTU, IQR
= 0.29 – 0.95 NTU, n = 17) (p-value < 0.008). With respect to the microbial
quality of drinking water stored within the in-house drinking water storage
containers (Figure 5.8), lower levels of E. coli and IE were detected in
harvested rainwater but no differences were observed among these alternative
water sources at a significance level of 0.008.
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Figure 5.8 – Boxplots to demonstrate the median and interquartile range (IQR)
for the concentration of E. coli and IE (log10 CFU/100 mL) for drinking water
samples collected from in-house drinking water storage containers, with regard
to different water sources.
DW = desalinated water; HRW = harvested rainwater; TW = tankered water; CFU = colonyforming units.
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The median turbidity level among samples from the five different in-house
drinking water containers used to store drinking water varied from 0.46 NTU
(IQR = 0.27 – 1.02 NTU, n = 20) for ceramic filters attached to clay pots to 1.23
NTU (IQR = 0.86 – 1.82 NTU, n = 5) for samples stored within buckets, but no
significant difference was observed. The microbiological water quality, with
regards to E. coli and IE for different in-house drinking water storage
containers, is presented in Table 5.9.

Table 5.9 – Median (Mdn) and interquartile range (IQR) for E. coli and IE for
different in-house drinking water storage containers, with regard to all water
samples collected in all households.
In-house drinking
E. coli (CFU/100 mL)
IE (CFU/100 mL)
water storage
N
Q1
Mdn
Q3
Q1
Mdn
Q3
containers
Buckets
5
2.5
3.0
14.5
55
152
834
Ceramic filters
20
1.0
1.0
1.8
1.0
4.5
51.8
(attached to clay pot)
Clay pots (no
25
3.0
24.0
133
34
107
503
ceramic filter)
Commercial
27
1.0
4.0
23.0
4.0
28
145
containers (20 L)
Other plastic
11
1.0
4.0
13.0
43
420
1220
containers
CFU = colony-forming units

The median concentration of E. coli in ceramic filters attached to clay pots was
significantly lower compared with that recorded in clay pots (with no ceramic
filter) (p-value < 0.005). With regards to IE, ceramic filters attached to clay pots
presented significantly lower median concentration than clay pots (with no
ceramic filter attached) and other plastic containers (p-value < 0.005). When
different procedures used to collect drinking water from in-house drinking
water storage containers (section 5.1.2) were evaluated, the median
concentration of E. coli and IE was observed to be significantly higher for
households that collected their water by immersing a cup in the in-house
drinking water storage container (Mdn = 15 CFU/100 mL, IQR = 2 – 40
CFU/100 mL, n = 38 and Mdn = 112 CFU/100 mL, IQR = 42 – 500 CFU/100
mL, n = 37, respectively) compared with the ones that had a tap attached to it
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(Mdn = 1 CFU/100 mL, IQR = 1 – 7 CFU/100 mL and Mdn = 17 CFU/100 mL,
IQR = 1 – 125 CFU/100 mL, n = 42, respectively) (p-value < 0.016). On the
other hand, the use of hand pumps or buckets tied to a rope (procedures
commonly used to collect water from water storage reservoirs in order to fill up
in-house drinking water storage containers) was not associated with any
significant difference in the microbiological quality of water at the in-house
drinking water containers with regards to either E. coli or IE.
Figure 5.9 shows the median and IQR for the concentration of E. coli and IE in
drinking water samples, with reference to different water treatments (or no
treatment). Independently of the treatment used by the households, IE always
presented at higher concentrations in drinking water samples compared with
E. coli. However, the median concentration of E. coli and IE in drinking water
samples from households that reported treating water with chlorine (Mdn = 4
CFU/100 mL, IQR = 1 – 29 CFU/100 mL, n = 29 and Mdn = 65 CFU/100 mL,
IQR = 17 – 205 CFU/100 mL, n = 28, respectively) and those that reported not
treating the water prior to consumption (Mdn = 10 CFU/100 mL, IQR = 1 – 38
CFU/100 mL and Mdn = 118 CFU/100 mL, IQR = 24 – 650 CFU/100 mL, n =
39, respectively) was not different at a significance level of 0.016. This might
have been caused by the inadequate dosage of chlorine to treat drinking water,
as only one sample demonstrated free residual chlorine.
In contrast, drinking water treated by ceramic filters (Mdn = 1 CFU/100 mL,
IQR = 1 – 1.8 CFU/100 mL, n = 20) showed a significantly lower median
concentration of E. coli compared with water treated with chlorine and nontreated water (p-value < 0.016). Moreover, the median concentration of IE was
also significantly lower in water from ceramic filters (Mdn = 4.5 CFU/100 mL,
IQR = 1 – 52 CFU/100 mL, n = 20) compared with non-treated water (p-value
< 0.016). It is relevant to mention that water samples from households that
reported treating their drinking water using both ceramic filters and chlorine
were considered in the ceramic filters dataset group. Frequency of cleaning
and procedures used to clean in-house drinking water storage containers did
not appear to contribute to any significant difference in the median
concentration of E. coli and IE in water samples from in-house drinking water
storage containers.
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Figure 5.9 – Boxplots showing the median and interquartile range (IQR) for
the concentration of E. coli and IE for water samples stored at in-house
drinking water storage containers, with respect to different water treatment (or
no treatment) performed by households.

Note: The Quilombola Serra do Abreu community was not considered in the
analyses presented in this section because drinking water samples within inhouse storage containers were not collected at this community. Temperature,
pH and electrical conductivity were also not included in this analysis because
these values were not measured as a result of the limited volume of drinking
water supplied by households. Moreover, the exclusion of groundwater
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sources was because of the limited number of drinking water samples (two)
originating from groundwater, which was not a commonly used source for this
purpose because of its salty taste. Finally, a correlation between E. coli and IE
(Spearman Rho = 0.521, p = 0.000) and a weaker correlation between IE and
turbidity (Spearman Rho = 0.254, p = 0.018) was observed among water
samples from in-house drinking water storage containers.

5.2.4.

Changes in water quality from bulk water storage reservoirs to
in-house drinking water storage containers

Microbial water quality was observed to change along the drinking water
supply chain from water source (or collection point) to the in-house drinking
water storage container for desalinated water, tankered water supplied by the
army operation (only surface water) and harvested rainwater (roof run-off), and
are illustrated in Figure 5.10. A slight improvement in the microbial quality of
harvested roof run-off rainwater from the bulk water storage reservoir to the inhouse drinking water storage container was observed but no significant
difference in the median concentration of either E. coli or IE was detected.
In contrast, deterioration of microbial quality of drinking water was observed
along the supply chain from source at its origin or collection point to the inhouse drinking water containers for tankered water and desalinated water.
Although the chlorination process performed by the army operation tanker was
found to be inadequate, the median concentration of E. coli and IE in water
samples from tankers (surface water) was observed to be lower compared with
water samples collected at water storage reservoirs, which demonstrated
similar levels of FIO to those detected in in-house drinking water containers.
Finally, desalinated water also presented higher levels of microbial
contamination within in-house drinking water storage containers compared
with the point of collection in the desalinated water storage reservoir.
Unfortunately, the number of samples from water sources collected at their
origin were very limited and statistical analysis was not performed for these
last two water supply chains. These outcomes strongly suggest that water was
contaminated within the domestic environment.
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Figure 5.10 – Boxplot to show the median and interquartile range (IQR) for the
concentration of E. coli and IE, with respect to water samples from original
water source, water storage reservoirs, and in-house drinking water storage
containers for harvested roof run-off rainwater, desalinated water, and
tankered water from the army operation programme.
DWSC = in-house drinking water storage containers; WSR = water storage reservoirs; WS =
water source; CFU = colony-forming units.
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Chapter 6. Quantitative

microbial

risk

assessment outcomes
In this chapter, the QMRA outcomes are presented. It is important to bear in
mind that the risk outcomes are directly related to the likelihood of occurrence.
In order to compare the scenario variants that cause higher risk of infection,
the central tendency of the probability distribution function of each scenario
variant outcome was used. As most of the risk outcomes presented a skewed
distribution, the median value was adopted to indicate the central tendency.

6.1.

Annual risk of infection per person for users of different alternative
water sources

Table 6.1 presents the outcomes of the risk assessment for the population
consuming the various water sources available in the rural communities
studied at various confidence levels. Unexpectedly, desalinated water was
observed to pose a higher risk of infection to consumers compared to tankered
water and harvested rainwater. According to the protocol followed, Salmonella
spp. posed a 30% and 6% lower risk of infection when users consumed
harvested roof run-off rainwater and tankered water, respectively, compared
with when they consumed desalinated water. With respect to Giardia lamblia,
harvested rainwater (roof run-off) and tankered water posed a 30% and 22%
lower risk of infection, respectively, compared with that associated with
desalinated water.
The median risk of infection posed by norovirus was estimated to be equal to
one for all water sources assessed. The main reason for this higher level of
risk for norovirus is related to the fact that people were assumed to excrete
higher proportion of norovirus per gramme of faeces compared to Giardia
lamblia and Salmonella spp. Therefore, doses of norovirus were higher when
humans were the main source of microbial contamination. Moreover, norovirus
present a lower infectious dose (as considered in the dose-response model)
compared with both Giardia lamblia and Salmonella spp., which results in a
higher risk of infection for similar ingestion doses.
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Table 6.1 – Percentiles of the annual risk of infection per person for a
population consuming the various available water sources in the rural
communities studied.
Target pathogen

Salmonella spp.

Giardia lamblia

Norovirus

5%
25%
50%
75%
95%
5%
25%
50%
75%
95%
5%
25%
50%
75%
95%

SV1
1.86 x 10-2
4.33 x 10-2
7.25 x 10-2
1.12 x 10-1
1.87 x 10-1
7.33 x 10-3
1.65 x 10-2
2.74 x 10-2
4.27 x 10-2
7.26 x 10-2
9.16 x 10-1
9.97 x 10-1
1
1
1

SV2
1.48 x 10-2
3.23 x 10-2
5.09 x 10-2
7.52 x 10-2
1.19 x 10-1
5.75 x 10-3
1.23 x 10-2
1.93 x 10-2
2.83 x 10-2
4.51 x 10-2
8.83 x 10-1
9.90 x 10-1
9.99 x 10-1
1
1

SV3
2.41 x 10-2
4.65 x 10-2
6.82 x 10-2
9.44 x 10-2
1.37 x 10-1
7.43 x 10-3
1.44 x 10-2
2.15 x 10-2
3.01 x 10-2
4.47 x 10-2
9.71 x 10-1
9.99 x 10-1
1
1
1

SV1 = desalinated water users; SV2 = harvested roof run-off rainwater users; SV3 = tankered
water users.

6.2.

Annual risk of infection per person for consumers of non-treated
and treated drinking water

An assessment of the annual risk of infection posed by target pathogens for
consumers of treated and non-treated drinking water is presented in Table 6.2.
The annual risk of infection posed by Salmonella spp. and Giardia lamblia was
about 14% lower for residents that reported chlorinating their drinking water
prior to consumption compared with the population drinking untreated water.
Moreover, both Salmonella spp. and Giardia lamblia posed 55% and 60%
lower risk of infection to consumers of filtered water, respectively, compared
with residents consuming untreated water. This suggests that ceramic candle
filters were more effective in reducing risk in the communities studied.
On the other hand, the annual risk of infection posed by norovirus was
observed to be very high for all consumers. Only filtered water was observed
to pose a slightly lower risk (3% lower) compared with non-treated and
chlorinated drinking water. The higher level of risk of infection observed for
non-treated water followed by chlorinated water and filtered water can be
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explained by the input concentration of E. coli, which was observed to be
higher in non-treated water and lower in filtered water (water monitoring
programme).

Table 6.2 – Percentiles of the annual risk of infection per person for the
population consuming non-treated and treated (chlorination and filtration)
drinking water in the rural communities studied.
Target pathogen

Salmonella spp.

Giardia lamblia

Norovirus

5%
25%
50%
75%
95%
5%
25%
50%
75%
95%
5%
25%
50%
75%
95%

SV4
1.62 x 10-2
3.41 x 10-2
5.42 x 10-2
7.88 x 10-2
1.22 x 10-1
6.12 x 10-3
1.26 x 10-2
1.98 x 10-2
2.89 x 10-2
4.50 x 10-2
9.01 x 10-1
9.93 x 10-1
1
1
1

SV5
1.32 x 10-2
2.89 x 10-2
4.67 x 10-2
7.03 x 10-2
1.10 x 10-1
4.87 x 10-3
1.05 x 10-2
1.70 x 10-2
2.54 x 10-2
4.01 x 10-2
8.49 x 10-1
9.85 x 10-1
9.99 x 10-1
1
1

SV6
4.34 x 10-3
1.26 x 10-2
2.45 x 10-2
4.19 x 10-2
7.12 x 10-2
1.54 x 10-3
4.24 x 10-3
8.14 x 10-3
1.40 x 10-2
2.40 x 10-2
4.63 x 10-1
8.35 x 10-1
9.70 x 10-1
9.98 x 10-1
1

SV4 = non-treated water users; SV5 = chlorinated water users; SV6 = filtered water users.

6.3.

Evaluation of the impact of WASH interventions on the reduction
of risk of infection by target pathogens in the rural communities
studied

The QMRA outcomes for the scenario variant SV7 (which considers the
alternative water sources proportionally combined according to the survey
outcomes as explained in 4.4.2.1), as well as the most relevant QMRA results
of the variants that evaluated the implementation of WASH interventions, are
presented. The percentiles of the annual risk of infection per person posed by
all target pathogens including all scenario variants evaluated in this section
(SV7 to SV43) is presented in Appendix 5. The combination of interventions
used in each scenario variant can be seen in Table 4.10, whereas the
assumptions and characteristics of each intervention is presented in Table 4.9.
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According to the protocol followed, norovirus posed the highest risk of infection
through the drinking water route (one), compared with Giardia lamblia (3.92 x
10-2) and Salmonella spp. (6.24 x 10-2) for the scenario variant with no
intervention (SV7). Similarly, the risk of infection posed by the hand-to-mouth
route was highest for norovirus (8.02 x 10-1), whereas the estimated risk for
Salmonella spp. (1.13 x 10-2) and Giardia lamblia (3.68 x 10-3) were lower than
that of norovirus, respectively. The risk estimates suggest that the hand-tomouth transmission route appears to be an important vehicle of infection in the
rural communities studied.
Furthermore, it is important to bear in mind that contaminated hands also
represent an intermediate cross-contamination ‘critical-control-point’ that may
contribute to the contamination of drinking water at various stages of the water
supply system. Based on a comparison between the scenario variant with no
intervention (SV7) and the one considering hand hygiene intervention (SV13),
if hand hygiene were to be promoted, the median risk of infection posed by
Salmonella spp. and Giardia lamblia through the drinking water route would be
reduced by 73% and 44%, respectively. On the other hand, the annual risk of
infection posed by norovirus would still remain one.
The annual risk of infection per person with regard to the implementation of a
single intervention (SV8 to SV13) for Salmonella spp. and Giardia lamblia is
presented in Figure 6.1. The scenario variant SV7 was also plotted in this
figure to allow easier comparison of the risk reduction resulting from the
implementation of interventions. Considering the median risk of infection, the
most effective single interventions for risk reduction were hand hygiene (SV13)
and training on safe water handling and storage (SV12) for Salmonella spp.
However, it is important to mention that although the median risk of infection
posed by Salmonella spp. for SV12 and SV13 was lower than all other variants
of one intervention, the spread of the risk was much larger. Therefore, SV12
and SV13 presented higher probabilities of having a lower risk than 0.01 but
also higher than 0.1.
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Figure 6.1 – Boxplots showing minimum, median, maximum, interquartile
range (coloured boxes) and the central 90% range (uncoloured boxes)
confidence levels for the annual risk of infection per person for scenario
variants SV7 to SV13 with regards to Salmonella spp. (red) and Giardia lamblia
(blue).
= Acceptable risk level commonly adopted by drinking water regulations, and also
included in the USEPA regulatory guidelines (Regli et al., 1991).

For Giardia lamblia, the lowest risk of infection was observed for the water
treatment interventions (SV9, SV10 and SV11), followed by sanitation (SV8).
The most effective intervention for the reduction of giardiasis infection appears
to be the filtration of water prior to the in-house drinking water storage
containers which achieved about 80% lower risk of infection compared with
SV7. The annual risk of infection posed by norovirus barely changed, reaching
a maximum reduction of about 3% for chlorination within the in-house drinking
water containers (SV10). This suggests that a single intervention does not
reduce the annual risk of infection per person posed by norovirus in the rural
communities studied. Furthermore, some variants presented a reduction in the
risk of infection posed by Salmonella spp. and Giardia lamblia to some extent,
but the annual risk of infection was still relatively high for both these pathogens,
compared with the USEPA guideline (10-4), as represented by a red line in
Figures 6.3.
The annual risk of infection per person via the hand-to-mouth route was equal
in SV8 to SV12 because no intervention in hand hygiene was considered in
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these variants. However, the risk of infection through this route was
significantly decreased when hand hygiene was hypothetically promoted
(SV13) as shown in Figure 6.2. The annual risk of infection through this route
was reduced from 1.13 x 10-2 to 1.13 x 10-4 and from 3.68 x 10-3 to 3.67 x 10-5
for Salmonella spp. and Giardia lamblia, respectively. Moreover, the annual
risk of infection posed by norovirus was reduced from 8.02 x 10-1 to 1.61 x 102

. As expected, it appears that the risk of infection via the hand-to-mouth route

can be significantly decreased by hand hygiene practice, although the risk
posed by norovirus still remained relatively high through this route (1.61 x 102

).

Figure 6.2 – Cumulative density of the annual risk of infection per person
posed to the population of the rural communities studied by Salmonella spp.
(red curve), Giardia lamblia (blue curve) and norovirus (green curve) through
the hand-to-mouth route.
Axis X is presented in log10 scale.
= Acceptable risk level commonly adopted by drinking water regulations, and also included
in the USEPA regulatory guidelines (Regli et al., 1991).

The findings of this study suggest that single interventions can support the
reduction of the annual risk of infection to some extent when implemented
adequately. However, significant reductions in the annual risk of infection to
values closer to the guideline levels (10-4) appear to be unachievable by a
single intervention in the situations tested.
Figure 6.3 illustrates the QMRA outcomes considering the implementation of
two interventions. The lowest annual risk of infection posed by Salmonella spp.
(2.27 x 10-4) and norovirus (3.26 x 10-2) was observed when chlorination within
the in-house drinking water storage containers was combined with hand
hygiene (SV23). However, for Giardia lamblia, perhaps not surprisingly, the
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lowest annual risk of infection was observed for filtration combined with hand
hygiene (SV25 – 1.28 x 10-4), whereas chlorination and hand hygiene (SV23)
produced the second lowest annual risk of infection.
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Figure 6.3 – Boxplots showing minimum, median, maximum, interquartile
range (coloured boxes) and the central 90% range (uncoloured boxes)
confidence levels for the annual risk of infection per person for scenario
variants SV14 to SV26 (two interventions) with regards to Salmonella spp.
(red), Giardia lamblia (blue) and norovirus (green).
= Acceptable risk level commonly adopted by drinking water regulations, and also
included in the USEPA regulatory guidelines (Regli et al., 1991).

The combination of hand hygiene and chlorination within the in-house drinking
water storage containers (SV23) resulted in a much higher reduction in the
median risk of infection posed by Salmonella spp. (99.6%), Giardia lamblia
(99.5%) and norovirus (96.7%) compared with a single intervention based
solely on chlorination (SV10 – 64%, 78% and 4%, respectively) or hand
hygiene (SV13 – 73%, 45% and 0.02%, respectively). This suggests that risk
of infection via drinking water can be more effectively reduced when two or
more interventions are implemented simultaneously.
Although the risk of infection posed by Giardia lamblia through the drinking
water route was more effectively reduced by filtration prior to the in-house
drinking water storage containers, reduction in risk of infection posed by
norovirus appears to require a chlorination step, which is much more effective
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against these microorganisms compared with filtration. However, it appears
that ideally chlorination needs to be implemented along with hand hygiene,
which also appears to play a very important role in the reduction of the annual
risk of infection posed by the selected target pathogens through the drinking
water route, especially in the case of norovirus, which the evidence suggests
can only be reduced by a combination of interventions. Moreover, the
implementation of hand hygiene also supports a reduction in the risk of
infection through the hand-to-mouth route as previously presented in this
section.
When considering the implementation of three interventions combined (SV27
to SV39), it was observed that a combination of sanitation, chlorination of water
within the water storage reservoir and filtration prior to the in-house drinking
water storage container (SV27), resulted in the poorest reduction in the risk of
infection posed by all target pathogens among these variants (Figure 6.6). This
shows once again that even a combination of three interventions, but based
solely on sanitation and water treatment, is not sufficient to decrease the risk
of infection significantly.
Chlorination within the in-house drinking water storage container combined
with hand hygiene and training on the safe handling and storage of water
(SV38) was demonstrated to be potentially the most effective combination of
three interventions for reducing the risk of infection posed by Salmonella spp.
and norovirus. In contrast, potentially the most effective combination of three
interventions to decrease the annual risk of infection posed by Giardia lamblia
was demonstrated to be the implementation of hand hygiene and filtration of
drinking water before the in-house storage container combined with training on
safe water handling and storage (SV39). It is important to mention that the
combination of interventions considering chlorination of drinking water within
the in-house drinking water storage containers might not be suitable for the
population of these rural communities as chlorine seems to cause taste and
odour issues. Therefore, scenarios variants SV33, SV36 and SV37 appears to
be the most feasible combination of three interventions with considerable
overall reduction of risk posed by all target pathogens. It is relevant to mention
that the most effective combinations of three interventions (SV32, SV33, SV36,
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SV37 and SV38) to reduce risk posed by all target pathogens included at least
a water treatment step combined with hand hygiene, such as in the case of the
combination of two interventions.
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Figure 6.4 – Boxplots showing minimum, median, maximum, interquartile
range (coloured boxes) and the central 90% range (uncoloured boxes)
confidence levels for the annual risk of infection per person for scenario
variants SV27 to SV39 (three interventions) with regards to Salmonella spp.
(red) and Giardia lamblia (blue).
= Acceptable risk level commonly adopted by drinking water regulations, and also
included in the USEPA regulatory guidelines (Regli et al., 1991); S = Salmonella spp.; G =
Giardia lamblia.

The most potentially effective combination of four interventions (Figure 6.5)
was observed to be SV42, which considered both hand hygiene and training
on safe handling and storage of drinking water combined with chlorination
within the water storage reservoir and filtration prior to the in-house drinking
water containers. An increase of one log10 in the risk of infection posed by all
target pathogens was observed when training on safe handling and storage of
water was replaced by sanitation (SV41). Moreover, a more drastic response
was predicted when hand hygiene was replaced by sanitation, which resulted
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in about two log10 increase in the risk posed by all target pathogens. The
inclusion of improvements in sanitation in SV43 did not result in further risk
reduction compared with SV42 because the water quality within in-house
drinking water storage containers was not the main driver for risk at this level.
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Figure 6.5 – Boxplots showing minimum, median, maximum, interquartile
range (coloured boxes) and the central 90% range (uncoloured boxes)
confidence levels for the annual risk of infection per person for scenario
variants SV40 to SV43 (four and five interventions) with regards to Salmonella
spp. (red) and Giardia lamblia (blue).
= Acceptable risk level commonly adopted by drinking water regulations, and also
included in the USEPA regulatory guidelines (Regli et al., 1991); S = Salmonella spp.; G =
Giardia lamblia.

The cumulative density for the annual risk of infection posed by all target
pathogens for the groups of two, three and four interventions that appear to be
more feasible (i.e., acceptable to the population) and presented satisfactory
effectiveness in reducing the overall risk by all target pathogens are presented
in Figure 6.6. The annual risk of infection for the scenario variant with no
intervention (SV7) is also presented for comparison. It is relevant to mention
that scenario variants that included a chlorination step were only considered
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as a feasible alternative if a filtration step was also included. This was based
on the fact that candle filters contained activated carbon to remove chlorine
taste and odour from drinking water, which seems to be the main issue related
to the use of chlorinated water for drinking purposes in the communities
studied and beyond.

Figure 6.6 – Cumulative density of the annual risk of infection per person
posed to the population of the rural communities studied by Salmonella spp.
(red curve), Giardia lamblia (blue curve) and norovirus (green curve) through
the drinking water route for scenario variants SV42 and SV43.
Axis X is presented in log10 scale.
= Acceptable risk level commonly adopted by drinking water regulations, and also included
in the USEPA regulatory guidelines (Regli et al., 1991).

The guideline maximum risk level of 10-4 for Salmonella spp. and Giardia
lamblia was achieved with only two interventions but with a confidence level of
about 5% and 40%, respectively. Considering the implementation of three
interventions (SV33 and SV36), this risk level was achieved with a confidence
level of about 17% and 62% for Salmonella spp. and Giardia lamblia,
respectively. However, this target was only met with a 95% confidence level
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by implementing of at least four interventions (SV42). With respect to
norovirus, even the combination of four or five interventions was not sufficient
to achieve the risk level of 10-4, but achieved 10-2 with a confidence level of
about 70%. Finally, the risk posed by the drinking water route following the
implementation of chlorination within the water storage reservoir combined
with filtration prior to the in-house storage container, hand hygiene and training
on safe water handling and storage (SV42) was much lower compared with
the hand-to-mouth transmission route for all target pathogens.
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Chapter 7. Discussion
7.1.

Community surveys and water monitoring programme (tiers one
and two)

The field work, including the survey and the water quality monitoring
programme, was extremely helpful in elucidating hazardous events and
microbial exposure routes through the entire water supply system, especially
within the domestic household environment, as well as in determining the level
of faecal contamination. Overall, E. coli and/or intestinal enterococci (IE) were
detected in 297 of 312 water samples processed, with a greater prevalence of
IE observed. The fifteen samples that tested negative for both E. coli and IE
(<1 CFU per 100 ml) included samples of filtered water (eight), groundwater
(four) and desalinated water (three). E. coli was detected (≥ 1 CFU per 100 ml)
in 86% of water samples from household water storage reservoirs (n = 153)
and in 80% of samples from in-house drinking water storage containers (n =
89), none of which complied with the Brazilian drinking water standards (MS,
2011) and WHO guidelines for drinking-water quality (WHO, 2011b) (absence
of E. coli in 100 mL).
Many respondents reported the belief that drinking water quality was ‘good’,
based solely on the fact that it did not have a ‘salty’ taste. As shown in 5.2.2,
groundwater samples recorded high levels of electrical conductivity, probably
corresponding to high salinity, which is very common in the geological region
studied. Local people use the expression ‘água doce’, which means ‘sweet
water’, to designate water of ‘good’ quality’, or more accurately, water that is
not ‘salty’. However, in this research, the use of a ‘basic’ drinking water service
(99% of households) was not associated with improvements in the quality of
consumed drinking water with regards to E. coli and IE. Independently of the
alternative water source used, an increase in the concentration of FIO was
observed, from the original water source (i.e., surface water, desalinated
water, etc.) to the water storage reservoir and in-house drinking water
containers. This suggests that drinking water becomes contaminated within
the domestic environment.
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The observed lack of awareness and knowledge regarding ‘safe’ handling and
storage of drinking water in order to avoid the introduction of microbial
contamination is very likely to have contributed significantly to the observed
increase. Moreover, although a considerable number of households reported
using chorine tablets provided by health professionals, chlorine was detected
in only one sample. This shows the importance of the development of safety
plans, to involve all stakeholders, in order to implement interventions that are
accepted by the community, and that consequently can be effectively
implemented to improve the health status of the population.
During the interviews, in many cases respondents appeared to be wary of
losing benefits from the government if chlorine was not being used, which
might explain the high rate of chlorine use reported. However, some
respondents reported not using it because of taste and/or odour issues,
whereas a few others did not demonstrate an understanding that water can
cause diseases through the transmission of microbial pathogens. Despite
chlorine being a ‘cornerstone’ of most municipal water disinfection systems,
the level of its acceptability as a household-level disinfectant has been
observed to be very low in several studies (Roberts et al., 2001, Makutsa et
al., 2001, Jacob et al., 2007, Freeman et al., 2009, Firth et al., 2010). On the
other hand, lower concentrations of E. coli and IE were detected in drinking
water samples from in-house ceramic filters (candle filters) attached to ceramic
pots, suggesting that microbial quality of drinking water might be improved
using ceramic filters prior to consumption, which is consistent with the findings
from previous research (Kallman et al., 2011, Perez-Vidal et al., 2016).
Furthermore, this simple device appears to have high social acceptability in
the communities studied.
Only a few households (about 15%) reported a leaking cistern but the survey
results revealed that 75% of cisterns were cracked and/or demonstrated
compromised lids. Fencing to protect the water storage reservoir and ‘firstflush’ devices to improve the quality of harvested rainwater were rarely
observed. Moreover, buckets, which were commonly left on the soil surface,
were used to collect water from the cistern. Though in some cases were filled
using a hand pump, most of the time these were attached to a rope and
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submersed in the water storage reservoir. All the above factors, along with the
discharge of effluents from toilets to soakaways and the observed unhygienic
practices related to the collection, transport and storage of water, may have
contributed to the observed increase in microbial contamination of water
storage reservoirs, to varying extents.
Furthermore, health professionals supporting rural communities appear to lack
sufficient knowledge and adequate training to support these rural communities
effectively. In a few households, respondents reported that these professionals
recommended using fish as an alternative water treatment technology.
Although the use of fish as a predator of larvae for mosquito control has been
previously reported to be an effective approach (Howard et al., 2007,
Cavalcanti et al., 2007) and the high prevalence of Aedes mosquitoes, which
is a well-recognised transmission vector of many diseases, such as Zika
(WHO, 2016c), in the semi-arid region of Brazil, this technique seems more
appropriate to open water storage reservoirs where mosquitoes may have
access and possibly lay eggs. However, this technique was being
recommended for closed water storage reservoirs, in which the presence of
mosquitos was unlikely and was not observed in this study.
Limited knowledge and experience among staff involved in the army tanker
operation was also observed as the recorded levels of free chlorine (< 0.1 mg/L
20 min after the addition of chlorine tablets) suggests that inadequate doses
of chlorine, far below the WHO recommendation (a minimum free chlorine
concentration of 0.5 mg/L after 30 minutes contact time at a pH of less than 8,
provided that the turbidity is less than 1 NTU) are being used. Moreover, a few
residents reported that the army tanker operation programme did not support
(or allow) the installation of electrical pumps to divert water directly to a tap
within the house from cisterns registered to the programme, although it is wellrecognised

that

piped

water

to

premises

can

minimise

microbial

contamination. A staff member of this operation explained that this approach
might result in an increase in the consumption of water that might lead to
periods of severe water scarcity. Further research to investigate different ways
to control the volume of water used may support a more convenient and
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effective solution to reducing microbial contamination, without causing water
supply disruptions.
Although it can be concluded that all the Brazilian programmes to supply water
in the semi-arid region continue to be extremely important and successful in
guaranteeing provision of adequate volumes of water for the rural
communities, based on the findings of this study, further improvements to
practice can clearly be suggested:
1. Guidelines, such as those contained in the ‘Rainwater Tank Design and
Installation Handbook’ (ANWC, 2008), should be adopted to
standardise cistern construction procedures in order to minimise future
leakage issues and potential infiltration of contaminants.
2. Improvements to the design of cistern lids may also provide a more
effective barrier to prevent the ingress of external contamination.
3. Although Konig (1999) suggested that the use of a ‘first flush’ device in
rainwater harvesting systems may be unnecessary, this device has
been reported to improve the quality of harvested rainwater in many
other studies (Abbott et al., 2007, Kus et al., 2010, Adler et al., 2011).
Therefore, the use of ‘first-flush’ devices in rainwater harvesting
systems (as well as the construction of fences to avoid the ingress of
animals to the water storage reservoir area) may also contribute to
improved water quality.
In this research, target pathogens were not detected in any one-litre water
samples, using the real-time PCR method and the kits for Salmonella_invA,
Cryptosporidium and Giardia intestinalis (PrimerDesign, Southampton, UK).
Moreover, analysis for Shigella spp. and enteropathogenic E. coli
(PrimerDesign, Southampton, UK) were unfortunately not conducted because
of technical problems that were found to be insurmountable during the
timeframe of this study. Moreover, somatic coliphages were rarely detected in
water samples while E. coli was observed frequently, which contrasts markedly
with the findings of many previous studies that have suggested the longer
survival of somatic coliphages in soil and water compared with that of E. coli
(Duran et al., 2002, Allwood et al., 2003, Mocé-Llivina et al., 2005, Jofre et al.,
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2016). Therefore, given the possible future incorporation of somatic coliphages
into national guidelines, as a surrogate for enteric viral pathogens in
environmental waters (USEPA, 2015), and their unlikely ability to multiply to
any great extent in the natural environment (Jofre, 2008, Jonczyk et al., 2011),
further studies to investigate and clarify the fate and survival of these
organisms in water and soil in semi-arid environments are clearly required.
Two contrasting conclusions can be drawn from this study. On the one hand,
assuming that the levels of E. coli observed during the monitoring programme
adequately indicated levels of faecal contamination, the use of somatic
coliphages might not be appropriate as a surrogate for faecal contamination in
the Brazilian semi-arid. Moreover, in this case, the level of risk significantly
increases at the household level, and therefore, there is an evident and urgent
need for WASH improvements in the Sertão at the domestic level. On the other
hand, if the coliphage counts more accurately reflected faecal contamination
levels and E. coli levels were significantly impacted by ‘regrowth’ under the
climatic conditions of the semi-arid region, then E. coli would clearly be an
inappropriate surrogate for QMRA in this instance and the risk outcomes of
this study rightly might be considered to be overly cautious. Either way, it is
evident that further research into the relationship between coliphages and E.
coli on the one hand, and the survival of enteric pathogens of human health
concern in semi-arid regions of the world on the other, needs to be undertaken.
It is difficult, from the evidence of this study, to come to a definitive conclusion
about the consistently observed higher concentration of intestinal enterococci
compared with those of E. coli. One factor may be the widely recognised longer
survival time of IE compared with E. coli in many environmental matrices. In
this study, E.coli/IE ratios were observed to decline from water source to water
storage reservoirs and from water storage reservoirs to in-house drinking
water storage containers, which suggests that IE survived longer than E. coli
in waters under the climatic conditions of the study. These findings correspond
with those of several other researchers who have observed the prolonged
survival of intestinal enterococci in freshwater and sediments (Guan and
Holley, 2003, Anderson et al., 2005, Glass-Haller, 2010). Hodgson et al. (2016)
observed higher survival rates for intestinal enterococci (1.25 log CFU/g
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reduction in 111 days) compared with E. coli (3 log CFU/g reduction in 82 days
and more than 5 log CFU/g decrease in 111 days) in slurry applied to land by
surface broadcasting during the summer. The detection of elevated
concentrations of IE compared with E. coli could possibly also be indicative of
higher levels of faecal contamination from animal sources. However, this
suggestion should be treated with caution as the observed difference in
survival times between these two groups of organism may invalidate the use
of the ratio to conclude the faecal sources of contamination.
Despite the possible higher survival of IE, the survival rates of both E. coli and
IE would have to be much higher than those observed in the literature to
produce the observed increase in the number of FIO from the original source
to the water storage reservoirs. Therefore, the findings of this study suggest
that the increase in the microbial load observed within water storage reservoirs
was predominantly due to considerable microbial cross-contamination from
other sources of contamination (i.e., hands, effluent from soakaways, etc.)
and/or possible growth of FIO within water storage reservoirs.
Infiltration of wastewater from soakaways might also have contributed to
microbial contamination of the water supply chain in some cases, especially
when adequate distances between these systems and water storage
reservoirs were not achieved during construction. This hypothesis supports the
findings of Ebdon et al. (2013) and Islam et al. (2016), who reported negative
associations between FIO concentration and distance between pit latrines and
shallow dug water wells in Malawi and Bangladesh, respectively.
Cross-contamination through water handling also appears to play an important
role in the microbial contamination of domestic drinking water in the Brazilian
semi-arid region. Many people living in these rural communities work in
activities related to agriculture, including livestock rearing, and are therefore
highly likely to have regular contact with faecally-contaminated soil during such
work activities. Moreover, children playing in the peri-domestic environment
may have frequent hand contact with contaminated soil. This assumption is
consistent with the findings of Pinfold (1990), who also observed that the
quality of domestic stored water was not related to its quality at source but
rather to peri-domestic water-related activities. The author reported that water
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handling was the main mechanism by which stored water became microbially
contaminated.
Finally, reductions in the concentration of FIO were observed between water
storage reservoirs and in-house drinking water storage containers for
harvested roof run-off rainwater, suggesting that if there were any microbial regrowth within in-house drinking water storage containers, its magnitude was
lower compared to the decay rate. Further research is needed to investigate
the main causes of the increased level of FIO from water sources to water
storage reservoirs and in-house drinking water storage containers, as well as
the possibility of re-growth of FIO and pathogens in water, soil, and on hands
and other fomites in tropical and sub-tropical climates. This information would
certainly help to elucidate microbial survival and relevant microbial pathways
within the domestic environment and help to select the most appropriate
indicators of faecal contamination.

7.2.

The use of QMRA and its implications for the assessment of
microbial risk in rural communities

In 1976, the British statistician George Box stated that “all models are wrong,
some are useful”. The idea behind this sentiment is that greater focus should
be directed towards whether a model can be effectively applied to everyday
life in a useful manner rather than debating endlessly as to whether an answer
is correct in all cases. Similarly to any other QMRA study presented in the
literature, assumptions had to be made in this study and it is highly likely that
these assumption can be usefully modified as more information about the
system analysed becomes available. Much effort was dedicated to developing
risk assessment models that were shown to be highly valuable, especially in
support of decisions with regard to disease control-measures during the
development of water safety plans. This approach might be successfully used
in research to develop and inform adequate practices in rural communities.
However, it is unlikely to be feasible for routine application in rural communities
where limited information and monitoring data are available.
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Although a high risk of infection was observed for all target pathogens, it is
relevant to mention that the risk of disease could be much lower where a
significant portion of the population has developed immunity. Therefore, the
magnitude of estimated risk of infection should be considered carefully.
Salmonella spp. and Giardia lamblia were observed to pose a higher risk from
desalinated water compared with harvested roof run-off rainwater and
tankered water. These results were a consequence of the higher concentration
of E. coli observed in this source when stored in the in-house container.
Moreover, if observed concentrations of E. coli were at least in part explained
by re-growth within storage vessels, and if the impact of this process was
estimated and integrated into the QMRA model, desalinated water would then
present the lowest risk of infection (data not presented). In this case, hands
would represent the main vehicle of infection for target pathogens.
Residents consuming filtered water were observed to be exposed to the lowest
risk of infection by Salmonella spp. and Giardia lamblia, followed by
‘chlorinated’ water and untreated water. It is relevant to mention here that these
residents may actually have been at a lower risk level because the third quartile
of E. coli counts (used to estimate target pathogens) was limited by the
detection limit. Moreover, the risk of infection posed by norovirus is likely to
have been much higher compared with that posed by the other target
pathogens because the parameters of the dose-response model used for
norovirus result in a higher risk outcome even for relatively low doses because
of the comparatively low infectious dose required. Independently of the
alternative water source used for drinking and the POU treatment used prior
to consumption, the risk of infection posed by the selected target pathogens
was much higher than the USEPA recommended safe level, especially in the
case of norovirus. Disability-Adjusted Life Year (DALY) was not used in this
study because of the lack of information needed to calculate this indicator,
including mortality and morbidity with regard to specific pathogens.
Despite the limitations described here, the use of QMRA models to assess the
effectiveness of WASH interventions to reduce risk was demonstrated to be of
great value when identical assumptions were used for all theoretical
interventions. Therefore, although the magnitude of the risk might not be
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predicted with great accuracy, the comparison of the risk of infection
outcomes is considered valid and the research was able to suggest the
combination of interventions that might most effectively reduce the risk of
infection, based on a transparent and consistent methodology. The innovative
approach taken here to a real public health issue may usefully form the basis
of evidence-based intervention plans to support the production of more
appropriate water safety plans for vulnerable communities living in semi-arid
and arid environments. These findings support those of Coulliette et al. (2013),
who also observed that QMRA models based on simple scenarios may
contribute to improved strategies for water safety planning.
The QMRA outcomes suggest that further improvements to health may be
achieved by treating drinking water, reducing cross-contamination between
water storage reservoirs and in-house drinking water storage containers, as
well as by hand hygiene promotion. It is important to note again here that all
variants that involved chlorination within the in-house drinking water storage
containers were not considered to be feasible, certainly within the context of
the Brazilian Sertão, but also perhaps within the context of many other
societies and communities. However, in order to reduce the risk of infection,
especially posed by norovirus, to a significant level, chlorination should ideally
be included.
From the evidence of this study, the most suitable combination of
interventions, with regard to potential health gain and social acceptability, is
probably chlorination within the water storage reservoir, followed by the use of
ceramic candle filters, combined with training on the safer handling and
storage of water and hand hygiene. In order to achieve successful
implementation of this combined intervention, it is important that the ceramic
filters are filled with activated carbon in order to reduce the chlorine taste of
the water. Moreover, government and communities should work together to
develop training programmes (including repeated follow-ups), in order to better
manage, operate and monitor the household chlorination of water storage
reservoirs, as well as to make sure that families have access to replacement
filters at an affordable price.
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Implementation of the suggested combination of interventions is likely to
decrease the risk of infection through other water-related activities because
water from water storage reservoirs that is directly used for clothes washing,
dish-washing, food preparation, etc., would be chlorinated. Moreover, hand
hygiene may also provide barriers to other microbial transmission routes such
as hand-to-mouth, food-to-mouth and fomite-to-mouth, etc. As mentioned
before, several assumptions have been necessary in order to develop this
QMRA and its most relevant limitations are presented below:
•

Prevalence data for target pathogens for symptomatic (humans only)
and

non-symptomatic

(all

animal)

infections

were,

in

many

circumstances, derived from studies undertaken in non-semi-arid
regions and cities, and in some cases in other countries;
•

The E. coli monitoring data accounted for spatial but not temporal
variations and it should be noted that all water quality monitoring was
undertaken during the rainy season;

•

Pathogen estimates were based on a low number of observations for
E. coli within certain components of the water supply system, especially
in the first six scenario variants;

•

Some assumptions, such as the number of animals present, proportion
of animals defecating in certain components of the water supply system,
proportion of microbial contribution to all components of the water
supply system, and land surface area affecting the microbial
contamination of hands, transport containers, water storage containers,
groundwater and surface water were entirely based on the researcher’s
observations and perception of the situation on the ground;

•

Many other assumptions inherent to the QMRA modelling process were
based on the evidence of previous studies that in many cases were
carried out under very different conditions and were subsequently
adapted where possible to the studied area according to the
researcher’s interpretation (i.e., the proportion of human faeces
transferred to hands, proportion of microorganisms transported during
rainfall run-off events, decrease of microorganisms from land surfaces
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and soakaways to water storage reservoirs and groundwater, natural
microorganism decay rates in different environments and removal rates
with regard to chlorination and filtration);
•

Some of the created PDF were based on literature data associated with
the researcher’s decision as to the distribution of the data. Other
parameters of the model could also be better represented by the
selected PDF but more information is needed to perform this task (e.g.,
the number of microorganisms excreted per gramme of faeces).
Therefore, point-estimate values were used in order to avoid the
inclusion of greater uncertainty in the parameter;

•

Dose-response models presented in the literature are also limited by
the low number of subjects investigated, which in most cases were
healthy individuals.

•

Finally, the outcomes of the QMRA were highly dependent on the
concentration of E. coli observed during water monitoring, which was
composed of a limited number of observations in most circumstances.
Moreover, the possible re-growth of E. coli created a level of uncertainty
around the ability of E. coli to indicate the presence of pathogens under
the specific conditions encountered in the rural communities studied.
However, the influence of this factor was found not to affect significantly
the assessment of WASH interventions.

7.3.

General discussion

The findings of this research suggest that, based on the information gathered
during household surveys, sanitary inspections, QMRA outcomes and the high
concentrations of FIO observed in several in-house drinking water storage
containers, the rural population of Northeast Brazil is highly likely to be at
considerable risk of diarrhoeal infections. These findings support those of
Marcynuk et al. (2013), who also found high prevalence of diarrhoeal diseases
in the ‘Agreste’ central region of Pernambuco, Brazil. The high risk in this case
is caused by many factors, including a lack of financial resources and
education about domestic/personal hygiene and practices that appear to be
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crucial factors in cross-contamination between various microbial transmission
pathways within the domestic environment. Moreover, the lack of water in
adequate quantities may also foster a culture of inadequate hand hygiene.
The complex extant water supply system of the rural Sertão, which
encompasses numerous water sources, further complicates the sustainable
provision of safe drinking water to the population. Water within water storage
reservoirs and in-house drinking water storage containers presented relatively
low microbial quality according to the WHO Drinking Water Quality Guidelines
(WHO, 2011c). However, although some authors observed that POU
treatment seems rarely if ever to be used as envisaged (Luby et al., 2008,
McLaughlin et al., 2009), ceramic candle filters were observed to be
particularly effective at removing FIO and these were considered a very
acceptable option according to residents of the rural communities studied.
The adequate implementation of specific interventions was shown to have the
potential to reduce risk of infection effectively. However, a combination of
barriers, including, but not limited to POU treatment and sanitation, should be
considered in order to control transmission pathways more effectively, and
consequently to reduce the risk of infection. Pinfold (1990) reported that the
main mechanism of contamination of domestic stored water in rural Thailand
was through inadequate water handling, a finding that corresponds with those
of this study. Developing awareness of water issues and promoting education
on domestic and personal hygiene and training on safe handling and storage
of drinking water were predicted to be critical interventions in reducing excretaborne diseases in the studied communities.
Continued efforts to educate and motivate private well-owners to inspect,
maintain, and test their water was suggested to reduce the spread of disease
in Wisconsin, US (Knobeloch et al., 2013). A similar approach, adapted for
local needs, might be equally useful for protecting the rural population of the
semi-arid regions of Brazil and elsewhere. Furthermore, ensuring access to
safe potable water for drinking and other domestic water-related activities,
such as dishwashing, showering and hand washing is widely considered to be
key to the success of all subsequent interventions, and therefore to the overall
reduction in the incidence of excreta-borne disease. It is also important to
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ensure that adequate education and training are provided to all stakeholders
involved in the provision of safe drinking water, particularly those social and
health workers responsible for communicating advice to rural populations.
All water tankers, including those from the municipal and army operations, are
required to display a visible label denoting ‘Potable Water’ and operators are
required to ensure that the water contains at least 0.5 mg/L of free chlorine
(MS, 2011). Although all tankers were indeed observed to carry notice claiming
their contents to be ‘potable’ water, the findings of this research indicate that
such waters are highly vulnerable to faecal contamination caused by the
inadequate disinfection (i.e., chlorination) and the variety of unprotected
sources (e.g., surface and groundwater) transported by these tankers.
However, as mentioned in section 7.1, microbial water quality appears to
deteriorate when water is stored within household water storage reservoirs and
in-house drinking water storage containers.
The multi-tiered approach developed in this research was observed to be a
highly effective way of identifying hazards and hazardous events, and
elucidating microbial transmission pathways along the water supply chain,
including within domestic environments. The monitoring programme was key
to identifying critical-control-points along the water supply chain, through the
detection of faecal indicator organisms (FIO). Furthermore, this process also
helped to identify positive and negative aspects of Brazilian programmes that
aimed to facilitate the safe and effective supply (and storage) of water to these
rural communities in this semi-arid region.
The collection of detailed household survey data was found to be challenging,
especially when participants were requested to report on rates of handwashing and the use of soap for showering, hand-washing and dishwashing.
It was soon suspected that some questions in the initial drafts of the
questionnaire encouraged inaccurate responses from participants. Indeed,
self-reporting of hand-washing behaviour has been criticised as unreliable in
the scientific literature because it is a socially desirable activity (Judah et al.,
2009) and observational research suggests that high self-reporting rates are
normally inflated (Harris Interactive, 2010). To support the collection of more
representative information on this issue, observation by the researcher of the
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interior of the house would have been desirable. However, such access was
seldom granted by residents during this study. Therefore, further research is
needed to capture and measure personal and domestic hygiene practices in
domestic settings more effectively.
Information gathered during household and sanitary surveys was valuable in
indicating at which stages of the water supply were contaminants potentially
introduced. Schematic diagrams depicting the complex water supply system
and associated microbial transmission routes within the domestic environment
in these rural communities were developed based on this initial (tier one)
fieldwork. This exercise elucidated potential transmission routes along the
water supply chain, and formed the basis of the conceptual scenarios used
during the QMRA. The most relevant potential microbial contamination
contribution from the various intermediate cross-contamination critical-controlpoints to the contamination of drinking water within the domestic environment
are represented semi-quantitatively on a simplified ‘traffic light’ basis in Figure
7.1.
The initial idea was that the first tiers would support the selection of criticalcontrol-points at which pathogens were more likely to be detected (using
qPCR) in tier three. Although one-litre water samples were demonstrated to
be sufficient for pathogen detection in a previous study of tanks containing
harvested rainwater in Australia (Ahmed et al., 2008), the concentrations of
Salmonella spp., Giardia lamblia and Cryptosporidium spp. in stored waters in
this study were found to be below the limit of detection, when one-litre samples
were analysed. An important objective of pathogen detection during the study
was to support QMRA development and to support validation of the outcomes.
Moreover, it would also have been of considerable value in identifying
relationships between levels of FIO and pathogens in water storage reservoirs
containing water of different sources.
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very low
low
medium
high
very high

Figure 7.1 – Flowchart demonstrating the potential contribution from various intermediate cross-contamination critical-control-points
to the risk of infection posed to rural communities of the Brazilian semi-arid.
= surface water;

= groundwater;

= contaminated hands;

= water tanker;

= water storage reservoir;

= land surface;

= bucket;

= soakaway;

= desalinated water reservoir;

= in-house water storage container;
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= drinking container;

= consumers.

Recognition of the source of faecal pollution (human versus non-human) in
water using microbial source tracking tools would be expected to enhance the
understanding of how and why water quality deteriorates within a specific
water system. Microbial source tracking is an emerging tool and has been
successfully used and subsequently recommended in previous studies
(Bianco et al., 2015, Krolik et al., 2016, Staley and Edge, 2016). Therefore, the
inclusion of an MST tier in future risk assessments may elucidate the reasons
for high concentrations of FIO as well as, potentially, the higher level of IE than
E. coli within water storage reservoirs. Additionally, further research to
elucidate the survival (and possible regrowth) of E. coli and intestinal
enterococci in the water supply systems of semi-arid regions (and hence their
relationship with common waterborne pathogens) would inform improved
human health risk analyses.
The usefulness of QMRA to support regulation and health-based treatment
targets, improve understanding of the system and set operational critical limits,
as well as supporting system planning and development has previously been
reported (Smeets et al., 2010, Coulliette et al., 2013, Petterson and Ashbolt,
2016, WHO, 2016a). The outcomes of the QMRA in this study, also suggest
that this tool can improve our understanding of the complex system assessed
and to assist the selection of effective interventions in support to the
development of water safety plans. Although a few individual interventions
resulted in a calculated reduction in the risk of infection, significant
improvements were only observed when combined interventions were
considered.
There is considerable debate as to the relative importance of water quantity
versus water quality, sanitation and hygiene education for protecting human
health (Esrey et al., 1985, Esrey et al., 1991, Curtis et al., 2000). However, the
apparent lack of knowledge regarding the most relevant interventions for
reducing diarrhoeal diseases should not be an excuse to ignore what has been
learnt to date. As demonstrated in the literature review, there have been
several WASH intervention studies that have shown the efficacy of specific
interventions, but only a few investigating combinations of interventions. In this
research, the QMRA outcomes related to the evaluation of single and
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combined interventions suggest that more significant results can be achieved
by a suitable combination of WASH interventions. Therefore, the use of
multiple barrier interventions, comprising a mix of water, sanitation and
hygiene is recommended in order to achieve the most significant reduction in
the annual risk of excreta-borne infections.
The implementation cost for the four recommended interventions (SV42) is
probably not beyond the financial constraints of the rural population in this
study, considering that chlorine tablets are already supplied by a government
programme. Some government investment to provide candle filters for the rural
households in the first instance would be required but the cost of this is likely
to be relatively low compared with the investments already put in place by the
Brazilian government programmes. The entire filter system, including two
reservoirs to store water prior to and following filtration plus ceramic candle
filters, currently costs around US$50. The ceramic candle filters should
normally be replaced every six months according to the supplier’s instructions
and the cost of each unit is currently approximately US$3.
The cost for training of householders to encourage long-term behavioural
change can vary significantly, depending on several factors, such as intensity
and duration of the training. This sort of intervention can be complex and take
a long time, and often has to be accompanied by follow-up training and further
meetings in order to facilitate full-acceptance by the community. Several
studies have reported multiple difficulties in implementing behavioural change
interventions (Pinfold, 1990, Makutsa et al., 2001, Curtis et al., 2001, Trevett
and Carter, 2008, UNICEF, 2012). Despite the challenges associated with the
implementation of these types of intervention, the CDC (2014) also suggests
that behavioural changes, including promotion of hand-washing, sanitation,
and safe food and water handling are crucial in order to ensure sustainable
safe water systems that maximise human health benefits.
Introducing domestic and personal hygiene education in schools has
previously been identified to be a highly effective way of ensuring long-term
behavioural change (O'Reilly et al., 2008, Dreibelbis et al., 2014) and should
therefore be vigorously promoted in these rural communities. Children have
been demonstrated to be more receptive to such new knowledge compared
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with adults (Gopnik et al., 2015), and it has been shown that when
handwashing becomes part of the daily routine in childhood it persists in
adulthood (Curtis et al., 2009, Lucas et al., 2014, Gopnik et al., 2015).
Based on the outcomes of this study, the development and implementation of
water safety plans could certainly help to decrease risks to human health to
some extent, but the effectiveness of a safety plan that focuses entirely on the
water supply chain would probably be limited as other environmental
transmission routes of excreta-related disease were identified within the
domestic setting. The findings of this study suggest that several additional
routes (related to inadequate hygiene and handling and storage of water)
contribute to the contamination of drinking water within the home. Furthermore,
potential microbial transmission routes and intermediate cross-contamination
critical points, that are not necessarily directly related to the provision of
drinking water, identified in this study, have also been previously observed in
several studies (e.g., De Wit, et al., 1979, Scott and Bloomfield, 1990,
Goldmann, 2000, Rusin et al., 2000, Humphrey, et al., 2001, Kagan, et al.,
2002 and Briceno and Yusuf, 2012).
The development of household WASH safety plans rather than water safety
plans (WSP) is therefore strongly recommended for the protection of human
health in rural communities of semiarid regions. Based on the same principles
and methodology of WSP, such WASH safety plans would serve to minimise
contamination of drinking water within the home. Moreover, such an approach
would serve to protect human health against excreta-borne diseases
transmitted through other microbial transmission routes identified within the
domestic environment (Figure 4.6) but considered beyond the initial scope of
this study. This research project was designed to investigate the risk of
infection posed by the drinking water route, though a second transmission
pathway (hand-to-mouth) was also added to the assessment step following
field observations. However, when developing a broader WASH safety plan,
the inclusion of not only hand-to-mouth but other microbial transmission routes
might contribute to a far better understanding of the interactions between these
transmission routes and their potential risk associated with each of the
hazardous events identified. This would certainly support the development of
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more effective and resilient health protection measures to reduce the burden
of human disease in the Brazilian Sertão and elsewhere.
Although the inclusion of pathogen data is likely to support the development of
more effective risk assessments, it is important to note that the enumeration of
pathogens is not currently viable in many low-resource settings, especially
rural areas. Although several previous researchers have criticised the use of
FIO to estimate the concentration of pathogens (Hunter et al., 2003, RamírezCastillo et al., 2015), in this situation, where the model was used to compare
various scenarios (SV7 to SV43), the pathogen estimates from E. coli counts
might be an acceptable alternative. This procedure has been used widely for
QMRA in previous research as well as in very recent studies (e.g., Bivins et al.
(2017), Fuhrimann et al. (2016)). Even when detecting the level of faecal
contamination using E. coli or any other FIO is not feasible (e.g., because of
resource limitations or lack of suitably qualified laboratory staff), the
development of simpler risk assessments using qualitative or semi-quantitative
approaches, based only on the information from the first tier used here
(household and sanitary surveys) is also likely to support the proposition here
for WASH safety plans. FAO/WHO (2009) suggests that where there are
obvious sources of risk that can be eliminated, one does not need to wait for
full quantitative risk assessment results to implement risk management
actions.
Effective engagement with the community is a very important step towards
guaranteeing the long-term resilience of WASH safety plans. These plans
should prioritise domestic and personal hygiene and sustainable access to
safe water in adequate quantities, as well as sanitation. Training on domestic
and personal hygiene is a potentially arduous process and should be
developed in an appropriate manner, allowing an extended period for
behavioural changes to be agreed and taken up by residents. Water treatment
and sanitation interventions should carefully consider the acceptability and
feasibility of such interventions. It is expected that WASH safety plans can
further protect human health through an effective control of water-related
diseases, including not only waterborne diseases but also water-washed and
water-related insect vector diseases, which were also observed to be relevant
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to the rural communities studied. It is to be hoped that findings of this research
will support the development of a WASH safety plan framework that can be
adapted to meet the needs of other regions facing similar issues.
In order to increase resilience, climate change should be considered during
the development of WASH safety plans, especially when implemented in semiarid regions. The predictions of lower volumes of precipitation as a result of
climate change in these areas (Marengo, 2008) should be taken into account
in order to provide sustainable solutions for water supply in adequate
quantities, even during severe drought. However, a distinct lack of research
into the potential and actual impact of climate change (especially with regard
to severe droughts) on the survival of enteric pathogens and indicator
organisms in the various components of water supply systems was evident to
the author from the extant literature. In a systematic review of the literature on
relationships between diarrhoeal diseases and temperature, rainfall, flooding
and drought, Levy et al. (2016) identified 141 articles but most of those
assessed the impact of temperature (74), flooding (40), heavy rainfall (31),
whereas only three investigated the impact of droughts.
Finally, the new JMP ladder for drinking water service level (Table 1.1) may
seem inappropriate to classify the services available to the rural communities
of the Brazilian semi-arid region. This new classification defines ‘safely
managed’, ‘basic’, ‘limited’, ‘unimproved’ and ‘no service’, and considers
accessibility, availability and quality of drinking water. However, during severe
droughts, many householders in these communities may not have water in the
water storage reservoirs for a period and though their water supply would be
classified as ‘basic’ (improved source within one-minute collection time), in
reality it would fall under the ‘no service’ category. In this case, these people
would potentially be in a life-threatening situation, even more perilous than
using surface water for example, because they would not have access to any
available source, consequently being forced to leave their homes.
Water quality is only considered within the ‘safely managed’ service level,
whereas the distinction between the ‘basic’ and ‘limited’ levels relates to the
distance from water collection points, closer proximity being associated with
the use of greater volume of waters, thereby improving hand hygiene practice,
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and consequently, reducing risk of illness (Wang and Hunter, 2010, Pickering
and Davis, 2012). Availability of water is only explicit at the ‘safely managed’
level, which refers to ‘available when needed’ in its definition. Finally, it is the
type of water source that differentiates between the following service levels: 1.
‘basic’ and ‘limited’ (both improved source) 2. ‘unimproved’ (unprotected dug
well or unprotected spring) and ‘no service’ (river, dam, lake, pond, stream,
canal or irrigation channel).
The findings of this study suggest that no service levels other than ‘safely
managed’ can guarantee accessibility and availability of drinking water under
the conditions of this region. Therefore, the development of an estimated
volume of water per person per day (or per household), such as that presented
by the WHO (2003), is suggested in order to enhance the reliability of
accessibility and availability indicators. This might better capture the level of
drinking water service in practice and support a better understanding of this
new classification, especially in semi-arid regions.
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Chapter 8. Conclusions and
recommendations
The multi-tiered risk-based approach to studying human excreta-borne
disease in the semi-arid region of Brazil developed here, which encompassed
the use of social and sanitary surveys, water monitoring and risk assessment
tools, was demonstrated to be an effective tool for elucidating critical pathways
for enteric disease transmission among water consumers in rural communities
of the Brazilian semi-arid region. Moreover, the combination of information
acquired in tier one (community surveys) with that acquired in tier two (water
monitoring for FIO) facilitated the formulation of a quantitative risk assessment
(QMRA) that supported the selection of the most appropriate interventions to
control excreta-borne diseases.
The principal conclusions and lessons learned during the execution of this
research are summarised as follows:
1. Household and sanitary surveys were successfully applied in these
rural communities and valuable information was gathered and
subsequently used to support the development of schematic diagrams
representing the water supply system and microbial transmission routes
within the domestic environment. Surveys and observations undertaken
during field work were fundamental to identifying hazards and
hazardous events as well as to developing a conceptual model for the
risk assessment step and elucidating the effectiveness of Brazilian
programmes to counter the impact of drought on the rural populations
of the Brazilian semi-arid region;
2. The results of the water quality monitoring programme, which were
based on the enumeration of faecal indicator organisms (E. coli and
intestinal enterococci), suggested that water can become heavily
contaminated during household water storage (both within outdoor
reservoirs and indoor containers), and therefore, more attention should
be directed to protecting the water at the household level;
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3. It

was

concluded

that

several

intermediate

microbial

cross-

contamination pathways within the domestic environment, associated
with the hazardous events at the household level, are highly likely to
cause deterioration of water quality through the water supply chain prior
to consumption, consequently increasing risk;
4. Unfortunately, despite efforts to collect and process one-litre water
samples for pathogen quantification, detection of microbial pathogens
failed by PCR. Because of the difficulties associated with collecting the
high volumes of water required, it was reluctantly concluded that this
procedure is very unlikely to be applicable for routine use in low-income
rural settings though its potential use in future research studies should
not be dismissed;
5. QMRA outcomes based on E. coli enumeration suggest that the
drinking water route, independently of the water source used, poses a
relatively high risk of infection (by Salmonella spp., Giardia lamblia and
norovirus) to the rural population of the communities studied. The handto-mouth route was observed to pose a slightly lower risk compared with
the drinking water route but still represented a significant level of risk to
human health. Passing water through ceramic candle filters within the
household was predicted to lower concentrations of faecal indicator
organisms (FIO) significantly, and therefore this process would lead to
lower risk of infection for all the target pathogens. Given filtration’s high
level of local public acceptance, this intervention would be highly likely
to reduce the burden of human waterborne disease;
6. The use of this novel approach to assessing critical microbial
transmission routes represents an effective way to set out the evidence
in support of health-based strategies to reduce waterborne disease.
Single interventions were observed to be insufficient to achieve
significant health gains, whereas a combination of interventions (to
include water treatment, hand hygiene and training on the safe handling
and storage of drinking water) was demonstrated to have the potential
to reduce significantly levels of excreta-borne diseases transmitted
through the drinking water route;
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7. Finally, although the development and application of traditional water
safety plans might offer adequate protection of drinking water quality at
the point-of-use, it appears not necessarily to ensure the consumption
of consistently potable water. Moreover, other identified disease
transmission routes (related to inadequate personal and domestic
hygiene) within the home are thought to be responsible for significant
levels of human infection in these communities. Therefore, WASH
safety plans, to include aspects related to water, sanitation and hygiene
(domestic and personal) are recommended for rural communities in the
semi-arid in order to reduce the incidence of excreta-borne diseases
and to thereby improve the public health.

8.1.

Practical recommendations

From the conclusions of this study, specific practical recommendations to
reduce excreta-borne diseases in the rural communities of the Brazilian semiarid can be made and these are listed below:
1. More effort should be directed towards raising awareness among local
inhabitants with regard to water, sanitation and hygiene issues within
the domestic environment. Moreover, in order to reduce the incidence
of excreta-borne diseases, more attention should be given to ‘soft
interventions’, such as promoting adequate health and safety training
relating to personal and domestic hygiene, as well as to the ‘safe’
handling and storage of drinking water within the home. Furthermore,
such training should ideally be incorporated into the teaching syllabus
of local schools;
2. Adequate training, combined with additional following-up visits by social
and health professionals, should be provided to support both the rural
communities and all staff involved in the government programmes to
supply water to these communities;
3. The development of long-term resilient interventions should seek the
robust and sustained engagement of all stakeholders and so it is
essential that the public acceptance of suggested interventions is also
considered. The outcomes of this study suggest that a combination of
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interventions, including water treatment, training on the ‘safe’ handling
and storage of water and hand hygiene, would most effectively reduce
the risk of infection by excreta-borne diseases in these communities;
4. It is also recommended that ceramic candle filters should be promoted
because of their high level of social acceptability and observed efficacy
in reducing microbial contamination of water. Moreover, these filters
should include an activated carbon component (commercially available)
to enhance the social acceptability of a previous chlorination step within
the water storage reservoir;
5. One of the most serious water-related problems in this area is water
scarcity. Based on the observation that larger cisterns (52m3) from the
government programme P1+2 (which were mostly used for agriculture
and livestock rearing) always contained relatively high volumes of
stored water due to larger harvesting area, it is suggested that these
could be used to harvest and store water for domestic use as well.
Although slightly higher levels of turbidity were observed in cisterns
storing harvested ground run-off rainwater, no significant differences
were observed in the microbial quality of their contents compared with
that of the cisterns installed under the P1MC programme (harvesting
roof run-off systems). If such a change in policy were implemented, a
considerable decrease in the costs of water transportation (tankering)
would be expected, and this economic saving could potentially be used
to support interventions to improve and protect water quality that would
consequently benefit the health of the community;
6. The current government programmes could also benefit from the
development of guidelines for the construction and management of
rainwater harvesting systems and adequate septic tanks. Furthermore,
in order to increase the effectiveness of the water chlorination
programme, it is recommended that levels of free chlorine within water
storage reservoirs are regularly analysed and controlled by a trained
member of the community. Moreover, more attention should be paid to
the adequate chlorination of water within the water tankers and to
controlling free chlorine residual levels through a far more robust
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monitoring protocol prior to distribution, which is in fact required under
Brazilian law.

8.2.

Recommendations for future research

Based on the author’s assessment of the potential limitations of this study and
his identification of knowledge gaps during the development of this research,
four recommendations are made for future research:
1. Further research to investigate and elucidate the survival and potential
growth of E. coli and intestinal enterococci in water storage reservoirs
(including water column, sediments and biofilms) as well as the survival
and fate of somatic coliphages, especially in semi-arid regions is
recommended in order to support the development of adequate action
planning and management of drinking water supplies. This would also
further elucidate the appropriateness of candidate faecal indicator
organisms as pathogen surrogates in future QMRA studies;
2. There is a clear need for more studies into the impact of climate change
on the fate and survival of enteric microorganisms, especially enteric
pathogens in soil and water under drought conditions;
3. Further research to provide more effective ways to capture and
measure personal hygiene practices within the domestic environment
would help the development of plans and monitoring programmes to
support programmes to reduce infectious diseases, especially in rural
areas;
4. Finally, there is a clear demand for further studies to elucidate the most
relevant excreta-borne transmission routes within the domestic
environment, including not only the drinking water-to-mouth and handto-mouth routes but also other routes identified during the research
described here, such as hand-to-fomite-to-mouth, hand-to-food-tomouth, etc. Moreover, future studies should focus on the benefits and
limitations of multiple interventions in rural communities, using a
combination of epidemiological, quantitative and qualitative risk
assessment methods.
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Appendix 1 – Final version of the questionnaire applied to residents of rural
communities selected for this study (original and translated versions).
Questionário “Checklist” para residentes
Número do questionário: ____
Comunidade: ________________________________
Identificação da residência: ____________________
1. Número de residentes: _____
2. Caracterização demográfica dos residentes
Residente

Idade

Gênero

Informante
2
3
4
5
6
7
Gênero – feminino(F); masculino (M)
3. Você tem problema com falta de água em algum período do ano?
( ) Não
( ) Sim
Sistema de abastecimento de água:
4. Quais são as fontes de água que você utiliza?
( ) água dessalinizada (a)
( ) água de chuva coletada no telhado (b)
( ) agua de chuva coletada no terraço (c)
( ) poço particular (d)
( ) poço comunitário (e)
( ) carro-pipa do exército(f)
( ) carro pipa da prefeitura (g)
( ) barreiro (h)
( ) outra: ______________
5. Sistema utilizado para armazenar essas águas?
( ) Cisterna 1 (P1MC): _____________
( ) Cisterna 2 (P 1+2): _____________
( ) Cisterna 3 (Privada): _____________
( ) Pote de barro: ___________
( ) Container de plástico (vol: ____): ____________
6. Sistema utilizado para a coleta da água da cisterna para o recipiente de água para
beber.
( ) Bomba manual
( ) Baldes com corda
( ) Bomba elétrica
( ) Outro: __________
7. Qual a frequência de limpeza da cisterna?
( ) Pelo menos uma vez por ano
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( ) Pelo menos uma vez a cada 2 anos
( ) Quando a cisterna fica seca
( ) Nunca
( ) Outro: ________
8. Qual o procedimento de limpeza da cisterna?
( ) Somente água
( ) Água e sabão
( ) Produtos a base de cloro
( ) outro: _______________
9. As cisternas são conectadas à um sistema de distribuição?
( ) Não
( ) Sim
Se sim, onde chega essa água encanada?
_________________________________________________________________________
_________________________________________________________________________
10. Qual a fonte de água utilizada para beber?
( ) Cisterna 1 (P1MC)
( ) Cisterna 2 (P 1+2)
( ) Cisterna 3 (Privada)
( ) Pote de barro
( ) Container de plástico
11. A sua água para beber passa por algum tipo de tratamento?
( ) Não
( ) Aplicação de cloro
( ) Filtro de cerâmica
( ) Outro
12. Qual o recipiente utilizado para armazenar água para beber no interior da sua casa?
( ) Filtro de cerâmica acoplado a um reservatório de barro
( ) Pote de barro
( ) Reservatório de plástico (20L)
( ) Balde
( ) Outro: _____________
13. O recipiente utilizado para armazenar agua para beber no interior da residência
possui tampa?
( ) Sim
( ) Não
( ) Não se aplica
14. Qual o procedimento para a retirada de agua para beber do recipiente?
( ) torneira
( ) caneca
( ) outro: ______________
15. Qual a frequência de limpeza desse recipiente que armazena água para beber?
( ) Toda vez que faz uma nova coleta de água
( ) Pelo menos uma vez por semana
( ) Pelo menos uma vez por mês
( ) Nunca
16. Qual a forma de limpeza desse recipiente?
( ) Somente água
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( ) Água e sabão
( ) Produtos a base de cloro
( ) Outro: _______________
Saneamento e higiene:
17. A sua residência possui banheiro? Tem vaso sanitário ou latrina?
( ) Não
( ) Sim Qual tipo? _______________
Dentro ou fora da residência? ( ) Dentro; ( ) Fora
18. Qual é o destino final da água do vaso sanitário ou latrina?
( ) Tanque séptico
( ) Sumidouro
( ) Lançamento no solo através de tubulação
19. Qual a frequência de limpeza da fossa ou outro sistema usado (remoção dos
dejetos)?
( ) Uma vez por ano
( ) Uma vez a cada 2 anos
( ) Quando o sistema fica cheio
( ) Nunca foi feita
( ) Não sabe
20. Qual o destino final de lixo?
( ) Queima
( ) Enterra
( ) Existe coleta de lixo
( ) Não sabe
21. Como você toma banho?
( ) Chuveiro
( ) Caneca
( ) Outro: ____________
22. Qual o volume aproximado de água utilizado para banho?
(____) litros
23. Qual o destino final da água utilizada para banho?
( ) Mesmo sistema que o esgotamento sanitário
( ) Quintal
( ) Rega de árvores frutíferas no quintal
( ) Outro:_____________
24. Os moradores tiveram algum tipo de treinamento para as seguintes atividades?
Atividade

Sim

Não

Manutenção e limpeza de cisternas
Coleta e transporte de água das cisternas de forma a evitar contaminação
Armazenamento de água de forma a evitar contaminação
Manutenção e limpeza de fossas sépticas
Práticas adequadas de hygiene pessoal e geral no domicílio para evitar
contaminação
Observações e comentários adicionais:
_________________________________________________________________________

191

Questionnaire applied to residents
Questionnaire number: ____
Community: ________________________________
House ID: ____________________
1. Number of residents: _____
2. Demographic characterisation of residents
Residents

Age

Gender

Informant
2
3
4
5
6
7
Gender – female (F); male (M)
3. Do you experience lack of water during some time in the year?
( ) No
( ) Yes
Water supply system:
4. What are the sources of water that you use?
( ) Desalinated water (a)
( ) Harvested roof run-off rainwater (b)
( ) Harvested rainwater collected through cemented area (c)
( ) Private well (d)
( ) Community well (e)
( ) Army tanker (f)
( ) Tanker operated by the local government (g)
( ) Dew-pond (h)
( ) Other: ______________
5. What storage reservoir is used to store water?
( ) Cistern 1 (P1MC): _____________
( ) Cistern 2 (P 1+2): _____________
( ) Cistern 3 (Privada): _____________
( ) Clay pot: ___________
( ) Plastic container (vol: ____): ____________
6. How do you collect water from the storage reservoir?
( ) Manual pump
( ) Bucket tied to a rope
( ) Electric pump
( ) Other: __________
7. How often do you clean the storage reservoir?
( ) At least once a year
( ) At least once every two years
( ) When storage reservoir runs out of water
( ) Never
( ) Other: ________
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8. What is the procedure to clean the storage reservoir?
( ) Only water
( ) Water and soap
( ) Chlorine-based products
( ) Other: _______________
9. Does the storage reservoirs are connected to a distribution system?
( ) No
( ) Yes
If yes, what are the points that have distributed water?
_________________________________________________________________________
_________________________________________________________________________
10. What is the source of water used for drinking?
( ) Cistern 1 (P1MC)
( ) Cistern 2 (P 1+2)
( ) Cistern 3 (Privada)
( ) Clay pot
( ) Plastic container
11. Does drinking water receives any treatment before consumption?
( ) No
( ) Addition of chlorine
( ) Ceramic candle filter
( ) Other
12. What container is used to store drinking water in-house?
( ) Ceramic candle filter attached to a Clay pot
( ) Clay pot
( ) Plastic container (20L)
( ) Bucket
( ) Other: _____________
13. Does this container present a lid?
( ) Yes
( ) No
( ) Do not apply
14. What procedure is used to collect water for drinking?
( ) Tap
( ) Cup
( ) Other: ______________
15. How often do you clean the in-house drinking water container?
( ) Always when water is added
( ) At least once a week
( ) At least once a month
( ) Never
16. How do you clean the in-house container?
( ) Only water
( ) Water and soap
( ) Chlorine-based products
( ) Other: _______________
Sanitation and hygiene:
17. Does your property have a bathroom? (Kind of toilet)

193

( ) No
( ) Yes Which type? _______________
Is it indoor or outdoor? ( ) Indoor; ( ) Outdoor
18. What is the final destination of the water from the toilet?
( ) Septic tank
( ) Soakaways
( ) Soil disposal through pipes
19. How often do you clean the septic tank/soakaways (removal of material)?
( ) Once a year
( ) Once every two years
( ) Whenever the system gets filled up
( ) Never done
( ) Do not know
20. What is the final destination of solid waste?
( ) Burn
( ) Bury
( ) There is a collection service
( ) Do not know
21. What type of device do you use for bath/shower?
( ) Head-shower
( ) Cup
( ) Other: ____________
22. What is the approximate volume of water used for bath/shower?
(____) litres
23. What is the final destination of the water used for bath/shower?
( ) Same system used for toilet water disposal
( ) Backyard
( ) Use it to water fruit trees in the backyard
( ) Other:_____________
24. Did any of the residents have some sort of training to perform the following
activities?
Activity

Yes

No

Cleaning and maintenance of cisterns
Collection and transportation of water from storage reservoirs to in-house
containers in a way to avoid contamination
Storage of water adequately, avoiding contamination
Cleaning and maintenance of septic tanks
Adequate training on domestic and personal hygiene
Observation and additional comments:
_________________________________________________________________________
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Appendix 2 – Consent form provided to residents during field work in rural
communities of the Brazilian semi-arid (original and translated versions).
TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
UNIVERSIDADE DE BRIGHTON – UoB – UK EM PARCERIA COM A
UNIVERSIDADE FEDERAL DE CAMPINA GRANDE – UFCG
Esta pesquisa é sobre o desenvolvimento de um estudo da qualidade da água e condições
de saneamento em comnunidades rurais do sertão brasileiro e está sendo desenvolvida por
Mario Rodrigues Peres, aluno do curso de doutorado da Universidade de Brighton - UK, sob
a orientação dos professores Huw Taylor, James Ebdon e Sarah Purnell.
Os objetivos desse estudo de campo são o de investigar as condições de abastecimento e
saneamento nas comunidades rurais do sertão bem como coletar e analisar a qualidade das
águas para o consumo e avaliar os riscos microbiológicos oferecidos à população residente
nessas comunidades. A finalidade deste trabalho é contribuir para o melhoramento das
condições de abastecimento de água bem como o desenvolvimento de recomendações para
a implementação de planos de segurança de água em comunidades rurais do Sertão
brasileiro em suporte às metas para o desenvolvimento sustentável estabelecidos pelas
Nações Unidas.
A sua participação na pesquisa é voluntária e, portanto, o(a) senhor(a) não é obrigado(a) a
fornecer as informações e/ou colaborar com as atividades solicitadas pelo pesquisador. Caso
decida não participar do estudo, ou resolver a qualquer momento desistir do mesmo, não
sofrerá nenhum dano, nem haverá modificação na assistência que vem recebendo de
qualquer instituição (quando for o caso).
Solicito sua autorização para apresentar os resultados deste estudo em eventos na área de
saúde pública (e correlatos) e publicar em revista científica. Por ocasião da publicação dos
resultados, sua identidade será mantida em sigilo.
O pesquisador estará a sua disposição para qualquer esclarecimento que considere
necessário em qualquer etapa dessa pesquisa.
Diante do exposto, declaro que fui devidamente esclarecido e dou o meu consentimento para
participar da pesquisa e para publicação dos resultados.

_______________________________

________________________________

Assinatura do Participante da Pesquisa

Assinatura do Pesquisador Responsável

OBS: (em caso de analfabeto - acrescentar)
______________________________________
Assinatura da Testemunha
Escola de Meio Ambiente e Tecnologia
Universidade de Brighton – UoB – UK
Universidade Federal de Campina Grande – UFCG
Email: m.peres@brighton.ac.uk
Telefone: (83) 987377116

195

CONSENT TERM
UNIVERISTY OF BRIGHTON – UoB – UK WITH COLLABORATION OF
FEDERAL UNIVERSITY OF CAMPINA GRANDE - UFCG
This research is about a study of the water quality and sanitation condition in rural communities
of the Brazilian Sertão and has been conducted by Mario Rodrigues Peres, who is a PhD
student at University of Brighton – UK, under the supervision of Prof. Huw Taylor, Dr. James
Ebdon and Dr. Sarah Purnell.
The aim of this study is to investigate the water supply and sanitation condition in rural
communities of the semi-arid region as well as to collect and analyse water samples to
evaluate the water quality and to assess the microbial risks posed to the rural population. It is
expected that the findings of this survey can contribute to the improvement of the water supply
systems and to the development of recommendations to support the implementation of water
safety plan in rural communities of the semi-arid of Brazil to support the achievement of the
sustainable development goals stablished by the United Nations.
The participation in this research is optional, and therefore, you are not obligated to provide
information and/or collaborate with the activities requested by the researcher. If for any reason,
you decide not to participate or if you want to withdraw from this study at any moment, it is
totally fine and you will not have any problem with the social assistance received from any
institution (when this is the case)
I would like to have your authorisation to present the outcomes of this study in events related
to public health (and similar) as well as to publish these in scientific journals. In any case, your
identity and confidential information will not be disclosure.
The researcher will be available for any clarification that you consider necessary during the
survey period.
I agree with what was previously exposed in this document and I agree to participate in this
research as well as I allowed the publication of the outcomes.

_______________________________

________________________________

Signature of Participant

Signature of Researcher

P.S.: (if not alphabetised, add witness)
______________________________________
Signature of Witness
School of Environment and Technology
University of Brighton – UoB – UK
Federal University of Campina Grande – UFCG
E-mail: m.peres@brighton.ac.uk
Phone number: (83) 987377116
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Appendix 3 – Final version of the sanitary inspection form used to evaluate
sanitary condition of RWHS and water storage reservoirs (original and
translated versions).

Pesquisa sanitária de campo (nível residencial)
Comunidade: ________________________________
Número do questionário: ______
Sistema de coleta de água de chuva
1. Condições do telhado e calhas.
( 1 ) Aparentemente limpa com ausência de folhas, galhos e detritos
( 3 ) Aparentemente sujo com presença de folhas e/ou galhos e/ou detritos e/ou fezes de
animais
2. Presença de “first-flush” no Sistema de coleta de água de chuva.
( 1 ) Sim, aparentemente em boas condições
( 2 ) Sim, mas não funciona adequadamente
( 3 ) Não existe
3. Condições da tubulação de transporte de água para a cisterna.
( 1 ) Aparentemente em boas condições
( 2 ) Aparentemente em péssimas condições (rachaduras ou conexões mal encaixadas)
Cisterna
4. Presença de cerca para a proteção da entrada de animais na área da cisterna.
( 1 ) Sim
( 2 ) Não
5. Condições físicas da cisterna que armazena agua para beber.
( 1 ) Ausência de rachaduras aparentes com tampa aparentemente bem selada.
( 2 ) Presença de rachaduras visíveis na parte superior ou lateral da cisterna e/ou com tampa
com selamento comprometido
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Sanitary inspection (household level)
Community: ________________________________
Questionnaire number: ______
Rainwater harvesting system
1. Roof and gutter condition.
( 1 ) Apparently clean, absence of leaves, branches and detritus
( 2 ) Apparently dirty with the presence of leaves and/or branches and/or detritus and/or animal
faeces
2. Presence of a first-flush device in the rainwater harvesting system.
( 1 ) Yes, apparently in good condition
( 2 ) Yes, but is not functioning adequately
( 3 ) Does not exist
3. Condition of pipes transporting water from the roof to the cisterns.
( 1 ) Apparently in good condition
( 2 ) Apparently in bad condition (cracks and/or poor connections)
Cistern
4. Presence of fence to avoid the access of animals in the cistern area.
( 1 ) Yes
( 2 ) No
5. Physical condition of cisterns that storage water for drinking purposes.
( 1 ) Absence of apparent cracks with lid apparently well sealed
( 2 ) Presence of visible cracks on the top or lateral of cisterns and/or with lid not presenting
adequate sealing
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Appendix 4 – Supporting information for the development of QMRA.
1. Hazard Assessment

As mentioned in section 2.1.2.1, the incidence of diarrhoea caused by rotavirus has
significantly decreased in Northeast Brazil following a national government
vaccination programme. Therefore, norovirus was selected to represent viral
pathogens, as Nakagomi et al. (2008) observed a high prevalence of norovirus among
diarrhoeic children up to five years of age during a study in Recife, Pernambuco,
Brazil. For protozoal pathogens, Giardia lamblia was chosen because of its significant
prevalence as a cause of diarrhoeal disease in the Brazilian Northeast, as observed
by Moreno et al. (2010). Although Cryptosporidium oocysts have demonstrated longer
survival compared with Giardia cysts in warm environments (20-30ºC) (Guan and
Holley, 2003), more recent data on the prevalence of Cryptosporidium spp. in the
northeast of Brazil were not found in the literature.
Enteroaggregative E. coli (EAEC) and Salmonella spp. were selected as potential
target bacterial pathogens. In both studies that investigated the prevalence of E. coli
pathotypes, Bueris et al. (2007) and Moreno et al. (2010) observed high prevalence
of pathogenic E. coli among diarrhoeic children under ten and two years of age,
respectively. The most frequently isolated E. coli in both studies was EAEC. Although
Salmonella spp. presented lower prevalence in association with human diarrhoeal
illness compared to EAEC, this pathogen was observed to survive longer than E. coli
O157:H7, Campylobacter spp., Giardia cysts and Cryptosporidium oocysts in warm
water and soil (20-30ºC) (Guan and Holley, 2003). Moreover, Salmonella spp. appear
to be more prevalent in animal reservoirs (Appendix 4) compared to all other target
pathogens. Therefore, Salmonella spp. were selected to represent the bacterial group
in the QMRA as it was considered that they would better represent the zoonotic
diseases prevalent in the area.
It is important to mention that Moreno et al. (2010) did not investigate the presence of
Salmonella spp. in carriers, and therefore, for the sake of this exercise, the prevalence
of Salmonella spp. for carriers was obtained from a study by Orlandi et al. (2006), who
observed a prevalence of 2.2% among children up to two years of age in Porto Velho,
RO. Moreover, there was no available information on the prevalence of norovirus with
regard to asymptomatic infection in any of the 33 selected papers, and therefore, this
value was drawn from a study to investigate the prevalence of norovirus among
children in rural communities of Vhembe district, South Africa (Kabue et al., 2016).
The authors found a percentage ratio of 0.876 between asymptomatic and
symptomatic cases.
According to IBGE (2015), the most prevalent animals related to livestock activities in
the four municipalities including the rural communities, are cattle (18852), goats
(18673), chicken (16358), sheep (13280) and pig (2878). The presence of dogs and
cats was also observed during the field work. Moreover, the presence of birds was
only occasionally noticed. However, bird droppings were also expected to increase
the microbial contamination of harvested roof run-off rainwater. Identification of
relevant birds in the area was not performed but as a few pigeons were observed in
the study area, this genus (Columba) was selected to represent the bird group.
Furthermore, this genus of bird is commonly found in urban and rural areas of Brazil.
Relevant animal reservoirs associated with each target pathogen, as well as the
prevalence of each target pathogen in relevant animals to support the exposure
assessment, were drawn from the literature.
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It is important to mention that literature describing studies in Brazil (ideally in the
Northeast) were preferentially chosen, but in many cases, it was necessary to adopt
data of prevalence from other regions or even other countries. Moreover, in some
circumstances, data from two different studies were combined to generate the
prevalence of certain target pathogens, such as in the case for the prevalence of G.
lamblia assemblage A in cattle. The prevalence of Giardia lamblia in cattle (43%)
observed during a research undertaken in Viçosa, MG, Brazil (Dias et al., 2008) was
multiplied by the prevalence of G. lamblia assemblage A (20%) also in cattle observed
by Souza et al. (2007), resulting in an estimated prevalence of G. lamblia assemblage
A in cattle of 8.6% for the risk assessment.
It is relevant to mention that most of research recorded in the literature did not report
the presence of norovirus and Giardia lamblia assemblage A in faeces of animals.
However, to represent the worst-case scenario, values for Giardia lamblia
assemblage A were assumed whenever prevalence of these microorganisms in
faeces of animals was reported.
•

1.1.
Description of target pathogens
Salmonella spp. (non-typhoidal)

Non-typhoidal Salmonella refers to all Salmonella serovars other than Salmonella
serovar Typhi, Salmonella serovar Paratyphi, and Salmonella serovar Hirschfeldii,
which are transmitted mainly from person to person (CFSPH/IICAB, 2013). Most nontyphoidal Salmonella spp. are zoonotic and represent an important human and animal
pathogen worldwide, the foodborne route probably being the most relevant pathway
(CFSPH/IICAB, 2013, Chen et al., 2013). However, non-typhoidal Salmonella can
survive several weeks in a dry environment and several months in water (Guan and
Holley, 2003, WHO, 2016b), and, therefore, the drinking water route might also play
an important role in the transmission of salmonellosis. Several human Salmonella
serovars have been isolated from other animal hosts and linked to human
salmonellosis outbreaks (Hoelzer et al., 2011). For instance, ubiquitous serotypes,
such as Salmonella Enteritidis or Salmonella Typhimurium are known to generally
cause gastrointestinal diseases in various animals, including humans (Tamamura et
al., 2011, Chen et al., 2013). These two serovars are believed to be responsible for
most salmonellosis cases among humans worldwide (Voetsch et al., 2004, Braden,
2006, Shinohara et al., 2008, de Freitas Neto et al., 2010, Deng et al., 2014, Drumo
et al., 2016).
Both Salmonella serovars - Enteritidis and Typhimurium - have been observed in
various animals, including cattle (Tamamura et al., 2011, Kagambèga et al., 2012,
Bahnass et al., 2015), goat (Molla et al., 2006, Duffy et al., 2009), sheep (Molla et al.,
2006, Bahnass et al., 2015), pig (Sekyere and Adu, 2015, Lopez-Martin et al., 2016),
chicken (Orji et al., 2005, García et al., 2011, Kagambèga et al., 2013), cats (Hill et
al., 2000), dogs (Jay-Russell et al., 2014, Reimschuessel et al., 2017), pigeons
(Pasmans et al., 2003, Bahnass et al., 2015), and other domesticated and wild
animals (Hoelzer et al., 2011), such as horses, rodents, domestic and non-domestic
birds, reptiles and amphibians. This section focused on two serovars that appear to
be the most prevalent worldwide but other non-human reservoirs and several
Salmonella serovars that are of public health importance were not discussed. Further
information on the public health significance, epidemiology and reservoirs of
Salmonella spp. is presented by (Hoelzer et al., 2011). The US Centers for Disease
Control and Prevention (CDC) has complementary information on prevention,
diagnosis and treatment of disease caused by these organisms.
• Giardia lamblia
The terms Giardia lamblia, Giardia intestinalis and Giardia duodenalis all refer to the
same microorganism species and are used interchangeably in the extant literature
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(Xiao and Fayer, 2008b). In a review of giardiasis in the United States, including cases
reported to the Centers for Disease Control and Prevention (CDC), Adam et al. (2016)
observed that most reported giardiasis outbreaks were associated with waterborne
transmission. The authors also noted several studies linking giardiasis outbreaks to
recreational waters (including venues at which the water was disinfected - i.e.,
swimming pools - and untreated natural waters) and to poor hygiene practices, such
as lack of hand washing and presence of infectious (sometimes asymptomatic) food
workers.
G. lamblia has been divided into at least seven genetic assemblages, A to H
(Coronato Nunes et al., 2016), of which assemblages A and B have been globally
isolated from humans and detected in other animals, thereby being potentially
zoonotic (Cacciò and Ryan, 2008, Xiao and Fayer, 2008a, Thompson et al., 2008,
Cacciò and Sprong, 2010). Other genotypes, such as C and D, have been detected
in domestic and wild canines, E in domestic ruminants and pigs, F in cats, G in mice
and rats and H in seals (Feng and Xiao, 2011). However, a recent study undertaken
in a rural setting unexpectedly detected assemblage E at a high percentage (62.5%)
among human samples but the distribution among diarrhoeal cases and carriers was
observed to be 42% and 81%, respectively (Abdel-Moein and Saeed, 2016).
Zoonotic assemblage A has been detected in various animals during studies to
investigate the prevalence of Giardia spp. through molecular analysis, although its
prevalence has been observed to be very low compared with other genogroups. For
instance, in research undertaken in Ethiopia, Wegayehu et al. (2016) observed a
prevalence of about 10% for G. lamblia during a genotyping study of calves but only
4.7% of isolates were identified as assemblage A, whilst 95% were assemblage E.
Giardia lamblia assemblage A has been isolated from cattle (Souza et al., 2007,
Uehlinger et al., 2011, Feng and Xiao, 2011, Minetti et al., 2014, Ehsan et al., 2015),
goat (Geurden et al., 2008, Tzanidakis et al., 2014), sheep (Santín et al., 2007,
Geurden et al., 2008, Lebbad et al., 2010, Tzanidakis et al., 2014, Minetti et al., 2014,
Liu et al., 2014), pig (Armson et al., 2009), chicken (Berrilli et al., 2012), dog (Volotão
et al., 2007, Lebbad et al., 2010, Covacin et al., 2011, Caseca Volotão et al., 2011,
Berrilli et al., 2012) and cat (Souza et al., 2007, Lebbad et al., 2010). In recent
research to investigate microbial and parasitological zoonotic agents in apparently
healthy feral pigeons in Perugia, Italy, Marenzoni et al. (2016) did not detect Giardia
spp. or Cryptosporidium spp. In contrast, da Cunha et al. (2017) isolated G. lamblia
assemblage A from a captive bird (toco toucon) during research undertaken in Belo
Horizonte, Brazil. More information on Giardia lamblia, with regards to diagnosis, risk
factors, prevention and control, symptoms and treatment, is available on the Centers
for Disease Control and Prevention (CDC).
• Norovirus
Norovirus was first observed in 1968 during a human outbreak of gastroenteritis in
Norwalk, Ohio, which initially gave the name Norwalk-type virus to this strain (Adler
and Zickl, 1969). Norovirus infections are the major single cause of gastroenteritis
cases and outbreaks worldwide (Glass et al., 2009, Green, 2013). The norovirus
genus is divided into seven genogroups, which can be further subdivided into more
than 40 genotypes (Vinje, 2015). Norovirus GII.4 has been observed to be the
predominant norovirus genotype associated with human infection (Kumazaki and
Usuku, 2015).
Norovirus genogroup GI has been detected in humans, GII in humans, cattle (Mattison
et al., 2007) and pigs (Sugieda et al., 1998, Mattison et al., 2007), GIII in cattle (Woode
and Bridger, 1978, Mattison et al., 2007) and sheep (Wolf et al., 2009), GIV in
humans, dogs (Martella et al., 2008) and cats (Pinto et al., 2012), GV in mice (Karst
et al., 2003) and GVI in dogs (Mesquita et al., 2010). However, it is not clear to date
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whether these animals can act as a reservoir of human genotypes. Only one study
reported the detection of GII.4 in cattle and pigs from farms at a very low level
(Mattison et al., 2007), and therefore the contribution to norovirus loads along the
water supply chain was assumed to be exclusively from human excreta. Further
information on the epidemiology, transmission models, and clinical symptoms of
Norovirus is presented by de Graaf et al. (2017).
1.2.
Hazardous events identified in the rural communities
The hazardous events identified along the water supply system, which might
contribute to the microbial contamination of water, and within the domestic
environment are presented in Table A1.1 and Table A1.2, respectively. Not all
hazardous events were considered in the risk assessment but only the ones related
to the microbial routes identified and illustrated in Figure 4.7.
Table A1.1 – Microbial hazardous events identified along the water supply system in
rural communities.
Water supply
stage

Water sources

Harvesting area
and transportation

Water storage
reservoirs (WSR)

Transfer
containers (TC)

Hazardous events
Percolation/infiltration of microbes from animal
faeces deposited on land surfaces during rainfall
events
Leaking/infiltration of microbes from human faecal
material deposited in pit-latrines and soakaways
Percolation/infiltration of microbial contaminants due
to inappropriate disposal of solid waste
Run-off of microbes from animal faeces deposited
on land surfaces into water bodies during rainfall
events
Microbes from faeces of animals that have access
to water reservoirs
Run-off of microbes from deposited faecal material
of animals that have access to the roof during
rainfall events
Inadequate maintenance and cleaning of gutters
and pipelines that divert water to the water storage
reservoirs
Run-off of microbes from animal faeces deposited
on the harvesting area and surroundings
Inappropriate maintenance and cleaning/disinfection
of tankers
Collection/delivery of water by tankers
Inadequate dosage of chlorine within tanks of army
operation tanker
Percolation/infiltration of microbes present in animal
faeces deposited on land surfaces during rainfall
events
Infiltration of microbes from human faeces
deposited in pit-latrines and soakaways
Access of animals to open WSR
Handling WSR with contaminated hands during
water collection
Inadequate cleaning/disinfection of WSR
Access of flies into WSR
Access of flies into transport containers during its
storage (when not in use)
Transport of water from WSR to DWSC using TC
not hygienically safe due to inadequate storage of
TC
Handling TC with contaminated hands during
collection and transportation of water

Components affected
Groundwater

Groundwater/Surface water

Surface water

Harvested roof run-off
rainwater
Harvested ground and
cemented surfaces run-off
rainwater
Tankered water
Tankered water (Army
operation)
All WSR with the exception
to the desalinated water
reservoir
Open water tanks and dew
ponds
All water storage reservoirs

Water quality at WSR and
DWSC
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Table A1.1 – Continued.
Water supply
stage

Water treatment

In-house drinking
water storage
containers
(DWSC)

Drinking
containers (DC)

Hazardous events
Inadequate maintenance and operation of water
desalination systems
Inadequate storage of desalinated water with no
residual free chlorine
Inadequate dosage of chlorine within the water
storage reservoir
Inadequate maintenance of ceramic filters
Access of flies into DWSC
Inadequate cleaning/disinfection of DWSC
Insufficient level of free-chlorine in DWSC
Collection of water from DWSC using contaminated
DC (i.e., glass, cups, etc.) and/or contaminated
hands
Access of flies into drinking containers during its
storage (when not in use)
Washing DC with contaminated water from
washing-up containers
Drying DC with contaminated cloths
Inadequate handling of DC with contaminated
hands

Components affected
Desalinated water quality
Drinking water quality at
DWSC
Drinking water quality at
DWSC
Drinking water quality at
DWSC and consumed
water

Consumed water

WSR = water storage reservoirs; TC = transport container; DWSC = in-house drinking water
storage containers; DC = drinking water container.

Table A1.2 – Identified microbial hazardous events that might contribute to microbial
cross-contamination within the household domestic environment in rural communities.
Intermediate crosscontamination critical-points
Land surface
Washing-up container

Hand-washing container
Dish-drying cloths

Hands

Hazardous events
Deposition of contaminated animal faeces on land surfaces
Access of flies into washing-up containers during storage (when not
in use)
Washing dishes with contaminated hands
Washing contaminated drinking container
Access of flies into hand-washing containers during storage (when
not in use)
Washing contaminated hands
Access of flies on dish-drying cloths
Handling dish-drying cloths with contaminated hands
Children playing in contaminated land surfaces in the backyard or
near by the house
Residents working in direct contact with soil (e.g., agricultural
activities)
Residents working in direct contact with animal faeces (e.g.,
livestock activities)
Cleaning private parts, especially after defecation (include baby's
care)
Washing hands with contaminated water
Handling contaminated transport containers
Washing dishes in contaminated water
Handling contaminated dish-drying cloths
Handling contaminated food
Handling contaminated fomites
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Table A1.2 – Continued.
Intermediate crosscontamination critical-points
Fomites

Food

Hazardous events
Access of flies onto fomites
Handling fomites with contaminated hands
Using fomites (e.g., pan, chopping board, etc.) for preparation of
contaminated food
Access of flies onto food
Preparation of food on contaminated surfaces
Preparation of food with contaminated water
Handling food with contaminated hands
Using contaminated fomites (e.g., pan, chopping board, etc.) for
preparation of food

2. Exposure assessment
This section presents the methodology used for the estimation of E. coli and target
pathogens in sources of contamination and intermediate cross-contamination criticalpoints with respect to the microbial routes and hazardous events considered in this
study.
2.1.
Estimation of the number of E. coli and target pathogens within
sources of contamination (faeces of animals)
Hazardous events and potential transmission routes throughout the entire drinking
water supply system (selected for the QMRA), were assessed in order to determine
the proportion of microbial contribution derived from each identified relevant source
of contamination (i.e., faeces of cattle, birds, humans, etc.) to intermediate
contamination critical-points (i.e., land surface, hands and soakaways). The microbial
contribution of each animal was based on the daily excreted number of E. coli related
to each animal. Table A2.1 presents the assumed values for the daily excreted mass
of faeces, as well as the number of target pathogens and E. coli excreted per gramme
of faeces, based on the literature and with regard to each animal under consideration.
It is important to mention that the numbers of E. coli and target pathogens were
derived from studies reported in the literature using differing methods to quantify the
microorganisms (e.g., culture, PCR and ELISA).
The microbial contribution of each animal was based on data gathered from the extant
literature (4.4.1) and related to the observed presence of animals in the rural
communities during field work. For instance, very few cattle were observed (20% of
communities) but goats were observed in more than half of the communities studied.
Although birds (pigeons) were seldom seen on roofs during the site visit, they were
factored into the analysis, on the assumption that their numbers were two-fold higher
than the human population and that of this population approximately 0.5% might be
expected to defecate onto people’s roofs. Pigs and sheep were not observed during
any of the visits. Finally, chickens and cats were not observed to be very common in
the rural communities but higher numbers of dogs were observed. The total number
of animals present in the four municipalities, including cattle, goat, sheep, pig and
chicken (4.4.1) was divided by the total population of the municipalities and adjusted
with regard to the information gathered through observation during field work, as
previously mentioned.
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Table A2.1 – Mass of faeces excreted per day and the number of target pathogens
and E. coli (Log10 CFU) excreted per gramme of faeces.
Animal
Human
Cat
Cattle
Chicken
Dog
Goat
Pig
Pigeon
Sheep

Mass of
faeces
(g/cap/day)
1
350*
6
13.3*
2
14400*
2
120*
5
340*
3
380*
2
2700*
4
30*
2
700*

Salmonella
spp.

E. coli
8

7.96*
9
6.30*
8
5.52*
8
5.94*
8
6.50*
9
6.05*
8
6.69*
8
6.90*
7
6.05*

Giardia
lamblia
19

7.3*
17
2.00*
11
3.08*
11
2.34*
13
2.00*
12
2.76*
11
2.78*
18
2.34*
11
2.85*

Norovirus
20

4.52*
14
4.30*
11
1.00*
16
2.92*
15
2.05*
11
1.83*
18
1.82*
11
1.30*

8.00*

10

-

Mass of faeces was based on wet weight.
** Not considered in this risk assessment because data were not available in the literature or animal
reservoir is not relevant.
1

2

* value for low-income countries from Rose et al. (2015); * ASAE Standards (2002) in Atwill et al.
3
4
5
(2012); * Osuhor et al. (2002); * Vogel (1997) in Stock and Haag-Wackernagel (2016); * USDA (2005);
6
7
8
9
* Hesta et al. (2005); * Weaver et al. (2005); * Ervin et al. (2013); * value for thermotolerant coliforms
10
multiplied by 0.8 from Cox et al. (2005); * value assumed based on Teunis et al. (2015) and Lee et al.
11
12
(2007); * geometric mean value from Hutchison et al. (2004); * value from manure of sheep from
13
14
Vazquez-Vazquez et al. (2015); * Tanaka et al. (1976) in Carter and Quinn (2000); * median value
15
16
from Yang et al. (2015); * mean value from Castro-Hermida et al. (2007); * median value for dog and
17
18
maximum value for chicken from Cox et al. (2005); * value assumed to be the same as for dogs; *
19
20
value assumed to be the same as for chickens; * Thomson (1954,1955) in Feachem et al. (1983); *
Ehsan et al. (2015).

The calculated proportion of microbial contribution from each animal was based on
the E. coli contribution. The daily excreted number of E. coli for each population of
animal in the study area was calculated and the proportion of E. coli contribution from
each animal was proportionally distributed, resulting in the weighted sum of E. coli
and target pathogens for water sources and intermediate contamination criticalcontrol-points. The number of animals per capita adopted in this study and the
assumed percentage of animals defecating in specific areas affecting certain
components of the scenario is illustrated in Table A2.2.
It is pertinent to mention that the proportion of microbial contamination from human
faeces was distributed according to the reported rates of open defecation during the
surveys. However, 0.001% of human faeces were assumed to be deposited on land
surfaces affecting the microbial contamination of surface waters, whereas the
remaining 6.999% on land surfaces were assumed to affect the contamination of
groundwater, water storage reservoirs, transport containers and hands. The
estimated number of E. coli excreted daily by all animals, with the exception of
humans, was based on the multiplication of the number of E. coli per gramme of
faeces by the daily excreted mass of faeces (Table A2.1) and the assumed population
of animals (Table A2.2). The estimation of target pathogens excreted per day was
similarly calculated with consideration to the number of pathogens excreted per
gramme of faeces, the mass of faeces excreted each day and the population of
animals but also with consideration to the prevalence of these pathogens in each
animal considered in this study (Table 4.7).
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Table A2.2 – The assumed number of animals per capita contributing to the faecal
contamination of rural communities in semi-arid Brazil.
Animal

Number of
animals per
capita

LS1

LS2

HRRW

Soakaways

SW

Cat

0.35

99.90%

0.0%

0.1%

0%

0.000%

Cattle

0.2

98.99%

1.0%

0.0%

0%

0.010%

Chicken

0.35

100%

0.0%

0.0%

0%

0.000%

Dog

0.65

99.495%

0.5%

0.0%

0%

0.005%

Goat

0.65

98.99%

1.0%

0.0%

0%

0.010%

Pig

0.15

99.90%

0.1%

0.0%

0%

0.000%

Pigeon

2

98.45%

1.0%

0.5%

0%

0.050%

Sheep

0.11

98.99%

1.0%

0.0%

0%

0.010%

Human

-

6.999%

0.001%

0.0%

93%

0.000%

LS1 = Percentage of faeces deposited on land surfaces that affects the microbial contamination of
groundwater, water storage reservoirs, transport containers and hands; LS2 = Percentage of faeces
deposited on land surfaces affecting surface water (lake); HRRW – Percentage of faeces deposited on
the roof area affecting harvested roof run-off rainwater; SW = Percentage of faeces deposited directly
into the surface water due to access of animals to the lake; Soakaways = Percentage of faeces deposited
in soakaways.

The number of E. coli excreted in a year was simply estimated by multiplying the total
population of the rural communities studied by the number of E. coli excreted per
gramme of faeces, by the mass of faeces generated per day and by the number of
days (365) that people excrete E. coli, assuming that people defecate a daily average
amount of faeces with a constant concentration of E. coli. The number of target
pathogens released during defecation events in 2016 was a little more laborious to
estimate. As previously mentioned, there was no available information on the
incidence of acute diarrhoeal diseases in the rural communities but the number of
acute diarrhoeal disease cases reported in each municipality was available and this
was used to estimate the incidence rate for 2016. Table A2.3 presents the incidence
of acute diarrhoeal diseases reported in the four municipalities that contained the ten
communities studied in this research. It is relevant to mention that the data for the
year 2016 was proportionally adjusted for the entire year because the available
dataset included only 44 out of 52 epidemiologic weeks.
The incidence of acute diarrhoeal disease in the urban and rural area was assumed
to be equivalent, allowing acute diarrhoeal diseases cases among the population
living in the rural communities studied to be estimated (Table A2.4) through the
proportional distribution of cases. Following this, the number of acute diarrhoeal
disease cases in all participant rural communities was summed up and the overall
number of acute diarrhoeal disease cases in 2016 with regard to all rural communities
studied was estimated. The number of diarrhoeal cases related to each target
pathogen was estimated by multiplying the prevalence of each target pathogen
among diarrhoeal cases (Table 4.6) by the estimated total number of acute diarrhoeal
disease cases among studied communities in 2016 (Table A2.4). It is relevant to
mention that the number of cases, especially in low-income countries, is normally
considered to be underreported (Cairncross et al., 2010), and therefore, in order to
include unreported cases in the risk assessment, the number of reported cases was
multiplied by a factor of four, assuming that only 25% of cases were reported.
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Table A2.3 – Number of acute diarrhoeal disease cases in the municipalities that
contain the communities studied.
Number of acute diarrhoeal disease cases
Year

Nova Palmeira

Picuí

São João do
Cariri

São Mamede

2006

82

673

131

436

2007

174

463

124

325

2008

157

815

65

309

2009

79

906

83

219

2010

38

868

41

232

2011

219

516

40

144

2012

200

608

7

97

2013

456

2441

42

173

2014

279

1561

0

138

2015

470

3773

0

107

2016*

357

3444

100

335

* The presented data for 2016 contain acute diarrhoeal disease cases for 44 out of 52 epidemiological
weeks.
Source: Email (SVS-MS, personal communication, 16 October 2016).

Table A2.4 – Population, incidence and number of cases of acute diarrhoeal diseases
among rural communities for the year 2016
Municipality

Picuí

Nova Palmeira

São Mamede
São João do
Cariri

Community

Population

SL

105

Pe

174

Ub

127

MG

223

QSA

105

PP

120

PF

205

Pi

33

AB

68

Uc

159

Incidence (%) of
ADD for 2016

Number of
reported ADD
cases in 2016
22.9

21.8

23.9
27.7
48.6
9.1

8.7

10.4
17.8

5.1
2.7

1.7
3.5
4.4

AB = Assentamento Belmonte; MG = Mato Grosso; PF = Papa Fina; Pe = Pedreiras; Pi = Picotes; PP =
Poço de Pedra; QSA = Quilombola Serra do Abreu; SL = Santa Luzia; Ub = Urubu; Uc = Uruçu; ADD =
acute diarrhoeal diseases.

As mentioned in 2.4.2, infection can be asymptomatic (i.e., when the infected person
releases pathogens in the faeces but does not present symptoms of illness).
Therefore, asymptomatic cases also contribute to the release of pathogens and were
considered in this assessment. The number of asymptomatic infections was
estimated by multiplying the prevalence of asymptomatic infection (Table 4.6) and the
population not presenting symptomatic infection. The number of symptomatic and
asymptomatic infections due to each target pathogen selected for this risk
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assessment is presented in Table A2.5. Carriers (asymptomatic infection) were
considered to excrete the same ratio of target pathogen/E. coli compared with
symptomatic cases to represent the worst-case scenario.
Table A2.5 – Number of symptomatic and asymptomatic infections by target
pathogens among rural communities for the year 2016.
Number of infection

Target pathogen

Symptomatic

Asymptomatic

Salmonella spp.

95

27

Giardia lamblia

112

12

Norovirus

181

158

Number of symptomatic and asymptomatic infection were rounded up for the next integer.

Next, the number of target pathogens excreted per gramme of faeces (A2.1) was
multiplied by the number of symptomatic infection and the number of days that the
respective target pathogen is excreted since infection began (Table A2.6). In a similar
way, the number of target pathogens excreted per gramme of faeces was multiplied
by the number of asymptomatic infections, the daily mass of excreted faeces and 365
days, which was the number of days that the target pathogen was excreted by
asymptomatic individuals. It is relevant to mention that the population presenting
symptomatic infection were considered to be asymptomatic cases for the numbers of
day in one year (365), minus the shedding time from the start of the infection. The
sum of the number of target pathogens excreted by symptomatic and asymptomatic
infection resulted in the number of each target pathogen excreted during the entire
year of 2016, which was then divided by 365 to result in the daily contribution of target
pathogens (Table 4.13).
It is important to bear in mind that estimated numbers of target pathogens were
specifically for the year 2016 but if we assume that the prevalence of diarrhoeal cases
due to each target pathogen and the number of excreted microorganisms were evenly
distributed throughout all rural communities and during the entire year, these numbers
of E. coli and target pathogens would be constant at any point in time. The microbial
contributions from animal sources were used to estimate the number of E. coli and
target pathogens in each intermediate cross-contamination critical-point and water
source at its origin or point of collection. The procedure used to perform this task is
presented in the following section.
Table A2.6 – The number of days that target pathogens are excreted by human symptomatic
cases following initial infection.
Target pathogen

Shedding time following infection (days)

Salmonella spp.

35*

1

Giardia lamblia

41*

2

Norovirus

28*

3

1

2

* Buchwald and Blaser (1984) and Murase et al. (2000); * Feachem et al. (1983) and CFSPH/IICAB
3
(2012); * Atmar et al. (2008)
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2.2.
Estimation of the number of E. coli and target pathogens in
intermediate cross-contamination critical-points and water sources
The number of rainfall events and its intensity is expected to control the transport of
microorganisms from land surfaces into surface water and groundwater. The
microbial contribution from land surfaces to water storage reservoirs is also expected
to be associated with the number of rainfall events. Moreover, the microbial
contribution from roof run-off is likely to be also dependant on the number of rainfall
events associated with its intensity. Therefore, pluviometry data for the past five years
were acquired from the Brazilian National Institute of Meteorology and used to
estimate the average number of rainfall events per year. However, as information
regarding the intensity of precipitation was not available, the reported depth of
precipitation in twenty-four hours was divided in a few ranges. Each of these ranges
presented a proportion of days with precipitation events illustrated in Table A2.7.
Table A2.7 – The number of days with or without rainfall events separated by ranges
of precipitation depth in 24 hours
Depth of precipitation in 24
hours (mm)

Proportion of the days of a year with or
without rainfall events

No event

87.10%

<5

7.30%

5 to 10

1.70%

10 to 30

2.50%

30 to 50

0.70%

> 50

0.70%

Estimates of the concentration of E. coli and target pathogens on land surfaces and
in water considering groundwater, surface water, desalinated water, harvested roof
run-off rainwater and water storage reservoirs were based on the daily microbial input
associated with the decay of microorganisms at these different environments. The
daily microbial input estimation is presented next, whereas the decay rate of
microorganisms was calculated using T90 values drawn from literature. Triangular
PDF, with the lowest one third of the difference between the minimum and maximum
T90 representing the mode, were created to represent the microbial decay in surface
water and groundwater. In soil, the concentration of microbes was also represented
by triangular PDF but using the minimum value as the mode. These assumptions
were based on the fact that fewer days are expected to cause a 1 log10 reduction
under semi-arid conditions, especially in the very dry soils presented in semi-arid
Brazil.
The concentration of E. coli and target pathogens with regard to the components of
the water supply system mentioned in the previous paragraph was calculated using
the exponential decay model (equation A1). The decay rate (k) was estimated using
T90 values, which were calculated by dividing one by T90 (log10 scale), and multiplying
by 2.33 to account for the scale change (log10 to ln). Calculation of the concentration
of microorganisms was performed for a period of 60 days (the process was repeated
for 60 times) using equation A1, which was the period during which the concentration
of microorganisms did not significantly change anymore. The estimated concentration
of E. coli and target pathogens for land surfaces, groundwater, surface water,
harvested roof run-off rainwater, desalinated water, water within water storage
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reservoirs were based on this approach. The results were assumed to be the
concentration of microorganisms in their respective stage of the water supply system
and intermediate cross-contamination critical points, considering the fact that
microbes are likely to accumulate at different levels in the environment, according to
their persistence.
!" = !$ ×& '() (,-. /0)
!" = Final concentration of microorganisms after a period t; !$ = initial concentration of microorganisms;
2 = decay rate; 3 = period of time investigated.

•

Land Surface (LS1)

Land surfaces were expected to receive microbial contaminants from animal faeces
(hazardous event through microbial route 1 in Figure 4.7), including cat, cattle,
chicken, dog, goat, pig, pigeon, sheep and human microbial source. The assumed
percentage of contribution per animal for this route was previously presented in Table
A2.2. In fact, a much higher proportion of animals was considered to defecate on land
surfaces in the entire area of the communities, whereas a smaller proportion was
assumed to defecate on land surfaces in areas affecting surface water (LS2), which
is presented next. Equation A2 was used to estimate the daily input of E. coli and
target pathogens per square metre on land surfaces (LS1). This was used to estimate
the number of each microorganism on land surfaces (LS1) using equation A1.
456789: =

?
=@:

;<489:= ×67>4=

÷ <! (,-. /B)

C = considered animal species affecting the microbial contamination in rural communities; 456789: =
daily input number of microorganisms on land surfaces affecting the microbial contamination of
2
groundwater, water storage reservoirs, transport containers and hands (CFU/m ); ;<489:= = percentage
of animals defecating on land surfaces affecting the microbial contamination of groundwater, water
storage reservoirs, transport containers and hands (%); 67>4= = number of microorganisms excreted
per day (CFU); <! = area of communities.

•

Land Surface (LS2)

A proportion of animals were expected to defecate on land surface areas near surface
water reservoirs and contribute more significantly to the contamination of surface
water through run-off during rainfall events. The assumed percentage of animals
contributing through this route is presented in Table A2.2. The daily input of
microorganisms on land surfaces affecting the microbial contamination of surface
water was estimated using the equation A3 and the number of E. coli and target
pathogens on land surfaces (LS2) was estimated based on equation A1.
456789D =

?
=@:

;<489D= ×67>4= (,-. /E)

C = considered animal species affecting the microbial contamination in rural communities; 456789D =
daily input number of microorganisms on land surfaces affecting the microbial contamination of surface
waters (CFU); ;<489D= = percentage of animals defecating on land surfaces affecting the microbial
contamination of surface waters (%); 67>4= = number of microorganisms excreted per day (CFU).

•

Soakaways

Soakaway systems are designed to receive human waste from toilets and separate
the solids component, which is maintained and partially treated within the system. The
liquid phase is expected to percolate through the pores of the soil and infiltrate into
the surrounding groundwater, with an expected decrease of the microbial load during
its transmission through the soil caused by natural microbial decay mechanisms
(adsorption, predation, etc.). However, it might increase the risk of microbial
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transmission to other components of the water supply system (i.e., groundwater and
water storage reservoirs) if the effluent reaches the limits of the groundwater aquifer
or water storage reservoirs within a relatively short period of time that does not permit
a satisfactory reduction of microbes. The microbial contribution to this system
(microbial route 4) was expected to be only (100%) from human faeces.
The daily input number of E. coli and target pathogen in soakaway effluents was
estimated using equation A4. It is important to mention that the number of households
(6FG) was multiplied by 93% (;G9H ) (7% practiced open defecation) to estimate the
number of soakaway systems in the community. Finally, the last parameter of the
equation (IJ9HK ) was inserted in this equation to estimate the number of
microorganisms in soakaways following sanitation intervention (Table 4.9).
45679H =

?
=@:

;<49H= ×67>4= ÷ (6FG×;G9H ) ×IJ9HK (,-. /L)

C = considered animal species affecting the microbial contamination in rural communities; 45679H =
daily input number of microorganisms in soakaways effluent (CFU/per system); ;<49H= = percentage of
animals defecating in soakaways (%); 67>4= = number of microorganisms excreted per day (CFU);
6FG = number of households present in rural communities; I79H = assumed reduction of
microorganisms within soakaways (%);;G9H = proportion of households presenting soakaways; IJ9HK =
assumed reduction of microorganisms due to intervention on sanitation (log10 CFU).

•

Hands – Hand contact with human faeces and land surfaces

Human faeces can be transferred to hands or any other part of the body when the
anal region is accidentally touched during anal cleaning after defecation or during
‘baby changing’ (microbial route 3). Moreover, children playing in the backyard or
residents working in agricultural and livestock activities might be also another factor
affecting the presence of microbes on hands (microbial route 5). Assuming that 0.01
grammes of human faeces and that 1% of microbes contained in ten square metres
of land surface were daily transferred to the hands, the number of E. coli and target
pathogens contributing to the microbial contamination of hands was estimated.
Considering equal decay of E. coli and target pathogens on hands and the adopted
concentration of E. coli per two hands, the number of target pathogens was estimated
by multiplying the assumed number of E. coli per two hands by the estimated
contribution ratio of target pathogen/E. coli, estimated as explained in the previous
paragraph. It is important to mention that a reduction factor (IJMMK ) was also included
in equation A5 to simulate an intervention in hand hygiene.
6N;MO=PQ = 6>!MO=PQ ×IJMMK × 6N;>4RSTO= ÷ ;I! × 7GJNMO=PQ ÷
47J>RSTO=Q + 6N;89: ×VW<<G×;7!89:'MO=PQ ÷ 6>!>4RO=PQ ÷ ;I! ×
7GJNMO=PQ ÷ 47J>RSTO=Q + 6>!89: ×VW<<G×;7!89:'MO=PQ (,-. /X)
6N;MO=PQ = number of target pathogens (CFU/two hands); 6>!MO=PQ = number of E. coli (CFU/two
hands); IJMMK = reduction factor for hand hygiene intervention; 6N;>4RSTO= = number of target
pathogens excreted per day by humans (CFU); 6>!>4RSTO= = number of E. coli excreted per day by
humans (CFU); ;I! = population of rural communities; 7GJNMO=PQ = mass of human faeces transferred
to hands (g); 47J>RSTO=Q = daily mass of faeces excreted by humans (g); 6N;89: = number of target
pathogens on land surfaces affecting the microbial contamination of groundwater, water storage
2
reservoirs, transport containers and hands (CFU/m ); 6>!89: = number of E. coli on land surfaces
affecting the microbial contamination of groundwater, water storage reservoirs, transport containers and
2
2
hands (CFU/m ); VW<<G = land surface area affecting hands contamination (m ); ;7!89:'MO=PQ =
proportion of microbial contribution from land surface (LS1) to hands (%).

•

Harvested rainwater (roof run-off)

The microbial contribution of harvested rainwater from roof run-off (microbial route 6)
was obviously assumed to be from faeces of animals that have access to the roof,
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which in this study were predominantly pigeons. Half percent (0.5%) of the pigeon
population was assumed to defecate on roofs. Although cats are known to bury their
faeces, 0.1% of its population was also assumed to contribute to the microbial
contamination of harvested rainwater from roof run-off to represent a worst-case
scenario (Table A2.2). The number of E. coli and target pathogens in harvested roof
run-off rainwater was also assumed to depend on the number of rainfall events,
independently of the intensity of precipitation. However higher volumes of
precipitation were assumed to carry larger amounts of microbes into the water storage
reservoir. The assumed proportions were 10%, 20%, 50%, 60% and 80% for
accumulated precipitation volumes of less than five, 5 to 10, 10 to 30, 30 to 50 and
more than 50 millimetres in twenty-four hours, respectively. Equation A6 was used to
estimate the daily input of microorganisms contributing to the roof run-off, which was
used to estimate the number of microorganisms accumulated on roof tops after 60
days using equation A1.
4567YZZ" =
;7!;>[ZZ"T

?
=@:

;<4[ZZ"= ×67>4= ÷ 6FG ×
(,-. /])

\
T@:

;4;>T ×

C = considered animal species affecting the microbial contamination in rural communities; ^ = range of
accumulated precipitation depth in twenty-four hours (%); 4567YZZ" = daily input number of
microorganisms in roof run-off (CFU); ;<4[ZZ"= = percentage of animals defecating on the roof area (%);
674>= = number of microorganisms excreted per day (CFU); 6FG = number of households present in
rural communities; ;4;>= = proportion of days with precipitation events (%); ;7!I>_T = proportion of
microorganisms carried with roof run-off with precipitation events (%).

•

Surface water

Microorganisms were assumed to be transported to surface waters during events of
precipitation with depth equal to or higher than five millimetres in twenty-four hours as
an event lower than that spread over twenty-four hours was not expected to produce
run-off in a dry soil under semi-arid conditions. The faecal material deposited on land
surfaces affecting surface water (LS2), previously estimated in this section, was used
in this calculation. The estimation of the microbial loads in surface waters was
calculated in a similar way to the estimation of microbial contribution from roof run-off
but with different proportions of microbial loads carried with run-off, which in this case
were considered to be 20%, 50%, 60%, and 60% for accumulated precipitation depth
ranges of 5 to 10, 10 to 30, 30 to 50, and higher than 50 millimetres in twenty-four
hours, respectively.
Furthermore, the number of microorganisms excreted per day by animals defecating
directly into surface water (microbial route 2) was estimated, based on the proportions
of animals defecating directly into water (Table A2.2). This was summed with the
number of microorganisms from land surface area affecting surface water (microbial
route 7), previously estimated, and based on the proportions presented in Table A2.2.
The sum of the number of E. coli and target pathogens were the daily input of
microbes into surface water and were estimated using equation A7. The result was
used to estimate the concentration of E. coli and target pathogens in surface water
with an accumulation period of 60 days using equation A1.
45!79` = 456789D ×
a9` ÷ 10 (,-. /d)

\
T@:

;4;>T ×;7!;>9`T +

?
=@:

;<49`= ×67>4=

÷

C = considered animal species affecting the microbial contamination in rural communities; ^ = range of
accumulated precipitation depth in twenty-four hours (%); 45!79` = daily input concentration of
microorganisms in surface water (CFU/100 mL); 456789D = daily input number of microorganisms on
land surfaces affecting the microbial contamination of surface water (CFU); ;4;>= = proportion of days
with precipitation events (%); ;7!;>9`T proportion of microorganisms carried in run-off with precipitation
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events (%); ;<49`= = percentage of animals defecating directly into surface waters (%); 67>4= =
number of microorganisms excreted per day (CFU).

•

Groundwater

Microbial loads deposited on land surfaces might infiltrate groundwater during rainfall
events (microbial route 8) because microorganisms can percolate through the soil and
infiltrate into groundwater reservoirs. However, this event was not expected to
contribute significantly to the microbial load in groundwater in the study area, because
rainfall events are very rare in semi-arid regions, as previously shown in Table A2.7
and under these circumstances rainfall is unlikely to infiltrate beyond the upper soil
layers. On the other hand, soakaways (microbial route 9) were expected to contribute
slightly more to the microbial contamination of groundwater because the bottom of
soakaway systems are closer to the aquifer (zone of saturation) and the constant
infiltration of soakaway effluents is more likely to facilitate the transport of microbes
downwards. However, the geology of the studied area, composed basically of
crystalline rocks, which by their nature are practically impermeable (Costa et al.,
2005), was unfavourable to the transport of microorganisms into aquifers. Therefore,
decreases of 7 logs10 and 8 logs10 in the number of microorganisms from soakaways
and land surfaces were assumed.
The concentrations of E. coli and target pathogens in groundwater were estimated
based on the sum of the contributions from routes eight and nine divided by the
assumed volume of water in the aquifer. In order to represent the worst-case scenario,
a column of only ten centimetres of water was considered to be hold in the aquifer
and 10% of the total area of communities was assumed to affect the microbial quality
of groundwater at the extraction points. Equation A8 was used to estimate the daily
contribution of E. coli and target pathogens to groundwater. This value was used to
estimate the concentration of E. coli and target pathogens in groundwater using
equation A1.
45!7e` = 456789: ×<!×;VW<fg×I7N89:'e` ×
IN9H'e` ÷ ae` ÷ 10 (,-. /h)

\
T@: ;4;>T

+ 45679H ×

45!7e` = daily input concentration of microorganisms in groundwater (CFU/100 mL); 456789: = daily
input number of microorganisms on land surfaces affecting the microbial contamination of groundwater,
2
water storage reservoirs, transport containers and hands (CFU/m ); 45679H = daily input number of
microorganisms in soakaways’ effluent (CFU/per system); <! = area of communities; ;VW<fg =
proportion of land surface affecting groundwater at the extraction points; I7N89:'e` = reduction of
microorganisms during the transport of microbes from land surfaces to the groundwater reservoir (log 10
CFU); I7N9H'e` = reduction of microorganisms during the transport of microbes from soakaways to the
groundwater reservoir (log10 CFU); ;4;>T = Proportion of days with precipitation events; ae` = volume
of groundwater reservoir (L).

•

Desalinated water

Desalinated water storage reservoirs were not expected to receive a microbial
contribution directly from land surfaces and soakaways because they are installed
above ground level. Twenty percent of the population reported collecting desalinated
water, every second day on average. Therefore, ten percent were assumed to
contribute each day to the microbial contamination of desalinated water at the
collection point. As about 30% of the population reported buying water from private
vendors, only seven percent were assumed to contribute to the microbial
contamination of one of the four desalination systems observed in the rural
communities.
Although inadequate water handling was assumed to be contribute to the microbial
loads in these systems, hands were very unlikely to contribute significantly to the
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microbial loads within the desalinated water storage reservoirs considering that
residents normally collected water at a tap attached to the reservoir. Therefore, the
transfer of microbial loads from hands to these systems (7!MO=PQ'i`99 ) was
assumed to be 1% (microbial route 15). The daily input concentration of
microorganisms in desalinated water at the collection point was estimated based in
the following equation (Eq.A9).
45!7i` = 4567MO=PQ ×;7!MO=PQ'i`9[ ÷ ai`99 ÷ 10 (,-. /j)
45!7i` = daily input concentration of microorganisms in desalinated water at the collection point
(CFU/100 mL); 4567MO=PQ = daily input number of microorganisms on hands (CFU/two hands);
;7!MO=PQ'i`99 = assumed proportion of microbial contribution from hands to desalinated water storage
reservoirs (%); ai`99 = volume of desalinated water storage reservoir (L).

2.3.
Estimation of the number of E. coli and target pathogens in water
storage reservoirs and in-house drinking water storage containers
The hazardous events contributing to change in water quality from water storage
reservoirs to in-house drinking water storage containers along the water supply chain
were assumed to be equal for every scenario variant created. The microbial load
within water storage reservoirs was assumed to originate from hazardous events
associated with microbial routes 10 (land surfaces), 11 (soakaways), and 13 (hands),
associated with the microbial contribution from the alternative water sources (T3 and
T4, separately or combined). Four hundred square metres were assumed to
contribute to the microbial contamination of water storage reservoirs. For the same
reasons as explained before, a decrease of six log10 and seven log10 were assumed
for the microbial contribution from land surfaces and soakaways, respectively.
Furthermore, the contribution from T3 was assumed to contribute to the microbial
contamination of water storage reservoirs four times per year, as residents reported
receiving water from these sources between one and four times per year.
The combination of the equations presented in the previous section resulted in
equation A10, which was used to estimate the daily input concentration of
microorganisms in water storage reservoirs. Estimation of the daily input
concentration of microorganisms was based on the daily contribution to the microbial
load from each component of the water supply chain associated with the persistence
of these microorganisms in water within the water storage reservoir. T90 values for
groundwater were used for this calculation as values for cisterns were not
encountered in the literature. The concentration of E. coli and target pathogens in
water storage reservoirs was estimated based on equation A1.
>67`9[ = IJ`k`9[K × 456789: ×VW<<gWI×;7!89:'`9[ × \T@: ;4;>T ×
;7!;>`9[T ×IJlK + 45679H ×;7!9H'`9[ + 67MO=PQ ×;7!MO=PQ'`9[ + 45!79` ×
a`9[ ×10×;9` ×;mk` + 45!7e` ×a`9[ ×10×;e` ×;mk` + 4567YZZ" ×
;mM[[` (,-. /0n)
>67`9[ = estimated number of microorganisms at water storage reservoirs (CFU/100 mL); IJ`k`9[K =
reduction factor for water treatment at the water storage reservoir intervention (log10 CFU); 456789: =
daily input number of microorganisms on land surfaces affecting the microbial contamination of
2
groundwater, WSR, transport containers and hands (CFU/m ); 45679H = daily input number of
microorganisms in soakaways effluent (CFU); 67MO=PQ = number of microorganisms on hands (CFU/two
hands); 45!79` = daily input concentration of microorganisms in surface water (CFU/100 mL); 45!7e`
= daily input concentration of microorganisms in groundwater (CFU/100 mL); 4567M[[` = daily input
number of microorganisms in harvested roof run-off rainwater; ;7!89:'`9[ = proportion of microbial
contribution from land surfaces(%); VW<<gWI = land surface area affecting water storage reservoirs
2
(m ); IJlK = reduction factor for fencing protection of water storage reservoirs intervention (log10 CFU);
;7!9H'`9[ = proportion of microbial contribution from soakaways to water storage reservoirs (%);
;7!MO=PQ'`9[ = proportion of microbial contribution from hands to water storage reservoirs (%); ;9` =
proportion of surface water (%); ;e` = proportion of groundwater (%); ;mk` = proportion of users of
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tankered water (%); ;mM[[` = proportion of users of harvested roof run-off rainwater (%)r; ;4;>T =
proportion of days with precipitation events (%); ;7!;>9`[T proportion of microorganisms carried in runoff with precipitation events (%) a`9[ = volume of water storage reservoirs (L).

Equation A11 was used to estimate the concentration of target pathogens in water
storage reservoirs based on the observed concentration of E. coli during field work.
!N;`9[ = >!N;`9[ ×o!>!`9[ ÷ >!>!`9[ (,-. /00)
!N;`9[ = concentration of target pathogens in water storage reservoirs (CFU/100 mL); >!N;`9[ =
estimated concentration of target pathogens in water storage reservoirs (CFU/100 mL); o!>!`9[ =
observed concentration of E. coli in water storage reservoirs during field monitoring (CFU/100 mL);
>!>!`9[ = estimated concentration of E. coli in water storage reservoirs (CFU/100 mL).

Following this, transport containers were assumed to receive microbial contributions
from hazardous events associated with microbial routes 12 (land surfaces), 14
(hands), T6 and T7. Transport containers were assumed to be contaminated by an
area of one m2 (route 12) but only one percent of pathogens were assumed to be
transferred to transport containers. Moreover, a reduction of two log10 was also
applied. Microbial pathways 16 (hands) and T9 were assumed to affect in-house
drinking water storage containers, whereas microbial routes 17 (hands) and T9 to
affect drinking containers. The estimation of the concentration of target pathogens
within in-house drinking water storage was estimated using equation A12, and
therefore, the monitoring of E. coli results obtained for in-house drinking water storage
containers was not used. It is important to mention that 20%, 10%, 1% and 0.5% were
the assumed percentages of microbial contribution from hands to water storage
reservoirs, transport containers, in-house drinking water storage containers and
drinking containers, respectively.
!N;i`9p = IJi`9pK`kp ×IJi`9pK`kl × 6N;MO=PQ ×;7!MO=PQ'i`9p + 456N;89: ×
VW<<N!×;7!89:'kp ×IJ`M9Kkp + 6N;MO=PQ ×;7!MO=PQ'kp + !N;i` ×;mi` ×akp ×
10 + !N;`9[ ×;m`9[ ×akp ×10 ÷ akp ÷ 10 ×ai`9p ×10 ÷ ai`9p ÷ 10(,-. /0B)
!N;i`9p = concentration of target pathogens at the in-house drinking water storage container; 6N;MO=PQ
= number of target pathogens on hands (CFU/two hands); 456N;89: = daily input number of target
pathogens on land surfaces affecting the microbial contamination of groundwater, WSR, transport
2
containers and hands (CFU/m ); !N;i` = concentration of target pathogens in desalinated water at the
collection point (CFU/100 mL); !N;`9[ = concentration of target pathogens at water storage reservoirs
(CFU/100 mL); IJi`9pK`kp = reduction factor for water treatment at the in-house drinking water
containers intervention through chlorination (log10 CFU); IJi`9pK`kl = reduction factor for water
treatment at the in-house drinking water container intervention through filtration (log10 CFU); IJ`M9Kkp =
reduction factor for safe handling and storage of drinking water intervention affecting the contamination
of transport containers (%); ;7!89:'kp = proportion of microorganisms’ contribution from land surfaces
(LS1) to transport containers (%); ;7!MO=PQ'kp = proportion of microorganisms’ contribution from hands
to transport containers (%); ;7!MO=PQ'i`9p = proportion of microorganism contribution from hands to inhouse drinking water storage containers (%);;mi` = proportion of users of desalinated water (%); ;m`99
= proportion of users of water from the water storage reservoirs (%); akp = volume of transport containers
(L); ai`9p = volume of in-house drinking water storage containers (L); VW<<N! = land surface area
affecting transport containers.

2.4.

Ingestion dose equations

Equation A13 and A14 were used to estimate the ingestion dose of target pathogens
per event through the drinking water and hand-to-mouth routes.
54 N; = !N;i`9p ×aip ÷ 100 + 6N;RO=PQ ×;7!MO=PQ'ip (,-. /0E)
54 (N;) = ingestion dose of a certain target pathogen (CFU); !N;i`9p = concentration of target
pathogens at the in-house drinking water storage container; 6N;MO=PQ = number of target pathogens on
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hands (CFU/two hands); ;7!MO=PQ'ip = proportion of microorganisms’ contribution from hands to
drinking containers (%).

54 N; = 6N;MO=PQ ×;N;N>MO=PQ'TZS)R ×;NN;NMO=PQ'TZS)R (,-. /0L)
54 (N;) = ingestion dose of a certain target pathogen (CFU); 6N;MO=PQ = number of target pathogens on
hands (CFU/two hands); ;N;N>MO=PQ'TZS)R = proportion of target pathogens transferred per event;
;NN;NMO=PQ'TZS)R = Percentage of times that hands transfer target pathogens to the mouth.
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Appendix 5 – Percentiles of the annual risk of infection per person posed by
target pathogens via the drinking water route in the rural communities studied,
considering the implementation of a single or combined WASH’ interventions.
Scenario
variant
SV7 - base
SV8
SV9
SV10
SV11
SV12
SV13
SV14
SV15
SV16
SV17
SV18
SV19
SV20
SV21
SV22
SV23
SV24
SV25
SV26
SV27
SV28
SV29
SV30
SV31
SV32
SV33
SV34
SV35
SV36
SV37
SV38
SV39
SV40
SV41
SV42
SV43

Annual risk of infection per person at different confidence level
Salmonella spp.
5%
25%
Median
75%
95%
Mean
1.16E-02
3.22E-02
6.24E-02
1.19E-01
5.06E-01
1.20E-01
6.21E-03
1.69E-02
3.31E-02
5.78E-02
1.05E-01
4.18E-02
6.10E-03
1.65E-02
3.22E-02
5.55E-02
9.53E-02
3.92E-02
2.49E-03
1.03E-02
2.23E-02
4.02E-02
6.93E-02
2.74E-02
2.94E-03
1.13E-02
2.37E-02
4.20E-02
7.38E-02
2.94E-02
2.40E-03
7.84E-03
1.95E-02
6.53E-02
4.24E-01
8.26E-02
2.83E-03
6.52E-03
1.69E-02
6.18E-02
4.06E-01
7.87E-02
6.00E-03
1.65E-02
3.21E-02
5.56E-02
9.55E-02
3.92E-02
2.47E-03
1.03E-02
2.24E-02
4.01E-02
6.94E-02
2.75E-02
2.53E-03
1.06E-02
2.27E-02
4.00E-02
6.92E-02
2.76E-02
4.83E-04
1.89E-03
4.14E-03
7.60E-03
1.42E-02
5.61E-03
1.38E-03
2.52E-03
3.57E-03
4.81E-03
7.01E-03
3.84E-03
2.56E-03
1.05E-02
2.25E-02
3.99E-02
7.02E-02
2.76E-02
4.54E-04
1.82E-03
3.90E-03
7.11E-03
1.30E-02
4.94E-03
1.37E-03
2.48E-03
3.50E-03
4.69E-03
6.69E-03
3.70E-03
2.57E-04
1.03E-03
2.26E-03
4.13E-03
7.22E-03
2.82E-03
2.63E-05
1.05E-04
2.29E-04
4.08E-04
7.25E-04
2.83E-04
4.10E-04
1.46E-03
2.93E-03
5.14E-03
1.02E-02
4.34E-03
1.00E-04
2.68E-04
5.12E-04
1.01E-03
5.69E-03
1.75E-03
3.56E-04
2.78E-03
1.28E-02
5.68E-02
4.00E-01
7.44E-02
2.57E-03
1.03E-02
2.25E-02
4.01E-02
7.12E-02
2.77E-02
4.53E-04
1.81E-03
3.94E-03
7.09E-03
1.28E-02
4.93E-03
1.34E-03
2.48E-03
3.51E-03
4.69E-03
6.71E-03
3.70E-03
2.49E-04
1.03E-03
2.26E-03
4.09E-03
7.19E-03
2.81E-03
2.52E-04
1.04E-03
2.30E-03
4.10E-03
7.28E-03
2.84E-03
2.51E-05
1.04E-04
2.25E-04
4.07E-04
7.39E-04
2.81E-04
5.23E-05
1.36E-04
2.60E-04
4.47E-04
7.78E-04
3.17E-04
4.97E-05
1.23E-04
2.80E-04
9.75E-04
7.36E-03
2.23E-03
2.53E-04
1.04E-03
2.31E-03
4.11E-03
7.26E-03
2.83E-03
5.31E-05
1.35E-04
2.57E-04
4.42E-04
7.78E-04
3.16E-04
2.39E-05
4.65E-05
7.18E-05
1.09E-04
1.75E-04
8.25E-05
2.86E-06
1.11E-05
2.38E-05
4.20E-05
7.57E-05
2.96E-05
1.82E-05
5.82E-05
1.59E-04
5.99E-04
4.99E-03
1.43E-03
2.55E-04
1.05E-03
2.26E-03
4.12E-03
7.24E-03
2.83E-03
5.21E-05
1.34E-04
2.58E-04
4.46E-04
7.65E-04
3.15E-04
2.73E-06
1.07E-05
2.33E-05
4.14E-05
7.47E-05
2.88E-05
2.76E-06
1.06E-05
2.32E-05
4.13E-05
7.44E-05
2.88E-05
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Scenario
variant
SV7 - base
SV8
SV9
SV10
SV11
SV12
SV13
SV14
SV15
SV16
SV17
SV18
SV19
SV20
SV21
SV22
SV23
SV24
SV25
SV26
SV27
SV28
SV29
SV30
SV31
SV32
SV33
SV34
SV35
SV36
SV37
SV38
SV39
SV40
SV41
SV42
SV43

Annual risk of infection per person at different confidence level
Giardia lamblia
5%
25%
Median
75%
95%
Mean
6.24E-03
1.83E-02
3.97E-02
1.15E-01
6.14E-01
1.22E-01
2.57E-03
6.51E-03
1.23E-02
2.18E-02
4.40E-02
1.79E-02
2.53E-03
6.11E-03
1.15E-02
1.93E-02
3.35E-02
1.39E-02
1.20E-03
4.22E-03
8.58E-03
1.52E-02
2.82E-02
1.17E-02
8.90E-04
3.56E-03
7.53E-03
1.34E-02
2.41E-02
9.36E-03
1.53E-03
6.20E-03
2.34E-02
9.32E-02
5.60E-01
1.03E-01
1.97E-03
6.15E-03
2.18E-02
8.67E-02
5.47E-01
9.94E-02
2.42E-03
5.96E-03
1.12E-02
1.91E-02
3.29E-02
1.36E-02
8.19E-04
3.38E-03
7.40E-03
1.33E-02
2.33E-02
9.17E-03
8.14E-04
3.43E-03
7.41E-03
1.32E-02
2.30E-02
9.06E-03
1.77E-04
6.77E-04
1.50E-03
2.88E-03
6.79E-03
2.69E-03
7.05E-04
1.29E-03
1.84E-03
2.51E-03
3.78E-03
2.08E-03
8.24E-04
3.40E-03
7.33E-03
1.31E-02
2.33E-02
9.06E-03
1.98E-04
6.82E-04
1.41E-03
2.54E-03
4.71E-03
1.85E-03
7.14E-04
1.30E-03
1.84E-03
2.50E-03
3.79E-03
2.06E-03
1.93E-04
6.33E-04
1.29E-03
2.38E-03
9.43E-03
3.15E-03
5.43E-05
1.50E-04
3.30E-04
1.01E-03
7.37E-03
2.11E-03
1.14E-04
4.16E-04
8.54E-04
1.51E-03
2.73E-03
1.14E-03
2.09E-05
6.41E-05
1.26E-04
2.30E-04
8.77E-04
3.21E-04
4.88E-04
4.27E-03
1.85E-02
8.48E-02
5.23E-01
9.54E-02
8.24E-04
3.32E-03
7.31E-03
1.32E-02
2.35E-02
9.11E-03
1.53E-04
5.92E-04
1.29E-03
2.32E-03
4.18E-03
1.61E-03
6.78E-04
1.23E-03
1.74E-03
2.33E-03
3.35E-03
1.83E-03
8.22E-05
3.39E-04
7.46E-04
1.35E-03
2.39E-03
9.31E-04
8.12E-05
3.35E-04
7.41E-04
1.32E-03
2.34E-03
9.15E-04
2.24E-05
5.11E-05
9.24E-05
1.54E-04
2.67E-04
1.11E-04
9.50E-06
3.56E-05
7.53E-05
1.35E-04
2.40E-04
9.36E-05
3.16E-05
9.96E-05
3.39E-04
1.41E-03
1.15E-02
3.31E-03
8.20E-05
3.34E-04
7.45E-04
1.33E-03
2.36E-03
9.16E-04
9.74E-06
3.53E-05
7.45E-05
1.34E-04
2.41E-04
9.34E-05
1.62E-05
3.33E-05
5.74E-05
1.24E-04
8.01E-04
2.56E-04
1.18E-05
5.13E-05
2.01E-04
8.67E-04
7.25E-03
2.05E-03
4.33E-06
1.34E-05
2.97E-05
9.44E-05
7.29E-04
2.21E-04
8.14E-05
3.38E-04
7.29E-04
1.33E-03
2.34E-03
9.16E-04
9.44E-06
3.55E-05
7.46E-05
1.35E-04
2.36E-04
9.29E-05
9.12E-07
3.50E-06
7.62E-06
1.35E-05
2.43E-05
9.41E-06
8.26E-07
3.31E-06
7.39E-06
1.33E-05
2.39E-05
9.20E-06
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Scenario
variant
SV7 - base
SV8
SV9
SV10
SV11
SV12
SV13
SV14
SV15
SV16
SV17
SV18
SV19
SV20
SV21
SV22
SV23
SV24
SV25
SV26
SV27
SV28
SV29
SV30
SV31
SV32
SV33
SV34
SV35
SV36
SV37
SV38
SV39
SV40
SV41
SV42
SV43

Annual risk of infection per person at different confidence level
Norovirus
5%
25%
Median
75%
95%
Mean
9.12E-01
9.99E-01
1.00E+00
1.00E+00
1.00E+00
9.85E-01
5.70E-01
9.17E-01
9.93E-01
1.00E+00
1.00E+00
9.20E-01
5.53E-01
8.99E-01
9.83E-01
1.00E+00
1.00E+00
9.13E-01
3.02E-01
7.74E-01
9.60E-01
9.97E-01
1.00E+00
8.43E-01
5.86E-01
9.45E-01
9.97E-01
1.00E+00
1.00E+00
9.30E-01
4.87E-01
9.27E-01
1.00E+00
1.00E+00
1.00E+00
9.14E-01
4.39E-01
8.93E-01
1.00E+00
1.00E+00
1.00E+00
8.99E-01
5.43E-01
9.00E-01
9.89E-01
1.00E+00
1.00E+00
9.13E-01
2.97E-01
7.71E-01
9.60E-01
9.97E-01
1.00E+00
8.42E-01
3.38E-01
8.02E-01
9.69E-01
9.98E-01
1.00E+00
8.55E-01
7.15E-02
2.52E-01
4.79E-01
7.10E-01
9.38E-01
4.86E-01
1.57E-01
2.68E-01
3.60E-01
4.58E-01
6.20E-01
3.72E-01
3.35E-01
7.94E-01
9.65E-01
9.97E-01
1.00E+00
8.52E-01
6.25E-02
2.29E-01
4.28E-01
6.40E-01
8.47E-01
4.38E-01
1.52E-01
2.57E-01
3.43E-01
4.33E-01
5.59E-01
3.47E-01
3.65E-02
1.38E-01
2.76E-01
4.47E-01
6.46E-01
3.01E-01
3.98E-03
1.54E-02
3.28E-02
5.76E-02
9.99E-02
3.99E-02
1.74E-01
4.59E-01
7.55E-01
9.88E-01
1.00E+00
6.95E-01
7.92E-02
2.29E-01
6.02E-01
9.75E-01
1.00E+00
5.85E-01
1.84E-01
8.25E-01
1.00E+00
1.00E+00
1.00E+00
8.51E-01
3.36E-01
7.87E-01
9.65E-01
9.97E-01
1.00E+00
8.52E-01
6.22E-02
2.28E-01
4.31E-01
6.39E-01
8.41E-01
4.37E-01
1.51E-01
2.56E-01
3.43E-01
4.32E-01
5.62E-01
3.47E-01
3.54E-02
1.38E-01
2.77E-01
4.44E-01
6.43E-01
3.00E-01
3.98E-02
1.52E-01
3.05E-01
4.80E-01
7.06E-01
3.30E-01
3.57E-03
1.48E-02
3.17E-02
5.67E-02
1.00E-01
3.90E-02
2.64E-02
5.02E-02
7.38E-02
1.05E-01
1.60E-01
8.20E-02
1.06E-02
3.64E-02
1.21E-01
4.25E-01
9.87E-01
2.74E-01
3.82E-02
1.46E-01
2.98E-01
4.65E-01
6.70E-01
3.17E-01
2.53E-02
4.76E-02
7.05E-02
9.99E-02
1.51E-01
7.71E-02
2.99E-03
6.02E-03
9.50E-03
1.47E-02
2.37E-02
1.10E-02
4.99E-04
1.79E-03
3.72E-03
6.48E-03
1.21E-02
4.88E-03
2.49E-02
1.70E-01
5.53E-01
9.71E-01
1.00E+00
5.49E-01
3.83E-02
1.48E-01
2.93E-01
4.67E-01
6.71E-01
3.17E-01
2.57E-02
4.78E-02
7.07E-02
1.00E-01
1.49E-01
7.68E-02
7.12E-04
1.95E-03
3.88E-03
6.68E-03
1.19E-02
4.73E-03
7.02E-04
1.92E-03
3.87E-03
6.68E-03
1.17E-02
4.73E-03
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