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Glossary

Dose			   The number of pathogenic micro-organisms ingested.

Deterministic		  It tells us that some future event (e.g., illness from a PWS) can be calculated exactly, without the 		

			   involvement of randomness.

Epidemiology		  The study of diseases and their causes in populations.

Gastroenteritis		  An infection of the gut whose symptoms may include diarrhoea, vomiting and abdominal pain.

Hazard			   A potential source of harm or adverse health effect on a person or persons.

Hydraulic conductivity	 Describes the ease with which a fluid (usually water) can move through pore spaces or fractures.

Immunocompromised	 Have a reduced ability to fight infections and other diseases.

in silico 			   Conducted or produced by means of computer modelling or computer simulation.

Macropores 		  In soil, macropores are defined as cavities that are larger than 75 μm.

Microtopography		  The surface features of a material, or of the earth or other body, on a small or microscopic scale.

Pathogen 			  A bacterium, virus, or other microorganism that can cause disease.

Sequela			   Any abnormality following or resulting from a disease or injury or treatment (plural – sequelae).

Sorption			   A physical and chemical process by which one substance becomes attached to another.

Source attribution		  Human illness source attribution is defined as the partitioning of the human disease burden of one or more  

			   foodborne infections to specific sources (e.g., cattle, sheep, pigs etc).

Stochastic			  Random, specifically involving a random variable. This is the opposite of “deterministic”.

Zoonoses			   Infectious diseases of animals (usually vertebrates) that can naturally be transmitted to humans.
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Executive Summary

Research aim
This project sought to develop an understanding of the 
epidemiology and disease burden contribution of private 
water supplies in Scotland on the public health of the 
populations (indigenous and transient) exposed to these 
supplies. 

Background
Around 3.3% of Scotland’s population (182,516) are 
served by private water supplies (PWS) together with 
transient visitors such as tourists. In 2019 there were 
3,837 Regulated private water supplies and 18,616 Type 
B (domestic) supplies registered with local authorities1.  
Recent reports from the Drinking Water Quality Regulator 
(DWQR)1 highlight that improvements need to be made, 
in particular to PWS. Furthermore, there is a need to 
understand the epidemiology and disease burden that 
PWS contribute to in terms of the potential impact 
on public health. It is accepted that there are multiple 
exposure routes to disease-causing microorganisms, 
meaning health surveillance alone may not readily identify 
clusters of illness attributable to waterborne contaminants. 
The impact of exposure of waterborne disease on transient 
populations is also less well understood and this will vary 
with season. 

Research undertaken
This report comprises a risk profile (Part A) to provide 
current knowledge about the risks of gastrointestinal 
pathogens associated with private water supplies in 
Scotland. This is supplemented with preliminary work 
looking at the linkage of human gastrointestinal illness 
with private water supply microbiological failures (Part B) 
and the scoping out of a quantitative microbiological risk 
assessment for PWS in Scotland (Part C).

Key findings and recommendations

Risks to Scottish Consumers

Key findings

•	 Campylobacter causes the largest number of reported 
gastrointestinal cases in Scotland, followed by 
viruses (norovirus, rotavirus, adenovirus) and then 
Salmonella, with protozoa (Cryptosporidium, Giardia) 
and Verotoxigenic Escherichia coli (VTEC) being 
comparatively rare. 

1	  https://dwqr.scot/information/annual-report/

•	 In terms of hospitalisation the largest number 
of reported gastrointestinal cases in Scotland 
are from Campylobacter (8.9 hospital 
admissions/100,000 people) with the remainder of 
the gastrointestinal pathogens comprising <2 hospital 
admissions/100,000 in total.

•	 An accurate estimate of the number of cases caused 
by these pathogens due to exposure from PWS 
does not yet exist. However, case control data and 
Quantitative Microbial Risk Assessment (QMRA) 
models show that around 8% of Campylobacter (NE 
Scotland) and <8% of E. coli O157 cases (across 
whole of Scotland) may be due to PWS. In addition, 
outbreaks show that during 2005-2014 only one 
VTEC outbreak was associated with a PWS in 
Scotland.

•	 There are differences in infectivity, survival, 
inactivation, and occurrence of the pathogens. There 
are also some differences in these characteristics when 
these pathogens are subdivided into their different 
sub-types.

•	 Establishing the extent of Scottish PWS contribution 
to the burden of Gastrointestinal (GI) disease needs 
further investigation, as the quantitative analysis of 
the risk is still in its infancy. 

•	 There are several modelling/analytical approaches 
that can be used to estimate the number of cases due 
to PWS. These include quantitative risk assessment, 
quantitative risk factor approaches using regression 
analysis on disease data, case-control studies, 
source attribution models and a combination of the 
aforementioned techniques.

Recommendation

•	 There is a need to develop and apply quantitative 
risk assessment in combination with epidemiological 
approaches to quantify the contribution of PWS to 
the human disease burden in Scotland.

Infectious disease transmission from animal 
reservoirs to water to humans

Key findings:

•	 Understanding the pathways taken by pathogens 
from animal reservoirs to PWS to human disease is 
essential in identifying how to manage the risk of 
illness. 

•	 There is a growing body of knowledge on the 
prevalence and concentration of pathogens in both 
farm and wild animal reservoirs but there are still gaps 
that need to be filled, particularly in the latter. There 
is also progress on understanding and modelling the 
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mechanisms of pathogen transfer from animal faeces, 
through soil or runoff to surface and ground waters. 
However, the application of this to PWS in Scotland 
on a regional or national scale has not yet been 
attempted. 

•	 Knowledge exists in part on treatment of water 
supplies as well as failure rates to indicator organisms. 
There have been some studies looking for pathogens 
in PWS but only one in NE Scotland looking at 
Campylobacter was of a reasonable size (i.e., >100 
PWS tested). 

•	 In general, the PWS supplies most at risk are surface 
water abstracted supplies, particularly burns and 
rivers which are untreated and in areas where there 
are both animal reservoirs excreting pathogens and 
mechanisms by which these pathogens can enter the 
PWS.

•	 Studies have been conducted that have estimated 
consumption of water from PWS by humans and 
dose response models have been developed for the 
main pathogens of concern. The spectrum of illness 
for these pathogens is also known in the general 
population but not for specific PWS associated cases.

•	 The QMRA method can be used to model the 
transmission of pathogens from animal reservoirs to 
PWS. This is scoped out in Part C.

Recommendation

•	 There is a need to develop risk assessment models 
which follow the movement of pathogens from 
animal sources, through the environment, to water 
supplies and then to the human population.

Risk Management Options 

Key findings

•	 A range of risk management options are available 
and include catchment management measures, 
adequate barriers and security around the raw water 
intake, appropriate treatment to ensure quality, 
good maintenance, and operation, underpinned by 
appropriate monitoring. 

•	 The effectiveness of the risk interventions needs to 
be demonstrated through the risk assessments, water 
safety plans and monitoring programme for each 
supply. 

•	 These options also need to be considered in terms 
of their practicality of implementation, cost, and 
acceptability to users.

Recommendations

•	 It is important that local authorities ensure risk 
assessments are carried out as per the regulations so 

that the appropriate risk management options can be 
identified and implemented.

Linkage of human gastrointestinal illness with 
private water supply microbiological failures

Key findings

•	 A low percentage of gastrointestinal illnesses (0.7% 
for Regulated private water and 1.0% for Type B) 
were potentially linked to microbiological failures 
of PWS. It is possible that these linked cases may 
not have acquired illness from PWS but from other 
sources (e.g., contact with farm animals or travel 
abroad). 

•	 Around one quarter of GI illnesses could not be 
included because of lack of postcode information 
and the analysis could involve only those PWS where 
microbiological sampling had been conducted. 

Recommendation

•	 Explore potential approaches outlined in the report 
for further data analysis e.g., time series analysis to 
look at the time between a PWS failure and human 
infection.

Scoping a Quantitative Microbiological Risk 
Assessment approach

Key findings

•	 A spreadsheet model is proposed which would predict 
the probability of illness from drinking a glass of water 
from a PWS. 

•	 The outline of the model was compiled as part of this 
project to identify:

	o Where existing data can be used as part of 
the risk assessment and to validate it where 
appropriate. 

	o Those data that are missing and need to be 
collated (e.g., pathogen shedding by wild 
animals, transport of pathogens from animal 
faeces to the PWS, efficacy of PWS treatment 
systems on reducing levels of gastrointestinal 
pathogens etc.).

	o A number of steps that will require model 
building (e.g., transport models of pathogen 
movement from animal sources to PWS etc).

Recommendation

•	 Data gaps need to be addressed for each of the 
pathogens of interest so that QMRA models can be 
developed.
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Conclusions

In summary there is a need to:

1.	 Make better use of the available epidemiological 
information, where relevant to supplement this with 
additional studies, to obtain realistic estimates of the 
importance of PWS as a source of human disease. 

2.	 Develop a QMRA model that describes the 
transmission of pathogens from animal reservoirs to 
private water supplies from catchment to regional and 
national scales.

3.	 Fill data gaps that are required to implement the 
above model.

4.	 Use the model to evaluate the efficacy of risk 
management strategies to help reduce the incidence 
of disease.
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1.0 Introduction

1.1 Background
Access to safe drinking water continues to be a priority 
for the Scottish Government. Around 3.3% of Scotland’s 
population (182,516 people) are served by private water 
supplies (PWS) together with transient visitors such as 
tourists. In 2019 there were 3,837 Regulated private 
water supplies and 18,616 Type B (domestic) supplies 
registered with local authorities2. Recent reports from the 
Drinking Water Quality Regulator (DWQR)3 highlight 
that improvements need to be made in PWS to improve 
their microbiological safety. Furthermore, there is a need 
to understand the epidemiology and disease burden 
that PWS contribute to in terms of the potential impact 
on public health. It is accepted that there are multiple 
exposure routes to disease-causing microbiological entities, 
meaning health surveillance alone may not readily identify 
clusters of illness attributable to waterborne contaminants. 
The impact of exposure of waterborne disease on transient 
populations is also less well understood and this will vary 
with seasonality. 

1.2 Aim and objectives
This project sought to develop an understanding of 
the epidemiology and disease burden contribution of 
private supplies on the public health of the populations 
(indigenous and transient) exposed to the drinking water 
supplies. The objectives were to:

1.	 Explore the existing body of research on disease 
burden and epidemiology of small rural drinking 
water supplies.

2.	 Review existing data to include existing water quality 
data and health surveillance reports.

3.	 Investigate the potential of linking water quality 
failures against clusters of illness within the 
community.

4.	 Scope out a Quantitative Microbiological Risk 
Assessment approach to assessing the disease burden 
of small rural supplies which can be used to inform 
future regulation.

5.	 Scope out a series of metrics that can be used to 
measure the effectiveness of treatment of rural water 
systems and the risk to public health.

6.	 Make recommendations which inform improvements 
to management of private supplies.

2	  Numbers refer to known registered PWS. It is assumed that 
some PWS may not be registered.
3      https://dwqr.scot/information/annual-report/	

1.3 Report structure
This report comprises a risk profile (Part A) to provide 
current knowledge about the risks of gastrointestinal 
pathogens associated with private water supplies (PWS) 
in Scotland. This is supplemented with preliminary work 
looking at the linkage of human gastrointestinal illness 
with private water supply microbiological failures (Part B) 
and the scoping out of a quantitative microbiological risk 
assessment for PWS in Scotland (Part C).

Part A: Risk Profile

A.1 Introduction
The purpose of this risk profile is to provide current 
knowledge on the risks of gastrointestinal pathogens 
associated with private water supplies in Scotland. This 
should be of interest to both regulators and consumers. 
The former to inform risk management decisions and to 
assess their likely impact in silico prior to implementation. 
The latter to identify potential risks associated with their 
private water supplies and to give insight into what can be 
done to reduce these risks.

Risk profiles have previously been developed for a number 
of food/pathogen combinations (Lake, et al. 2005, 
Mataragas, et al. 2008). A risk profile can be considered as 
part of step 1 of an iterative risk management framework 
(Step 1. Evaluate Risks, Step 2. Assess Risk Management 
Options, Step 3. Implement Risk Management Decision 
and Step 4. Monitor and Review) (Anon. 2000).

The risk profile collates and summarises the current 
state of knowledge into the four primary steps of risk 
assessment (Codex 2007):

1. Hazard identification—identifies the pathogenic 
microorganism(s) of concern and the vehicle (e.g., water, 
food) with which it is associated.

2. Exposure assessment—aims to determine the 
mechanisms through which the human population is 
exposed. In a risk profile this may include both qualitative 
and quantitative data on the levels of pathogens and also 
the amount and frequency of the vehicle consumed.

3. Hazard characterisation—gives a quantitative or 
qualitative assessment of the adverse effects of the 
pathogen to humans. More specifically a dose–response 
model can be implemented which mathematically models 
the variability in impact (response) following exposure to 
different doses (McNab 1997).

4. Risk characterisation—gives a probability of occurrence 
of the illness and also the severity of the health effects in 
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a given population. In a risk profile this usually relies on 
surveillance data.

The purpose of the risk profile is to inform risk 
management. The information contained within a 
risk profile enables decisions to be made on whether 
to conduct a quantitative risk assessment, apply risk 
management strategies and/or collate additional data. 
This risk profile concerns the full range of gastrointestinal 
pathogens that can be found in private water supplies in 
Scotland. The final section provides the main conclusions 
and recommendations for further action.

A.2 Hazard identification: the 
organisms 
Hazard identification is the identification of the agents 
(in this case gastrointestinal pathogens) which can cause 
human illness (e.g., gastroenteritis) as well as the vehicle 
by which these are transmitted to humans (in this case 
private water supplies).

2.1 Inventory of gastrointestinal 
pathogens that can be found in private 
water supplies
Gastrointestinal pathogens in drinking waters (including 
PWS) can be classified into three categories: bacteria, 
viruses, and protozoa. Table 1 presents a list of waterborne 
pathogens associated with gastroenteritis, including 
their public health significance from an international 
perspective. Viruses are found mostly in sewage and 
surface waters, which are the main sources of pollution for 
public waters (Grondahl-Rosado et al. 2014; Maunula et 
al. 2005; Riera-Montes,  et al. 2011). Viruses that infect 
humans predominantly come from human faeces (Ashbolt 
2004). Viruses were not considered further in this report 
for two reasons. First, the risk to PWS in rural areas from 
human faeces is predominantly via septic tanks and much 
work has been done on this previously (Wallender et al. 
2014). Second, there have been no outbreaks associated 
with PWS in Scotland as far as the authors are aware.

Giardia is considered as one the four most important 
pathogens for drinking water in Europe. However, in 
Scotland the incidence of Giardia disease is relatively 
low (4 cases/100,000 people per year) and data from 
Health Protection Scotland suggest that the infection is 
associated with foreign travel, particularly to Egypt and 
the Indian sub-continent (Smith-Palmer et al. 2012). Also, 
a quantitative microbial risk assessment in small PWS in 
England suggests that the median annual risk for Giardia 
is relatively low (0.4% to 0.7% per annum) (Hunter et al. 
2011). Therefore, Giardia has not been studied in detail in 
this report.

The pathogens and indicator organisms covered by this 
report are as follows and a detailed appendix is provided 
for each:

Bacteria

•	 Salmonella (Appendix I)

•	 Verocytotoxin-producing Escherichia coli (VTEC) 
(Appendix II)

•	 Campylobacter (Appendix III)

•	 Indicator organisms (Appendix IV)

Protozoa

•	 Cryptosporidium (Appendix V)
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Table 1.Waterborne gastrointestinal pathogens of concern in drinking waters*. Pathogens covered in this report are shown in blue text.

Name of micro-organism Health 
significancea

Persistence 
in water 
suppliesb

Resistance to 
chlorinec

Dose at which probability 
of illness is 50%:

ID50 (95%CIs)d

Primary sources

Bacteria

Salmonella High Moderate Low
6.65 

(0.69 – 5.89x104) cfue

Human and animal 
faeces

VTEC High Moderate Low
5.4 x 105 

(10 – 9 x 1012) cfuf

Human and animal 
faeces

Campylobacter (jejuni and 
coli)

High Moderate Low
5.8 

(1.0 – 9.0) cfug

Human and animal 
faeces

Enteric viruses

rotaviruses High Long Moderate
1500

(370 – 2.2 x 104) ffuh
Human faeces

adenoviruses Moderate Long Moderate Unknown Human faeces

astroviruses Moderate Long Moderate Unknown Human faeces

norovirus High Long Moderate Unknown Fomites and water

Protozoa

Cryptosporidium homonis, 
C. parvum

High Long High
165 

(85 – 200) oocystsi

Human and other 
animal faeces

Giardia lamblia High Moderate High
34.8

(12 – 158) cystsj
Animal faeces

*Adapted from (Ashbolt 2004) and (WHO 2011).
aHealth significance relates to the incidence and severity of disease, including association with outbreaks.
bDetection period for infective stage in water at 20 °C: short, up to 1 week; moderate, 1 week to 1 month; long, over 1 month.
cWhen the infective stage, is freely suspended in water, treated at conventional doses and contact times and pH between 7 and 8. Low 

means 99% inactivation at 20 °C generally in < 1 min, moderate 1–30 min and high > 30 min.
dID50 is the average ingested dose needed to cause infection in 50% of the population exposed to hazard
e (Teunis et al. 2010)
fThe ID50 was calculated for E. coli O157 from outbreak and environmental data (Strachan, et al. 2005).
gThe ID50 was calculated for Campylobacter from an outbreak in children which consumed milk at a farm visit (P. Teunis, Van den Brandhof 

et al. 2005)
hThe ID50 was calculated for rotavirus data from a healthy volunteers study, in 62 adults, the subjects ingesting between 9 x 10-3 to 9 x 104 

focus-forming units (ffu) (Haas et al. 1993)
iThe ID50 was calculated for Cryptosporidium data from a healthy volunteers study (Haas 2000)
jThe ID50 was calculated for Giardia data from a healthy volunteers study (Teunis et al. 2002;  Teunis et al. 1996)

2.2 Hazard identification of the 
pathogens studied: summary
Detailed hazard identification information is provided 
for each pathogen in Section 1.0 of their respective 
appendices, under the following sub-sections:

•	 The organism

•	 Growth and survival

•	 Inactivation (critical control points and hurdles)

•	 Sources

Each pathogen can be subdivided up into a number of 
different types (e.g., serotypes for Salmonella and VTEC 

and sequence types for Campylobacter. The occurrence 
and behaviour (e.g., growth, behaviour, and survival) of 
these types may differ. All of the pathogens studied have 
non-human reservoir hosts and a number have several 
(e.g., Campylobacter and Salmonella have poultry, 
ruminants, wild animals etc). These pathogens may or may 
not grow outwith a host (e.g., Salmonella and VTEC can 
grow outwith but Cryptosporidium and Campylobacter 
cannot). There is the potential to inactivate the pathogens 
by various means but there are significant differences in 
disinfection efficacy between pathogens (e.g., chlorination 
readily inactivates the bacterial pathogens but not 
Cryptosporidium). As a result of the differences between 
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the pathogens and also within (e.g., serotypes etc) it is 
important to use this information in the risk assessment 
process and also take account of this when considering 
risk mitigation strategies. 

A.3 Hazard identification: private water 
supplies 
The regulations place a duty on the local authorities to 
conduct risk assessments on all regulated supplies which 
supply commercial or public activities or serve greater 
than 50 people (Regulated private water supplies). These 
risk assessments must be conducted every five years. 
In addition, the local authorities are required to provide 
assistance on risk assessments on all other smaller, 
domestic supplies (Type B) on request. The purpose of 
the risk assessments is to determine risks to health and 
corrective actions that will improve the drinking water 
quality of each supply. The risk assessments are a critical 
part of the regulatory framework which provides an 
overview of the full water supply system. It provides much 
more insight into the risks than the water quality testing 
which is only done once a year. It is intended that the 
risk assessments will, in future, form the basis of a water 
safety plan for each supply. This section explores the 
risks identified with the PWS and highlights the number 
of supplies by council area in Scotland. Overall, 58% of 
Regulated private water supplies have risk assessments 
completed in 2019.  

3.1 Relevant characteristics of the 
private water supply
The vast majority of private supplies are located in 
rural areas of Scotland, although a very small number 
are located in urban centres (for example 0.1% of 
the Aberdeen City population are served by private 
supplies). The PWS are abstracted from either ground 
or surface water and the more common quality failures 
are microbiology, metals (typically iron, aluminium, 
manganese and in some cases lead), turbidity, colour and 
pH. Surface waters have a higher risk of microbiology 
failure than ground water sources, but this varies with 
seasonality, flow, treatment and activity near the surface 
water source. Some groundwater sources also fail for 
microbiology and this may be attributed to borehole 
depth, security of the well and treatment. 

Regulated private water supplies were found to be 87.1% 
compliant for E. coli compared to 89% compliant in 2018 
(DWQR 2020). 

3.1.1 Inventory of PWS in Scotland (Table of 
PWS or properties on PWS by council)

Each local authority area has responsibility for identifying 
and regulating the Regulated private water supplies and B 
supplies within their area. The number of private supplies 
has increased and Table 2 sets out the number of recorded 
private water supplies by council area in 2019 (DWQR 
2020). 

Table 2. Summary of private water supplies by local authority area (DWQR 2020).
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A.4 Hazard characterisation: adverse 
health effects
Hazard characterisation details the dose response and 
the spectrum of human illness/disease symptoms (e.g., 
gastroenteritis) associated with specific pathogenic 
microorganisms.

Detailed information on hazard characterisation is 
provided for each pathogen in Section 2.0 of their 
respective appendices, under the following sub-sections:

•	 Disease symptoms

•	 Dose response

•	 Susceptible population

•	 Particular subtypes found in both humans and PWS

A.5 Exposure assessment 
The exposure assessment aims to determine the path 
of exposure and the frequency and the intensity of the 
exposure.

5.1 Pathways from sources of 
pathogens to private water supplies
The fate of faecal pathogens once deposited on land is a 
complex issue (Jamieson et al. 2002; Akoumianaki et al., 
2016). It is clear, however, that hydrological processes 
are key in allowing pathogens to be transported from 
sources of pathogens (e.g. faecal material) to private 
water supplies, and several potential pathways have been 
identified (Oliver et al. 2005; Reddy  et al. 1981). These 
pathways will be discussed below. 

5.1.1 Surface pathways

The transport of pathogens over the soil surface 
by overland flow has largely been identified as the 
hydrological pathway which generates the greatest 
risk of faecal contamination to private water supplies 
(Jamieson et al. 2002; Tyrrel & Quinton 2003). In general, 
the orders of magnitude increase in faecal indicator 
organism (FIO) concentrations that are often seen during 
major storm events are attributed to the development of 
greater hydrological connectivity due to overland flow 
initiation, and to the greater velocity and efficiency of 
pathogen transport which these flows permit (Rodgers 
et al. 2003; Kay et al. 2008; Tetzlaff et al. 2010). It has 
also been suggested that overland flow causes a larger 
risk of contamination because the processes of straining / 
filtering and sorption can prevent pathogens from entering 
the soil, thus increasing the availability of pathogens at the 
soil surface for transport by overland flow (Reddy et al. 
1981).

For pathogens to be transported by overland flow, they 
must first be detached from their source on the soil surface 
or directly from the soil surface after previously having 
been deposited by overland flow, and then entrained 
by the flow (Tyrrel & Quinton 2003). Detachment and 
entrainment occur because of kinetic energy exerted by 
raindrop impact or by the flow itself (Tyrrel & Quinton 
2003). Faecal pathogens may travel in one of three 
possible states when in overland flow: as free cells or 
cell clumps, attached to soil particles, or attached to 
faecal particles (Tyrrel & Quinton 2003). At present, it is 
largely uncertain what governs the mode by which faecal 
pathogens are transported in overland flow (Jamieson et 
al. 2002; Tyrrel & Quinton 2003; Collins et al. 2005). A 
recent study (Pachepsky et al. 2008) suggested that strain-
dependent differences in E. coli surface properties may 
cause different strains of E. coli to preferentially attach to 
certain soil particle sizes, which in turn may affect the ease 
by which pathogenic and non-pathogenic strains can be 
transported in overland flow. 

Detachment of faecal pathogens and entrainment by 
overland flow does not necessarily mean that pathogens 
will reach a private water supply, however. For example, 
it is possible for pathogens in overland flow to become 
restrained by the microtopography of the soil surface 
(Oliver et al., 2005). It is also possible that overland flow 
may infiltrate into the soil before reaching a private water 
supply, causing either the deposition of faecal pathogens 
on the soil surface or their infiltration into the soil as well 
(Collins et al. 2005).

5.1.2 Sub-surface pathways

Whilst it was mentioned in the last section that the 
processes of straining / filtration and sorption can prevent 
faecal pathogens from entering the soil system, it is 
nonetheless possible for this to occur. Effective infiltration 
and movement of pathogens through the soil is most 
likely to occur in the presence of macropores (Guber et 
al. 2009). Macropores are larger conduits within the soil 
structure that provide preferential flow pathways for 
potentially rapid sub-surface flows, and which may be 
formed, for example, by the action of soil fauna or plant 
roots (Beven & German 1982;  Jamieson et al. 2002). 
When moving through macropores, faecal pathogens 
may once again be transported as free cells or cell clumps 
or attached to soil or faecal particles (Oliver et al. 2005). 
In addition, however, transport of pathogens through 
macropores may be aided by the action of soil fauna, with 
it being possible for pathogens to attach to the fauna 
which then moves through the soil (Oliver et al. 2005). 

Whilst macropores offer a more efficient sub-surface 
pathway for the transport of faecal pathogens compared 
with transport through the soil matrix itself, it is possible 
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for pathogen transport through macropores to be slowed. 
The characteristics of the soil on the inside of a macropore 
may promote pathogen retention (Oliver et al. 2005). 
Recent work (Guber et al. 2009) has found, however, 
that this effect may be reduced when soils are closer 
to saturation and if pathogens are attached to faecal 
particles, whilst it has been suggested (Reddy et al. 1981) 
that pathogen retention in macropores may be reduced 
in soils with a lower clay content. Motility of bacteria 
and their subsequent movement against the direction 
of macropore flow may also be a factor which restricts 
pathogen transport in macropores (Oliver et al. 2005). 

Unlike macropore flow pathways, flow pathways through 
the soil matrix are more likely to promote the attenuation 
of faecal pathogen transport, and this is largely due 
to the processes of straining / filtration and sorption 
(Collins et al. 2005). For example, it has been reported 
(Weldeyohannes et al. 2018) that during the movement 
of untreated effluent through the unsaturated zone 
to groundwater, there was a 2-3 log10 reduction in the 
most probable number of E. coli per 100 ml. Sorption 
refers simply to the process whereby faecal pathogens 
become attached to the soil, with this process becoming 
more prevalent in clay- and organic-rich soils (Oliver et 
al. 2005). Straining / filtration, meanwhile, occurs when 
pathogens become trapped because of pore sizes in 
the soil matrix being smaller than the size of the faecal 
pathogens carried in the soil water (Oliver et al. 2005). 
In addition to the initial trapping of pathogens by this 
process, it has also been suggested (Thullner et al. 
2002) that this bioclogging causes a reduction in local 
soil hydraulic conductivity, which may further limit the 
movement of soil water and its associated pathogens. It 
should be noted, however, that as straining / filtration 
is a function of soil pore size and the size of the faecal 
pathogen, this process may be less likely to affect smaller 
pathogens such as viruses (Jamieson et al. 2002). Where 
pathogen transport does occur in the soil matrix, it is likely 
to be more efficient in coarser soils with reduced clay 
content (Hagedorn et al. 1978).

A final sub-surface pathway that should be mentioned 
is an artificial one: field drains. If faecal pathogens can 
infiltrate into the soil and then percolate vertically to field 
drains, it has been suggested that this pathway may be a 
significant contributor to contamination risk in agricultural 
areas (Jamieson et al. 2002). Flow rate of field drains, time 
since animals were last grazing, and whether manure is 
applied to the land have all been identified as important 
factors in the risk of contamination from field drains 
(Evans & Owens 1972). There has also been recent work 
(Rieke et al. 2018), where 16S-rRNA gene sequencing 
was used to determine the likely transport pathways of 
different pathogens. It was identified that whilst field 
drains could effectively transport a diverse range of 
pathogens, there were examples where certain genera, 

such as Enterobacter, could be found in significantly 
higher concentrations in drainage water than overland 
flow; this suggests that artificial drains may be a more 
important pathway for some types of faecal bacteria than 
others.  

5.1.3 Direct defecation and in-channel sources

The preceding sections have dealt with the major surface 
and sub-surface pathways of pathogens from sources 
on the soil surface to private water supplies. It is also 
important to recognise, however, that animals may 
defecate directly into water courses (Collins et al. 2005). 
This may occur if water courses are directly accessible 
to animals and livestock, or if livestock must cross water 
courses due to specific farming practices (e.g., being 
moved for milking; Davies-Colley et al. 2004). The 
interaction of animals with a water body could also 
indirectly give rise to a further pathway for pathogens. 
If animals frequently cross or congregate close to a body 
of water, the soils close to the water body could become 
compacted and prone to saturation. This, in turn, could 
give rise to chronic seepages of FIOs and pathogens 
into a water body, which could contribute to sustained 
background levels of faecal contamination (Neill et al. 
2018).

It is also important to recognise that in-channel stores of 
faecal pathogens in water courses feeding private water 
supplies may contribute significantly to contamination risk 
(McKergow & Davies-Colley 2010). Stores of pathogens 
in streambed sediments can accumulate due to direct 
defecation by animals, or through the deposition of 
sediment and associated pathogens from the water 
column (Oliver et al. 2005). Once deposited, it has 
been found that streambed sediment may offer suitable 
conditions for the survival of faecal pathogens for several 
weeks, by providing soluble organic material, nutrients 
and protection from predation and UV-B light (Oliver et 
al. 2005, Kim et al. 2010). It has recently been shown in 
some studies that the resuspension of sediment and the 
associated release of stored pathogens can be a greater 
contributing factor to impaired microbial water quality 
than overland flow pathways (Stocker et al. 2018). Re-
suspension of in-channel sources is most likely to occur 
during periods of high flow, as observed previously in an 
artificial flood experiment (Muirhead et al., 2004). It was 
further observed (Jamieson et al. 2002) that re-suspension 
occurred only above a shear-stress threshold, and that 
this threshold was most likely to be exceeded during the 
rising limb of a flood event. However, there has also been 
work (Pachepsky et al. 2008) that has suggested that 
mixing during baseflow conditions can lead to the transfer 
of FIOs from streambed sediments to the water column 
to sustain FIO concentrations in streams during these 
periods. Overall, it has been increasingly recognised that 
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considering in-channel sediments as a source of pathogens 
is vital to the management of microbial water quality 
(Droppo et al. 2009).

5.1.4 Survival of pathogens

In addition to understanding the pathways which may 
exist to connect faecal pathogen sources to private water 
supplies, it is also necessary to consider the factors that 
influence the survival of faecal pathogens, as this will 
affect the likelihood of pathogens initially being available 
for transport, and then the likelihood of them surviving 
the journey to a private water supply (Reddy et al. 1981; 
Oliver et al. 2005). Very briefly, reviews (Jamieson et 
al. 2002, Oliver et al. 2005) suggest the following as 
important factors affecting faecal pathogen survival:

•	 Soil moisture: A key control on the survival of faecal 
bacteria, with generally greater soil moisture content 
increasing survival. 

•	 Soil type: This affects water retention, and thus soil 
moisture.

•	 Temperature: Higher temperatures appear to 
decrease survival of faecal bacteria – die-off rate 
may be defined as doubling with a 10˚C increase in 
temperature, in the range of 5-30˚C. 

•	 Organic matter: Organic matter promotes survival and 
potentially re-growth of faecal bacteria by increasing 

nutrient and water retention, as well as providing a 
source of carbon.

•	 Competition: Faecal bacteria in the soil system must 
compete with resident bacteria. This is also true for 
faecal bacteria in water courses where they must 
compete with better-adapted aquatic microbes for 
nutrients. 

•	 UV radiation: UV-B may damage the DNA of faecal 
bacteria.

•	 Predation: Faecal bacteria may be preyed upon by 
protozoa.

•	 Soil pH: Optimum pH for minimal faecal bacteria die-
off is found to be between 6 and 7. 

5.2 The hazard in the Scottish private 
water supply 
During the reporting year for 2019, 24.6% of the 
Regulated private water supplies sampled failed to meet 
compliance standards for coliforms and 12.9% for E. coli 
(DWQR 2020). This means that 1 or more coliforms/E. 
coli were detected per 100 ml potable water. Another 
faecal indicator organism, Enterococci, was present in 
9.6% of Regulated private water supplies. Failures due 
to E. coli by local authority are given in Table 3 (DWQR 
2020).
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Local Authority E.coli Enterococci Clostridium perfringens Coliform Bacteria

Aberdeen City 0% 100% 100% 0%

Aberdeenshire 95% 95% 99% 85%

Angus N/A N/A N/A 0%

Argyll and Bute 90% 90% 93% 75%

City of Edinburgh 0% 100% 100% 0%

Clackmannanshire 100% 100% 88% 63%

Comhairle nan Eilean Siar 78% 0% 82% 61%

Dumfries and Galloway 89% 93% 91% 78%

Dundee City No regulated supplies

East Ayrshire* N/A N/A N/A N/A

East Dunbartonshire 100% 100% 100% N/A

East Lothian 75% 73% 93% 65%

East Renfrewshire 89% 89% 100% 89%

Falkirk 100% 100% 100% 100%

Fife 90% 89% 92% 74%

Glasgow City No regulated supplies

Highland 89% 94% 92% 80%

Inverclyde 76% 92% 92% 68%

Midlothian 86% 86% 92% 70%

Moray 87% 87% 95% 72%

North Ayrshire 85% 85% 92% 82%

North Lanarkshire 50% 50% 100% 50%

Orkney 92% 89% 89% 79%

Perth and Kinross 70% 76% 89% 60%

Renfrewshire 100% 100% 100% 100%

Scottish Borders 81% 88% 92% 70%

Shetland 100% 100% 100% 100%

South Ayrshire 98% 98% 98% 84%

South Lanarkshire 88% 88% 83% 81%

Stirling 92% 99% 90% 84%

West Dunbartonshire 100% 100% 100% 86%

West Lothian 100% 100% 100% 100%

Total 87.1% 90.4% 92.90% 75.4%

For Type B supplies, failure rates were 43% and 23 % 
respectively for coliforms and E. coli. The degree of 
compliance is heavily influenced by the type of water 
source, as shown (Table 4) for scheduled samples (DWQR 
2020). These supplies failed with respect to one or 
more of the following: coliforms, E. coli, Clostridium 
perfringens, Enterococci, irrespective of type of treatment 
on the supply. Groundwater sources are less likely to be 
microbiologically contaminated, however they are not 
completely compliant.

Table 4. Microbiological compliance of Regulated private water 
and Type B supplies by source type (DWQR 2020)

Source Type Compliance (%)

Regulated private 
water

Type 
B

Groundwater borehole 95 87

Groundwater spring 88 71

Groundwater well 85 73

Surface water loch 85 72

Surface water rainwater 100 -

Surface water watercourse 85 71

* N/A denotes that the local authority provided no samples for the specific parameters. East Ayrshire only reported failing samples and 
therefore was treated as not having provided any samples for compliance calculation purposes.

Table 3. Results of testing of Regulated private water supplies for microbiological quality in 2020 (DWQR 2020)
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There are few reports in the peer-reviewed literature on 
the prevalence of specific pathogens in private supplies in 
Scotland. It has been reported (Licence, et al. 2001) on 
cases of E. coli O157:H7-associated illness, noting that in 
the week prior to the first case, the water supply (a spring 
supplying a campsite) was tested and found to contain 
total coliforms (11 CFU/100 ml) and E. coli (15 CFU/100 
ml). Samples taken during the outbreak continued to 
show the presence of FIOs. Analysis of PWS data across 
Aberdeenshire between 1992 and 1998 (Reid et al. 2003) 
reported failure rates rather than absolute microbiological 
counts, thus these are superseded by the data held 
currently by local authorities and DWQR. They did, 
however, note that microbiological failure rates displayed 
a seasonal trend being greater during the latter half of 
the year. A study of over 30 private water supplies across 
Scotland (Avery et al. 2016) involved quarterly sampling 
of raw (source) and potable (tap) water and results are 
presented in Table 5. Analyses comprised confirmed 
counts for coliforms, E. coli, Clostridium and Enterococci 
for potable waters and presumptive counts for E. coli and 
Enterococci on raw waters. 

5.3 Water consumption from PWS by 
the Scottish population

5.3.1 Total PWS consumption per person (per/
day)

A telephone-based exposure assessment questionnaire 
of a representative (by age, population density, 
socioeconomic status) subsample of the Grampian health 
board population (990 questionnaires from a population 
519,979) was conducted by Aberdeen University in 2009. 
From this survey water consumption was estimated from 
the number of unboiled glasses of water drunk per person 
per day (Figure 1) (MacRitchie et al. 2013). On average 
the 979 respondents consumed 2.8 glasses of water/day 

Table 5. Microbiological data from private water supplies in Scotland 2013-14.  Data are confirmed counts for tap water and 
presumptive counts for source water. One sample of source and tap water was taken per supply per quarter (Avery et al. 2016 and Avery 
– unpublished data).

Quarter (sampling 
month)

Water E. coli CFU/100 
ml (number 
positive/number of 
supplies)

Total coliforms 
CFU/100 ml 
(number positive/
number of supplies)

Clostridium 
CFU/100 ml 
(number positive/
number of supplies)

Enterococci 
CFU/100 ml 
(number positive/
number of supplies)

Q1 (October)
Tap 0-10 (2/34) 0-80 (3/34) 0-8 (3/33) 0-4 (2/35)

Source 0-800 (15/33) 0-9800 (31/33) * *

Q2 (Feb-Mar)
Tap 0-3 (3/34) 0-570 (4/34) 0-5 (5/34) 0-2 (1/34)

Source 0-10 (8/33) 0-2100 (29/33) * *

Q3 (May)
Tap 0-<10 (1/33) 0-660 (4/33) 0-2 (4/33) 0-6 (2/33)

Source 0-37 (15/32) 0->10,000 (28/32 * *

Q4 (July-Aug)
Tap 0-2 (3/32) 0-120 (3/32) 0-1 (2/32) 0-2 (3/32)

Source 0-5000 (26/32) 0-520,000 (31/32) * *

and assuming one glass of water contains 190 ml (Hunter 
et al. 2011), the average daily water consumption is 532 
ml. This agrees with USA survey data (daily consumption 
range – 430 -2900 ml) (Gale 2001).
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Figure 1. The distribution of number of glasses of water 
consumed daily per person in Grampian during 2009. The 
distribution is left skewed (average – 2.8 glasses/day, median – 2 
glasses/day, mode – 0 glasses/day, range – 0 to 15 glasses/day).

Other consumption of drinking water include cleaning 
teeth, having a shower, swimming, other recreational 
water activities, other activities using water (e.g. irrigation 
in agriculture) and also preparing food (e.g., washing fruit 
or vegetables). 

A QMRA study of Cryptosporidium in China estimated 
that people ingest between 7 to 71 ml of tap water per 
session of tooth-brushing (An et al. 2011). Water inhaled 
in lungs via aerosols was reported either by showering 
(1.9 ml/event) or hosing (1.9 ml) (Ahmed et al. 2010). It 
was also estimated that people ingest 1ml of water during 
hosing (Ahmed et al. 2010).

Although there is much data in the literature on the 
amount of water ingested during swimming, surfing, 
diving and other recreational water activities, they are 
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not given here because it is considered that they are 
not relevant for this study (Crabtree et al. 1997; Vinten 
et al. 2009). This is despite that there may be some 
swimming pools and spas on private water supplies but it 
is considered that there will be low numbers of these and 
certainly the swimming pool water should be treated and 
that disease in humans is only likely to follow on failure of 
the treatment system.

5.4 Quantitative estimate of exposure
Detailed information on quantitative estimate of exposure 
is provided for each pathogen in Section 3.0 of their 
respective Appendices, under the following sub-sections:

•	 Contamination prevalence/frequency, concentration, 
survival/growth in water.

•	 Dose ingested.

5.4.1 Exposure summary

There is a lack of data on the exposure to waterborne 
pathogens from PWS in Scotland except for E. coli 
O157. Data on PWS water consumption exist and can 
be readily used in QMRAs (see sub-sections 5.3.1 and 
5.4.1). However, in terms of prevalence, concentration, 
survival, and dose ingested there are data gaps for 
most of the pathogens (Salmonella, Campylobacter 
and Cryptosporidium) discussed in this report. For 
Cryptosporidium there is prevalence and concentration 
data from a UK wide study (including two PWS from 
Scotland) which can potentially be adapted to Scotland. 
Table 6 summarises the availability of prevalence and 
concentration data for PWS in Scotland.

Table 6. Prevalence and concentration data availability in PWS 
in Scotland.

Prevalence and concentration in PWS

Pathogen Prevalence Concentration

Salmonella No No

E. coli O157 Yes Yes (estimated)

Campylobacter Yes No

Cryptosporidium Noa Nob

a,bData from a UK wide study exist (including two PWS from 

Scotland) (Hunter et al., 2011).

5.4.2 Number of exposure events (e.g., per 
day)

5.4.2.1 Total Scottish population

Based on a telephone survey conducted in Grampian (see 
subsection 5.3.1) the proportion of people who drink 

water daily is 80.5 %. The number of exposures per day 
can be calculated by multiplying the number of people on 
PWS and the proportion of people drinking water daily. 
There are approximately 80,000 people in Scotland who 
regularly use private water supplies such as wells, springs, 
burns and boreholes to provide their drinking water. 
Hence, a reasonable estimate of the number of exposed 
people per day will be 64,000 (= 80.5% x 80,000). In the 
same survey, 47.5% of respondents declared that their 
PWS was treated. No treatment efficiency was provided. 
Assuming that the treatment efficiency was 100%, 
which will be an overestimate, the number potentially 
contaminated water exposures per year from a PWS 
was 12 million (= 64,000 x 365 x 52.5%, note: 64,000 
– number of people on PWS exposed daily, 365 – days, 
52.5% – proportion of PWS not treated).

5.4.2.2 Vulnerable Scottish population

The telephone-based survey in Grampian (see subsection 
5.3.1 above) shows a different water consumption pattern 
between age groups (Figure 2). The average water 
consumption in the population ≥ 60 years old (2.4 glasses/
day, 95%CI: (2.20 – 2.67) is significantly lower (P<0.05) 
than the average water consumption in the population < 
60 years old (3.2 glasses/day, 95%CI: (2.96 – 3.43). To 
account for this water consumption difference in QMRAs, 
the distribution by age of the Scottish population dinking 
from PWS needs to be determined. This can be estimated 
either from the existing survey data in Grampian, or 
from a future survey which can be done at national 
scale. There is no information available on the number 
of daily exposures for other vulnerable populations (e.g., 
immunocompromised, young children etc.).
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5.4.3 Treatments

Approximately 85% of Regulated private water supplies 
have some form of treatment applied. This appears to 
be fairly consistent across years and local authorities 
(Grzybowski, Scottish Government, 2018 – pers. comm.). 
Determining the presence and efficacy of treatment on 
PWS is difficult due to the large number of supplies which 
are not routinely sampled by the local authorities (Type 
B supplies). Based on treatment data held by DWQR 
for Type B supplies in East Ayrshire, Midlothian, Stirling, 
and Moray, it appears that around 35% of supplies 
have some form of treatment. Again, this is reasonably 
consistent across years. The caveats associated with these 
data are that local authorities may not have supplied 
DWQR with all of their treatment data or may not have 
completed returns correctly. DWQR holds treatment 
data for all local authorities and the compliance data 
supports that disinfection is only present and consistently 
effective in less than two thirds of supplies (DWQR 
2017).  Furthermore, presence of a treatment system does 
not give an indication of the maintenance of treatment 
systems. For example, if filtration systems and UV lamps 
are not regularly replaced and system components cleaned 
(e.g., lamp quartz sleeves), treatment efficacy decreases. 

In a study of 31 Type B private water supplies in Scotland 
during 2013-14 (Avery et al. 2016), a number of 
treatment types were being used (Table 7).

Figure 2. The distribution of water consumption in Grampian health board in 2009, stratified by age group (this includes the whole 
population, part of which will be on a PWS).
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Table 7. Treatment of Type B PWS in Scotland during 2013-14 (31 supplies studied).

Description of treatment system Frequency

20 μm filter, UV, pH, and then into header tank 1

25 μm bag filter, 10 μm 10-inch filter, carbon filter and UV tube
1

5 μm, carbon filter, UV, Fe filter 1

Arsenic, Fe, Mn, ion exchanger, UV filters 1

Burn water – between header tank and house: 50 μm mesh, 5 μm filter, UV (spun wound). Rainwater – 
350-gallon tank: from roof to gutter mate, mesh filter, nylon filter mesh. 2

Clean out tank once a year and UV filter 1

Course, fine filter, pH correction, UV, pressure vessel 2

Fe and Mn filters, UV, pH correction 1

Filter, pH, and UV 1

From settlement tank 5500 l through 30 m filter then 5 μm filter then UV filter 1

Mn filter, UV, Pumped from well to holiday cottage tank then down to (owners) house 1

Pressure tank, filter, pH correction then UV 1

Pressure vessel, filter, sand, possible pH, 5 – 10 μm filter and UV 1

Pump to accumulator tank, 20 m filter, 5 μm filter, UV bulb to softener balls to house 1

Pump. Chlorine before holding tank. 20 and 5 μm filter at property level and UV 1

Sediment filter, UV filter, CO² filter, 1

Source pumped to ground level tank, through filter and UV, then into roof space tank 1

Standard general filter, large cylinder for Mn removal, UV lamp 1

Through 2 filters, UV and into taps 1

UV filter, 50 μm filter, then to tap 1

UV, secondary filter 1

UV, storage cupboard 1

Chalk and sand filters, micron filters then UV 1

Cotton filter, pH and UV 1

Header tank, pump, 50 μm filter, pH filter, element filter, UV 1

Media filter, 5 μm, UV, pumped for pressure 1

One filter then UV bulb 1

pH correction, aerator to drop out the iron, iron filters, organic scavenger with a brine backwash, then 
through a carbon filter and a 5 μm filter, then UV

1

Pre filter, UV bulb, pH crystals, 5 μm filter 1
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The treatments associated with passes or fails in the study 
(Avery, et al. 2016) are summarised below.

The nine supplies which consistently passed 
microbiological AND chemical parameters were fitted 
with some form of filter, usually a 5 µm filter, and UV 
disinfection; some with pH correction but only two out 
of these nine had any additional treatment. The two 
supplies with additional treatment had some form of 
media/element removal filter. The fourteen supplies failing 
microbiological standards on at least one of four sampling 
occasions tended to have more complex/less standard 
treatment systems. This implies that either it is difficult 
to treat supplies (i.e. requiring more complex treatment) 
or possibly non-standard installations that tend to fail 
microbiologically. This is consistent with the understanding 
that physico-chemical water quality directly affects 
disinfection processes.

5.4.3.1 Filtration

A 5 μm pre-filter is commonly fitted to most PWS with 
a treatment system. These comprise mesh or paper-
based cartridge filters. The primary intention is to remove 
particulates such that the UV disinfection can operate 
effectively (particulates can shield microorganisms against 
UV penetration (Winward et al. 2008). There is a paucity 
of information on the effects of 5 µm (or coarser) filters on 
removal of microorganisms in PWS, presumably because 
they are not intended for this purpose, although it is 
inevitable that some removal will take place, particularly as 
filters age and pores become clogged. 

5.4.3.2 UV

The most common disinfection treatment present on 
PWS in Scotland is UV irradiation. In a correctly installed 
system, the UV dose delivered is calculated based on 
the flow rate. Table 8 (modified from Avery et al. 2016), 
illustrates the UV dose required (mJ/cm2) to give a range 
of log-inactivations for the bacteria/bacterial forms listed. 
The standard specification of UV fluence for private water 
supplies is currently 40 mJ/cm2. Older systems may have 
been installed to a specification of 30 mJ/cm2.

Table 8. UV dose (mJ/cm2) required to give 1.0, 2.0, 3.0 and 
4.0-log inactivation of different bacteria/bacterial spores.

Target Log10 inactivation

1.0 2.0 3.0 4.0

Spores

B. subtilis spores1 28 39 50 62

B. subtilis spores² 56 111 167 222

Bacteria

Campylobacteri 
jejuni³

- - - 4.6

Campylobacteri 
jejuni²

3 7 10 14

Clostridium 
perfringens²

45 95 145 -

Clostridium 
perfringens³

- - - 23.5

Enterobacter 
cloacase³

- - - 10 (33)

Enterolitica 
faecium³

- - - 17 (20)

E. coli¹ 3 4.8 6.7 8.4

E. coli O157:H7³ - - - 6 (25)

E. coli O157² 5 9 14 19

E. coli wild type³ - - - 8.1

E.coli wild type4 - - - 6-8.5

E.coli wild type² 5 9 14 19

Klebsiella 
pneumoniae³

- - - 20 (31)

Legionella 
pneumophila³

- - - 9.4

Legionella 
pneumophila²

3-8 6-15 8-23 11-30

Mycobacterium 
smegmatis³

- - - 20 (27)

Pseudomonas 
aeruginosa³

- - - 11 (19)

Salmonella typhi³ - - - 8.2

Salmonella typhi² 6 12 17 51

Shigella dysenteriae 
ATTC29027³

- - - 3

1 (USEPA 2010),  2(Hijnen, et al. 2006), 3(Bolton, 1983), 4(Bucheli-

Witschel, et al. 2010).

Table 9. Water disinfection studies with UV used for inactivation of Giardia cysts and Cryptosporidium oocysts – adapted from 
(Betancourt & Rose 2004).

Protozoan UV dose (mJ/cm²) Water condition Log10 inactivation

C. parvum¹ 50 Treated filtered surface water 3.9

C. parvum² 1 Buffered saline 1.5

C. parvum² 3 Buffered saline >3.2

G. muris³ 5 Milli Q water 2

G. lamblia4 1 Buffered saline >4

1(Bukhari et al. 1999); 2(Zimmer et al. 2003); 3(Craik et al. 2000); 4(Linden et al. 2002).
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The efficacy of UV disinfection is governed by: the 
correct installation of the system (i.e., appropriate UV 
dose delivered for flow rate); maintenance of the system 
(aging lamps fail to deliver the correct UV dose and lamp 
fouling (coating) can prevent UV penetration throughout 
the water passing through the UV tube) and, importantly, 
water quality (Avery et al. 2016). Water is generally 
suitable for disinfection by UV (40 mJ/cm2) if:

•	 UV transmittance (UVT) of the water to be disinfected 
is >75 %.

•	 The colour of the water to be disinfected is 20 H or 
lower as colour reduces UVT.

•	 The turbidity of the water should be < 4 NTU as 
turbidity reduces UVT.

•	 The concentration of iron in the water is < 50 g l-1 (to 
minimise lamp fouling).

•	 The concentration of manganese is <20 g l-1 (to 
minimise lamp fouling).

•	 Hardness is <120 mg l-1 CaCO3 (unlikely to be an 
issue in Scotland).

•	 Water storage (tanks, etc.) should be prior to UV 
treatment to prevent post treatment re-activation 
(Avery, et al. 2016).

Determining whether water quality is indeed suitable for 
UV disinfection or what treatments need to be installed 
to mitigate poor (physico-chemical) water quality is 
not straight forward due to the effects of weather and 
seasonality on PWS. For example, presence of indicator 
organisms tends to rise in PWS following several days of 
rainfall (Auld et al. 2004). In a recent study on the impact 
of water quality and maintenance on UV disinfection 
efficacy on PWS, it was evident that in general, four 
samples throughout the year gave sufficient information 
to deduce the degree of water quality variation (when 
comparing with monthly samples), however a single 
sample did not provide sufficient information (Avery et al. 
2016). It is usually impractical to wait for a year’s worth 
of quarterly samples to determine the breadth of water 
quality variation; therefore, local authorities and most 
householders rely on risk assessment profiles along with a 
single water sample.

5.4.3.3. Other treatment methods

Media filters

While frequently referred to as filters in the industry, 
media “filters” are essentially vessels containing media 
(usually activated carbon) which adsorb pollutants. They 
are frequently used to remove metals and other non-
microbial contaminants. They are not designed to remove 
pathogens, although it is likely that microorganisms 
do indeed adsorb to the activated carbon particles, 
therefore, some removal is likely to occur. For example, 

Hijnen et al. 2006, evaluated the removal of range of 
indicator organisms from water and reported that E. coli 
and the anaerobic spores were removed to a degree 
from ≤0.1–1.1 log. MS2 phages were not removed and 
(oo)cysts of C. parvum and G. lamblia were removed 
significantly (1.3–2.7 log). However, some studies suggest 
that activated carbon filters can become colonised by 
microorganisms including coliforms (Tobin et al. 1981; 
McFeters et al. 1985).

Settling tanks

Settling tanks again are not specifically intended to 
remove pathogens, rather, they allow particles to settle 
out. Microorganisms present in drinking water supplies are 
commonly associated with particulates (Liu et al. 2016), 
therefore, a proportion are likely to be removed during 
settling. The number and size of particles is dependent 
on the influent water quality and the number of particle-
associated bacteria is also highly variable dependent on 
the number and type of bacteria present and the physico-
chemical characteristics of both particle and water matrix. 
The rate of settling for particles of a given size can be 
estimated using a mathematical model (Stoke’s law). 
Planktonic (i.e. free bacteria/viruses in the water column) 
can usually be considered as a colloidal particles unlikely 
to settle during the residence time in the tank (Liu et al. 
2016).

Ion exchange resin

Ions with the same charge are exchanged between the 
water and a solid-phase resin. Cation exchange is used 
for water softening and removal of certain heavy metals. 
Anionic exchange is used to remove nitrate (WHO 2004). 
Literature searches, (WoS; search terms “water ion 
exchange bacteria/viruses/protozoa/Cryptosporidium/
coli – in title – all years”), did not yield any relevant 
information on losses of pathogenic or indicator 
microorganisms during water treatment through ion 
exchange.

Chlorine dosing

Chlorine may be used in several ways in PWS: firstly as 
the primary disinfectant, in which chlorine is dosed into 
the system with the intention of generating a chlorine 
residual and both disinfecting and preventing regrowth 
of microorganisms. Secondly it can be used as part of 
a system cleaning regime e.g., when tanks are cleaned 
out, a single dose of chlorine is applied (and may also be 
flushed into the pipework and retained for a given contact 
time) to disinfect. This latter approach may also be applied 
following an event, such as a pipe-break, where ingress 
of soil or other contaminated material is known to occur. 
Finally, chlorine dosing may be used in parallel with UV 
disinfection to ensure a more robust process. Chlorination 
has the disadvantage that it can form harmful disinfection 
by-products, depending on other water quality parameters 
(Li et al. 2019).
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A.6 Risk characterisation 

6.1 Approach
Risk characterisation can be qualitative or quantitative 
and aims to estimate the risk of an adverse health effect 
based on exposure (e.g., from drinking a glass of water 
from a PWS which is contaminated with gastrointestinal 
pathogens). Risk characterisation integrates the hazard 
identification, hazard characterisation and dose response, 
in order to estimate the magnitude of the public health 
problem. 

Risk characterisation for the main pathogens involved in 
pathogenic infections from drinking water in Scotland 
(Salmonella, Verocytotoxin-producing Escherichia coli 
(VTEC), Campylobacter, Cryptosporidium) is summarised 
in Section 4.0 of their respective appendices, under the 
following sub-sections:

•	 Incidence

•	 Clinical consequences of infection

•	 Outbreaks

•	 Sporadic cases

•	 Risk assessments

•	 Qualitative/quantitative assessment of risk

•	 Risk categorisation

	o Disease incidence

	o Disease severity

Where information does not exist from Scotland, data 
were sought from elsewhere in the UK.

6.2 Risk characterisation summary
Depending on data availability, ideally from Scotland or 
alternately elsewhere in the UK, the risk characterisation 
for the pathogens discussed in this study was performed 
using the following: disease incidence; clinical 
consequences of infection; outbreaks; sporadic cases and 
risk assessment and risk categorisation.

Disease incidence

The disease incidence for GI pathogens in Scotland is well 
documented and data exists for at least the last decade. 
Ranking the disease incidence data puts Campylobacter 
first, followed by enteric viruses, Salmonella and 
Cryptosporidium, with VTEC and Giardia coming last 
(see Table A.6 in Appendix VI). However, there is no 
information on what proportion of overall GI cases is 
related to PWS, except for some estimates for individual 
pathogens (e.g., VTEC and Campylobacter, see 6.2.8 and 
6.3.8).

Clinical consequences of infection

In terms of the clinical consequences of infection, VTEC 
(30-57% hospitalisation) and Campylobacter (8% 
hospitalisation) are the most harmful GI pathogens, 
followed by Salmonella (3.6% hospitalisation). Severe 
health complications occur most frequently for VTEC and 
Campylobacter. There appear to be a lack of recent data 
on the severity of Cryptosporidium cases in Scotland. 
Also, there are no data published to establish if GI 
cases associated with PWS consumption have the same 
spectrum of symptoms as those acquired from elsewhere.

Outbreaks

In Scotland outbreaks are dominated by viruses, with over 
95% of those reported to HPS having norovirus (NV) 
as the main cause (Smith-Palmer & Cowden 2010). No 
general outbreaks (defined as more than one household) 
associated with norovirus have been reported in Scotland 
and for single household outbreaks it would be difficult to 
identify a source of infection. Although for the majority of 
the NV outbreaks the suspected vehicle is unknown, the 
outbreaks occur mainly in public institutions and hospitals, 
the virus spreads mainly by person to person transmission, 
water and in particular PWS being a less probable vehicle 
(Smith-Palmer & Cowden 2010; Smith-Palmer & Cowden 
2013). The remaining GI outbreaks (>160 in the last 10 
years) are caused by pathogenic bacteria, with VTEC 
playing the most important role (83 VTEC, 41 Salmonella, 
20 Cryptosporidium and 13 Campylobacter). However, 
only (7/167) were water related and a single one (VTEC) 
had PWS as the suspected vehicle.

Sporadic cases

Sporadic cases of Campylobacter and Cryptosporidium 
have been associated with PWS exposure (see Appendix 
III subsection 4.5 and Appendix V subsection 4.5 
respectively). However, for VTEC the data that exists is not 
supportive of a significant association.

Risk assessments

No risk assessment for Salmonella, Campylobacter and 
Cryptosporidium from PWS exist in Scotland. However, 
two risk models were developed for E. coli O157 in 
Scotland (Rotariu et al. 2012) which found that <8% of 
people contract the disease from PWS.

Risk categorisation

The burden of disease caused by drinking water from 
private water supplies in Scotland is unknown. There are 
also no risk models (excepting for E. coli O157) which 
determine the incidence of disease by transmission 
pathway, source, or any other risk factor. One case-
control study for Campylobacter in NE Scotland (Smith-
Palmer & Cowden 2010) and one generalised linear 
model for Cryptosporidium across Scotland (Pollock et 
al. 2010) did not offer enough information to perform 
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risk categorisation. Therefore, the overall incidence, from 
all sources, for each pathogen was used in this review 
for risk categorisation (see Appendix VI for details). This 
puts Campylobacter in pole position, followed by viruses 
and Salmonella, then Cryptosporidium, with VTEC being 
classified as the lowest risk. The risk categorisation in 
terms of the severity of disease from waterborne infections 
is also unknown.

A.7 Risk management information for 
private water supplies 
Quantitative Microbial Risk Assessment Models use 
bottom-up approaches, linking the source to the receptor 
(individuals) via one or more pathways. In terms of risk 
management, it is of key importance to identify protective 
barriers to stop the disease. The barriers can act either on 
source, by reducing the amount of pathogens excreted, on 
the pathways, trying to control/stop the amount exposure 
to the pathogens, or on receptors (e.g., by vaccination 
or by behaviour change to limit exposure), to reduce the 
incidence of the disease.

7.1 Relevant controls in water 
The PWS owner has an obligation under the regulations 
to ensure that the drinking water is fit to drink and meets 
the quality standards specified in Schedule 2 (available at 
www.legislation.gov.uk/ssi/2017/282/contents/made). 
To that end the PWS owner needs to make sure that 
adequate catchment management measures are in place 
to protect the source water. In many cases the source 
water is ground water and in such cases the principal 
controls are adequate security of the borehole which will 
include secure capping of the well head, double barrier 
fencing and maintenance of the structure to prevent 
ingress of faecal contamination, small mammals and 
other carriers of possible microbiological contamination. 
Surface water sources are more at risk (see DWQR 2020) 
which shows that groundwater sources, and in particular 
boreholes, are microbiologically more compliant than 
surface water sources and would generally require robust 
protection of the raw water inlet that will include filtration 
and the establishment of buffer zones around the water 
intake, to prevent contamination. Risks to surface water 
abstraction include: contamination from wild deer, small 
mammals, runoff of farm animal waste, birds, sediments, 
flooding, etc. The surface water abstraction points will 
also be at higher risk of Cryptosporidium particularly from 
cross inoculation of the wild deer population in certain 
areas of Scotland.

7.2 Regulations in Scotland with 
respect to pathogens/indicator 
organisms from private water supplies
The regulations governing PWS are “The Water Intended 
for Human Consumption (Private Supplies)(Scotland) 
Regulations 2017” (available at www.legislation.gov.
uk/ssi/2017/282/contents/made) which in part replace 
“The Private Water Supply (Scotland) Regulations 2006”. 
The regulations cover all aspects of PWS ownership 
and operation, including registration, risk assessments, 
enforcement, maintenance, and other relevant activities 
associated with ensuring the drinking water quality. The 
regulations have associated guidance documents for both 
the local authorities who enforce the regulations and the 
PWS owners. The regulations and associated guidance 
documents are available through the DWQR website, the 
relevant local authority website, the Scottish Government 
and Citizens Advice Scotland.

Schedule 2 Part A of the regulations covers the 
requirements for microbiology and states that the limit for 
Enteroccoci and E. coli are 0 cfu/100ml. In other words, 
the water needs to be free of these indicator organisms.

The supply owner is required by the regulations to 
supply information which covers the risk assessment, 
remediation action, water quality results and any other 
information which demonstrates compliance with the 
regulation. This may include action plans for recovering 
the quality of water during a failure event. There is an 
obligation to ensure that the PWS owner manages the 
full system to ensure safe drinking water. This includes 
adequate provision for catchment management measures, 
abstraction, adequate treatment, storage, and distribution 
of the water. The PWS owner must identify the most 
appropriate means of mitigating risk to human health.

7.2.1 Water standards	

The regulations define the basic water quality standards 
that need to be maintained to allow the water to be 
classified as safe to drink. The regulations specify a series 
of chemical, physical, and microbiological parameters 
which must be monitored on a regular basis for Regulated 
private water supplies. The regulations also specify the 
methods of analysis which helps to ensure that there is 
confidence in the results produced. Schedules 2 to 4 in 
the regulations specify the parameter and the values, the 
monitoring requirements, and the methods of analysis, 
respectively. All data generated through the monitoring 
program is reported back to DWQR through the local 
authorities. Any water quality failure must be investigated, 
and appropriate mitigations identified and implemented.

http://www.legislation.gov.uk/ssi/2017/282/contents/made
http://www.legislation.gov.uk/ssi/2017/282/contents/made
http://www.legislation.gov.uk/ssi/2017/282/contents/made
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7.2.3 Guidance for PWS owners and users

Advice and guidance for owners and users on private 
water supplies can be found at mygov.scot4 . This is the 
centralised location for information on how to look after 
a domestic or commercial private water supply. The range 
of information includes everything from applying for a 
private water supply grant through to risk assessments 
and testing the private water supplies.

7.3 Adverse economic effects from 
infection with pathogens from PWS	
There is a lack of information on the economic effects 
of pathogen infection from private water supplies. This 
is problematic to determine because the annual number 
of human cases per year for each pathogen is unknown. 
However, if this were known then it would be possible 
to determine costs of disease. For example, this could be 
done by estimating the number of Disability Adjusted 
Life Years (DALYs) through illness as well as the other 
costs (healthcare, days lost at work etc.). A DALY can 
be thought of as one year lost of healthy life. This type 
of analysis has been performed in the Netherlands for 
pathogens associated with food and has the potential to 
be used to determine the costs of disease from PWS in 
Scotland (Mangen et al. 2015). 

7.4 Risk management options
Preventative risk management is critical and the PWS 
owner working with the community and local authority 
has an obligation to ensure that identified interventions 
are applied to the PWS to reduce or eliminate the risk of 
provision of drinking water that is unfit for consumption. 
The risk management interventions should be identified 
through the risk assessments and documents in a water 
safety plan which will be unique to the individual PWS. 
The risk management options include but are not limited 
to:

•	 Catchment management interventions; for example, 
reduce livestock in the vicinity of the raw water 
source. This is underpinned by the data presented 
earlier in the report on prevalence and shedding of 
pathogens by farmed and wild animals.

•	 Adequate barriers and security around the raw water 
intake; for example, DWQR and the regulations 
already recommend a protective double fence around 
the source and boreholes should be properly capped 
and locked.

•	 Appropriate treatment to ensure quality (filtration, 
UV disinfection, etc). This is underpinned by the data 

4	  https://www.mygov.scot/housing-local-services/water-
supplies-sewerage/private-water-supplies/

presented on the efficacy of these methods and test 
results from PWS in Scotland and in other previous 
studies (e.g., Avery et al. 2016).

•	 Sealed storage tanks. 

•	 Adequate distribution systems. 

•	 Adequate system maintenance and operational plans. 
The regulations require all Regulated private water 
supplies to have been risk assessed with action plans 
to mitigate risks. It is also a requirement for Type B 
supplies to be risk assessed.

The effectiveness of the risk interventions needs to be 
demonstrated through the risk assessments, water safety 
plans and monitoring programme for each supply. These 
options also need to be considered in terms of their 
practicality of implementation, cost and acceptability to 
users.

A.8 Part A Conclusions

8.1 Risks to Scottish consumers
Campylobacter causes the largest number of reported 
gastrointestinal cases in Scotland, followed by viruses 
(norovirus, rotavirus, adenovirus) and then Salmonella, 
with protozoa (Cryptosporidium, Giardia) and VTEC 
being comparatively rare. In terms of hospitalisation, the 
largest number are from Campylobacter (8.9 hospital 
admissions/100,000 people) with the remainder of 
the gastrointestinal pathogens comprising <2 hospital 
admissions/100,000 in total.

An accurate estimate of the number of cases caused 
by these pathogens due to exposure from PWS does 
not yet exist. However, case control data and QMRA 
models show that around 8% of Campylobacter (NE 
Scotland) and <8% of E. coli O157 cases (across whole 
of Scotland) may be due to PWS. In addition, outbreaks 
show that during 2005-2014 only one VTEC outbreak was 
associated with a PWS in Scotland.

There are several modelling/analytical approaches that 
can be used to estimate the number of cases due to PWS. 
These include quantitative risk assessments, quantitative 
risk factor approaches using regression analysis on disease 
data, case-control studies, source attribution models and 
a combination of the aforementioned techniques (Roux et 
al. 2013; Bessell et al. 2012; Mughini  et al. 2012). 

Establishing the extent of Scottish PWS contribution to 
the burden of GI disease needs further investigation, as 
the quantitative analysis of the risk is still in its infancy. 
Therefore, there is a need to apply the approaches 
mentioned above to quantify the contribution of PWS to 
the human disease burden in Scotland.
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8.2 Infectious disease transmission 
from animal reservoirs to water to 
humans
Understanding the pathways taken by pathogens from 
animal reservoirs to PWS to human disease is essential 
in identifying how to manage the risk of illness. There 
is a growing body of knowledge on the prevalence and 
concentration of pathogens in both farm and wild animal 
reservoirs but there are still gaps that need to be filled. 
There is also progress on understanding and modelling 
the mechanisms of pathogen transfer from animal faeces, 
through soil or runoff to surface and ground waters. 
However, the application of this to PWS in Scotland on 
a regional or national scale has not yet been attempted. 
Knowledge exists in part on treatment of water supplies 
as well as failure rates to indicator organisms. There have 
been some studies looking for pathogens in PWS but only 
one in NE Scotland looking at Campylobacter was of a 
reasonable size (>100 PWS tested). In general, the PWS 
supplies most at risk are surface water abstracted supplies, 
particularly burns and rivers which are untreated and in 
areas where there are both animal reservoirs excreting 
pathogens and mechanisms by which these pathogens can 
enter the PWS.

Studies have been conducted that have estimated 
consumption of waters from PWS by humans and dose 
response models have been developed for the main 
pathogens of concern. The spectrum of illness for these 
pathogens is also known in the general population but not 
for specific PWS associated cases.

The QMRA method can be used to model the 
transmission of pathogens from animal reservoirs to PWS. 
This is developed in Part C: “Scope out microbiological risk 
assessments for gastrointestinal (GI) pathogenic infections 
from PWS in Scotland”.

8.3 Commentary on risk management 
options 
A range of risk management options are available and 
include catchment management measures, adequate 
security of the source, adequate treatment; good 
maintenance and operation, underpinned by appropriate 
monitoring. The combination and robustness of risk 
management intervention should be deemed adequate to 
ensure compliance with The Water Intended for Human 
Consumption (Private Supplies) (Scotland) Regulations 
2017). The risk management plan should address any 
risks identified during the risk assessment of the supply. 
The risk assessment should be reviewed on a regular 
basis to ensure that the any changes to the environment, 
source, catchment activities, etc., are considered. The risk 
management plan should then be amended to mitigate 
the new or emerging risks.
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B.3 Results
There was a mean of 6374 cases of Campylobacter 
(120.6 cases per 100,000 population), 557 cases of 
Cryptosporidium (10.5 cases per 100,000 population), 
233 cases of E. coli O157 (4.4 cases per 100,000 
population), 195 Giardia (3.7 cases per 100,000 
population) and four cases of E coli non-O157 (0.1 cases 
per 100,000 population) per year during the study period. 
However, this incidence varied by NHS board location 
(Table 10). During the study period, Campylobacter had 
a higher incidence in NHS Grampian (210.7 cases per 
100,000 population) and NHS Tayside (151.2 cases per 
100,000 population), Cryptosporidium had a higher 
incidence in NHS Dumfries and Galloway (22.1 cases per 
100,000 population) and NHS Orkney (19.7 cases per 
100,000 population), Giardia had the highest incidence 
in NHS Borders (11.4 cases per 100,000 population) 
and NHS Lothian (7.9 cases per 100,000 population) 
while E. coli had the highest rates in NHS Orkney (19.7 
cases per 100,000 population for O157, 91.9 cases per 
100,000 population for non-O157) and NHS Dumfries 
and Galloway (10.6 cases per 100,000 population for 
O157, 7.0 cases per 100,000 population for non-O157). 
However, the rates in the Island NHS boards should 
be viewed with caution due to the impact of the small 
population size.

Part B: Human 
gastrointestinal illness 
and private water supply 
failures

B.1 Introduction
Exposure to inadequately treated water from a private 
water supply is a risk factor for human infection through 
the gastrointestinal route (Food Standards Scotland 
2016)5. Public Health Scotland routinely receives 
information via ECOSS (Electronic Communication of 
Surveillance in Scotland) (Health Protection Scotland 
2020)  on all laboratory positive identifications of all 
organisms covered by the Public Health (Scotland) Act 
2008 and a number of other pathogens of public health 
interest. This includes the gastrointestinal pathogens of 
interest for this work, mainly shiga toxin producing E. 
coli (STEC) (both O157 and non-O157), Campylobacter, 
Cryptosporidium and Giardia. However, the ECOSS 
database does not capture information on exposure 
factors such as: overseas travel, animal contact or private 
water supplies, in individuals with these infections. This 
project aims to look at the links between areas with 
known private water supply failures and human infection 
in Scotland between 2009 and 2013. 

B.2 Methods
Data on Campylobacter, Cryptosporidium, Giardia and 
STEC (O157 and non-O157) cases from 2009-2013 were 
extracted from the ECOSS database. Mean incidence rates 
for each pathogen were calculated using population data 
(National Records of Scotland 2019)6 for the equivalent 
years. Using postcodes (where available), ECOSS data was 
linked to both Regulated private water and Type B PWS 
failures reported by the DWQR from 2009-2013. Maps 
were created in Tableau version 10.4 and analysis was 
undertaken in SPSS® version 24. 

5	  The second study of infectious intestinal disease in the 
community (IID2 Study). Available at: https://www.food.gov.
uk/research/research-projects/the-second-study-of-infectious-
intestinal-disease-in-the-community-iid2-study
6	  National Records of Scotland. Available at: https://www.
nrscotland.gov.uk/statistics-and-data/statistics/statistics-by-
theme/population/population-estimates/mid-year-population-
estimates

https://www.food.gov.uk/research/research-projects/the-second-study-of-infectious-intestinal-disease-in-the-community-iid2-study
https://www.food.gov.uk/research/research-projects/the-second-study-of-infectious-intestinal-disease-in-the-community-iid2-study
https://www.food.gov.uk/research/research-projects/the-second-study-of-infectious-intestinal-disease-in-the-community-iid2-study
https://www.nrscotland.gov.uk/statistics-and-data/statistics/statistics-by-theme/population/population-estimates/mid-year-population-estimates
https://www.nrscotland.gov.uk/statistics-and-data/statistics/statistics-by-theme/population/population-estimates/mid-year-population-estimates
https://www.nrscotland.gov.uk/statistics-and-data/statistics/statistics-by-theme/population/population-estimates/mid-year-population-estimates
https://www.nrscotland.gov.uk/statistics-and-data/statistics/statistics-by-theme/population/population-estimates/mid-year-population-estimates
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Table 10. Incidence (per 10,000) of Campylobacter, Cryptosporidium, Giardia, and E. coli in Scotland by NHS board, 2009-2013.

NHS Board Campylobacter Cryptosporidium Giardia E. coli O157 E. coli non-O157

Ayrshire & Arran 128.9 11.9 4.1 5.5 1.5

Borders 137.0 15.1 11.4 5.6 4.9

Dumfries & Galloway 115.4 22.1 2.8 10.6 7.0

Fife 79.5 11.4 0.6 4.1 1.1

Forth Valley 137.1 6.3 1.1 4.4 1.5

Grampian 210.7 15.4 3.2 7.0 1.2

Greater Glasgow & Clyde 65.5 6.3 1.9 3.3 0.3

Highland 108.7 9.7 1.6 4.3 1.3

Lanarkshire 131.6 10.8 5.5 3.4 0.5

Lothian 131.2 11.0 7.9 2.8 0.3

Orkney 123.7 19.7 3.7 19.7 91.9

Shetland 25.1 2.6 1.7 0.9 3.7

Tayside 151.2 11.4 2.8 5.2 1.3

Western Isles 61.7 4.4 0.0 0.0 0.0

Total 120.6 10.5 3.7 4.4 0.1

Around three quarters (17366/22692; 76.5%) of ECOSS 
data had a valid postcode available. Of these, 88.0% 
(15279/17366) had a unique postcode for each pathogen 
and were able to be mapped (Figure 3). 

Results show that human gastrointestinal infections 
occur in most postcode areas throughout Scotland with 
infections reported across the central belt, borders, 
eastern, northern and the island areas of Scotland. 
Campylobacter was reported in the greatest number of 
postcode areas, however there were a number of postcode 
areas in Dumfries and Galloway and Highland that had no 
reports of Campylobacter. In contrast, Cryptosporidium 
(although less common) was reported from more postcode 
areas in Dumfries and Galloway (Figure 3). 

Data linkage: ECOSS to Regulated private water PWS 
failure data

ECOSS and PWS data linkage showed that between 2009 
and 2013, 104 cases (0.7%) of human gastrointestinal 
disease occurred in postcodes that also had a Regulated 
private water microbiological private water supply failure 
during the same time period. The most commonly 
reported pathogens were Campylobacter (88 cases; 
84.6%) and Cryptosporidium (7 cases; 6.7%), (Table 11). 
During the study period there were 1411 postcodes with a 
recorded Regulated private water PWS failure, 104 (8.8%) 
of which had a gastrointestinal infection reported at the 
same postcode.

Figure 3. Location of human gastrointestinal infections in Scotland, 2009-2013. 



24

Table 11. Number, and percentage, of cases of gastrointestinal infection linked to Regulated private water PWS microbiological failure, 
2009-2013.

Organism Number of cases linked to Regulated 
private water PWS failures

Percent of Regulated private 
water PWS failures 

Percent of all 
ECOSS records 

Campylobacter (n=13222) 88 84.6 0.7

Cryptosporidium (n=1063) 7 6.7 0.7

E. coli O157 (n=491) 4 3.8 0.8

Giardia (n=425) 3 2.9 0.7

E. coli non-O157 (n=78) 2 1.9 2.6

Total (n=15279) 104 100 0.7

As a percentage of all ECOSS records with a unique 
postcode, E. coli non-O157 was the most commonly 
reported pathogen associated with a Regulated private 
water PWS failure (2/78; 2.6%) (Table 11) and E. coli 
non-O157 cases were more likely (RR=3.8, 95% CI 
1.1-12.2, p=0.04) to have a link to a Regulated private 
water PWS failure than cases with other gastrointestinal 
infections. 

Results (map not presented to preserve anonymity) 
show that human disease with a matching postcode 
to Regulated private water PWS failures were more 
frequently identified in NHS Highland, NHS Grampian and 
NHS Tayside, which perhaps reflects the higher number of 
Regulated private water PWS in these areas of Scotland.

Data linkage: ECOSS to Type B PWS failure data

ECOSS data and PWS data linkage showed that 
between 2009 and 2013, 160 (1.0%) cases of human 
gastrointestinal disease occurred in postcodes that also 
had a Type B microbiological private water supply failure 
during the same time period. The most commonly 
reported pathogen was Campylobacter (122 cases; 
76.3%) and E. coli O157 (17 cases; 10.6%) (Table 12). 
During the study period there were 1910 postcodes with a 
recorded Type B PWS failure, 160 (8.4%) of which had a 
gastrointestinal infection reported at the same postcode.

As a percentage of all ECOSS records with a unique 
postcode, E. coli non-O157 (3/78; 3.8%) and E. coli 
O157 (15/491; 3.1%) were the most commonly reported 
pathogen associated with Type B PWS failures (Table 12). 

In addition, E. coli non-O157 cases (RR=3.7, 95% CI 1.2-
11.4, p=0.01) and E. coli O157 cases (RR=3.1, 95% CI 
1.8-5.3, p<0.01) were more likely to have a Type B PWS 
failure than cases with other gastrointestinal infections. 

Results (map not presented to ensure anonymity) show 
that human disease with a matching postcode to Type 
B PWS failures were more frequently identified in NHS 
Grampian, NHS Highland and NHS Borders, which 
perhaps reflects the higher number of Type B PWS in 
these areas of Scotland. 

B.4 Part B Conclusions 
Gastrointestinal disease is regularly identified in Scotland 
with Campylobacter and Cryptosporidium most frequently 
reported in this study. However, the number and rate 
of each pathogen varied across the 14 NHS boards and 
postcode areas. Very few of these human cases of illness 
had a link via postcode to a reported PWS microbiological 
failure with 0.7% and 1.0% for Regulated private water 
and Type B failures, respectively. Where there was a 
postcode link noted, Campylobacter was the most 
frequently identified pathogen in both PWS failure types.

There was no significant difference observed in the 
overall level of selected human gastrointestinal infections 
when comparing Regulated private water PWS with 
Type B PWS microbiological failures. In addition, there 
were no significant differences in the distribution of 
Campylobacter, Cryptosporidium, Giardia and E. coli 

Table 12. Number, and percentage, of cases of gastrointestinal infection linked to Type B PWS microbiological failure, 2009-2013.

Organism Number of cases linked to Type 
B PWS failures

Percent of all Type B 
PWS failures 

Percent of all ECOSS records

Campylobacter (n=13222) 122 76.3 0.9

Cryptosporidium (n=1063) 17 10.6 1.6

E. coli O157 (n=491) 15 9.4 3.1

Giardia (n=425) 3 1.9 0.7

E. coli non-O157 (n=78) 3 1.9 3.8

Total (n=15279) 160 100 1.0
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non-O157 between Regulated private water and B PWS 
failures. However, E. coli O157 infection was three times 
higher amongst Type B water supply failures (17/160; 
10.6% versus 4/104; 3.8%, RR=3.0 95% CI 1.2-7.6, 
P<0.05) than Regulated private water PWS failures. In 
addition, E. coli non-O157 cases were four times more 
likely to have a link to a Regulated private water or Type 
B PWS failure than cases with other gastrointestinal 
infections.

Linked cases were more frequent in NHS Highland and 
NHS Grampian than other NHS boards, possibly reflecting 
the higher number of PWS in these boards compared to 
elsewhere in Scotland. It is important to note that as a 
single postcode will cover multiple households, the case 
may not necessarily have been in the same household 
as the PWS microbiological failure, likewise there was 
insufficient information to determine time parameters 
between the PWS microbiological failure and onset of 
infection among the individual. 

Removal of the duplicate postcodes with the same 
pathogen may have accounted for those cases where 
onward household transmission was believed to have 
occurred. However, it may also have removed co-primary 
cases or cases within different households within the same 
postcode. 

No exposure information is collected via ECOSS for 
these infections, such as: overseas travel, animal contact, 
environmental exposures, food consumption history, or 
drinking from a private water supply. Therefore, as well 
as having a postcode link to a PWS failure, these cases 
may have acquired their infection through other routes, 
this is an important point as previous research has shown 
other risk factors to be strongly associated with particular 
pathogens, for example, the strong association between 
consumption of chicken and Campylobacter infection. In 
contrast, a case may have been exposed to a PWS but not 
in the postcode in which they reside (e.g., when visiting 
friends and relatives or travelling). 

Almost a quarter of the ECOSS data had missing 
postcodes (23.5%). Some of these cases may have 
been in areas with a PWS and so this may represent an 
underestimation of the link to PWS failures. Moreover, the 
cases captured in ECOSS are those which are laboratory 
confirmed, under-ascertainment and under-reporting of 
gastrointestinal disease is well documented7; not all cases 
will seek healthcare, and when healthcare is sought not all 
cases will have samples taken for laboratory testing and 
confirmation. 

Further work would involve extending the analysis to 
calculate the rate of gastrointestinal infection within the 
number of private water supplies (and failures) within 
each postcode, to assess the risk of infection associated 
with PWS types and how if the risk differs between those 

with failures and those without reported failures. The 
analysis presented here did not capture the number of 
microbiological failures that a particular supply had during 
the study period which could also be factored into any 
future analysis. Additionally, a time series analysis could 
be undertaken to look at the time between a PWS failure 
and human infection, whilst recognising the limitations 
of such analysis: as the testing date may be determined 
by the testing cycle of the local authority and not be 
related to human illness; and the microbial quality of the 
water at the time of testing may not reflect the quality 
at the time any individual within the households acquires 
a gastrointestinal infection. Additional analysis could 
consider the seasonality of gastrointestinal infection in 
areas with high incidence of PWS (and PWS with failures) 
compared to areas without PWS, as the microbial water 
quality could be impacted by rainfall. In the future, 
repeating the analysis with more recent PWS and ECOSS 
data should make the results more current and up to 
date. Those individuals with PWS are likely to live in rural 
communities, possibly with direct animal contact. Further 
analysis could be undertaken with the more recent years 
data to also include animal density data, as not only may 
this be a direct factor for human infection but may also, 
via run off water, contaminate PWS and be a potential 
source of infection. 

7	  https://dwqr.scot/information/annual-report/
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Part C: Scope out 
microbiological risk 
assessments for 
gastrointestinal (GI) 
pathogenic infections 

C.1 Introduction
The purpose of this objective is to identify the main steps 
and data required to develop quantitative microbial risk 
assessments (QMRA) for GI pathogens from drinking 
water from PWS in Scotland. This is done separately for 
each pathogen of interest: Salmonella, E. coli O157, 
Campylobacter and Cryptosporidium.

This scoping study shows how it can be possible to 
determine the risk of GI infection from (i) consuming a 
glass of water drunk from a PWS and (ii) estimation of the 
number of GI cases, per year, in the Scottish population, 
attributable to drinking from PWS.

C.2 Approach
The quantitative risk assessment is a process model that 
involves a number of steps: (1) pathogen sources, (2) 
transport of pathogen to PWS and types of PWS, (3) 
survival of pathogen in PWS, (4) treatment of PWS, 
(5) dose response, (6) consumption and (7) calculation 
of disease burden in Scotland. Appendices tables A.1 
(Salmonella), A.2 (E. coli O157), A.3 (Campylobacter) 
and A.5 (Cryptosporidium) cover steps (1) – (5) for the 
respective pathogens. 

Table A.7 in Appendix VII deals with the risk 
characterisation, which is the same methodology for all 
pathogens, and encompasses steps (6) & (7). 

C.3 Part C Findings and conclusions
The tables listed above identify those data that are 
available as well as those that are missing and need to be 
gathered.  They also identify the steps that will require 
model building (e.g., transport models of pathogen 
movement from animal sources to PWS etc.). This needs 
to be addressed for each of the pathogens of interest so 
that QMRA models can be developed.

In summary, for step 1 (pathogen sources) there are a 
number of studies that provide data on prevalence and 
concentration of pathogens in farm animals, however for 
wild animals the data are generally lacking. There is a lack 
of data on the prevalence/concentration of pathogens in 
PWS. It would be expected that the prevalence would be 
low for pathogens, so a large number of samples would 
need to be analysed to obtain robust data.

There has been considerable research into the transport 
processes (step 2) of bacteria (usually indicator organisms) 
that include detachment, leaching, overland flow etc. 
This work has the potential to be readily applied to 
risk assessments of PWS assuming that the relevant 
topography and hydrological information are known 
for the particular PWS. There is also available data for 
survival of these pathogens in water (step 3), though not 
necessarily in water from PWS.

Regarding information on the proportion of PWS that 
are treated (step 4), there are data available on this, 
particularly for Regulated private water supplies, but this is 
sparser for Type B supplies. Considering the efficacy of the 
different types of treatment, information is available for 
UV treatment and also some information is available for 
filtration and chlorine dosing (see section 5.4.3). However, 
these data are not complete for all pathogens studied and 
there is therefore a need to fill the gaps.

Dose response models exist for all of the pathogens that 
were focussed upon in this report (Step 5). However, it is 
worth noting that the dose response may vary by subtype 
but there is a lack of information available in this area at 
the moment. There are a number of studies that describe 
the consumption of water from PWS (step 6). The final 
estimate of the disease burden (step 7) can be generated 
by the model using the previous 6 steps of the model.

The potential of developing process based quantitative 
microbiological risk assessment models for PWS has been 
established. However, there are data at several of the 
steps of the model, and for a number of the different 
pathogens, that need to be collected before these models 
can be successfully implemented.

from PWS in Scotland
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Conclusions and 
recommendations

This project sought to develop an understanding of the 
epidemiology and disease burden contribution of private 
water supplies on the public health of the populations 
(indigenous and transient) exposed. This final section of 
the report provides conclusions and recommendations 
against the project objectives.

This report provides a review of existing research on 
disease burden and epidemiology of small rural drinking 
water supplies (Objective 1) and then extends this with a 
review of data including existing water quality data and 
health surveillance reports (Objective 2). An accurate 
estimate of the number of cases caused by gastrointestinal 
pathogens due to exposure from PWS does not yet exist. 
However, case control data and QMRA models show that 
around 8% of Campylobacter (NE Scotland) and <8% of 
E. coli O157 cases (across whole of Scotland) may be due 
to PWS. In addition, outbreaks show that during 2005-
2014 only one VTEC outbreak was associated with a PWS 
in Scotland. It is recommended that there is a need to:

•	 Develop and apply the approaches mentioned above, 
and in more detail in the report, to quantify the 
contribution of PWS to the human disease burden in 
Scotland.

In general, the PWS supplies most at risk are surface 
water abstracted supplies, particularly burns and rivers 
which are untreated and in areas where there are both 
animal reservoirs excreting pathogens and mechanisms 
by which these pathogens can enter the PWS. There have 
been some studies to detect pathogens in PWS but only 
one in NE Scotland, looking at Campylobacter, was of a 
reasonable size.

Objective 3 explores linkages between water quality 
failures and clusters of illness. It was found (Part B) that 
a low percentage of gastrointestinal illnesses (0.7% for 
Regulated private water and 1.0% for Type B) were 
potentially linked to microbiological failures of PWS. It is 
possible that these linked cases may not have acquired 
illness from PWS but from other sources (e.g., contact 
with farm animals or travel abroad). Also, only around one 
quarter of illnesses could not be included because of lack 
of postcode information and the analysis could involve 
only those PWS where microbiological sampling had been 
conducted. Further analyses of these datasets are readily 
possible. It is recommended that there is a need to:

•	 Explore potential approaches outlined in the report 
for further data analysis e.g., time series analysis to 
look at the time between a PWS failure and human 
infection.

Part C reports the scoping out of a Quantitative 
Microbiological Risk Assessment approach (Objective 4) to 
assess the disease burden of small rural supplies which can 
be used to inform future regulation. A spreadsheet model 
is proposed which would predict the probability of illness 
from drinking a glass of water from a PWS. The tables 
compiled as part of this project identify: where existing 
data can be used as part of the risk assessment and to 
validate it where appropriate; those data that are missing 
and need to be collated (e.g., pathogen shedding by wild 
animals, transport of pathogens from animal faeces to the 
PWS etc); and a number of steps that will require model 
building (e.g., transport models of pathogen movement 
from animal sources to PWS etc.). It is recommended that:

•	 Risk assessment models (QMRA) be developed which 
follow the movement of pathogens from animal 
sources, through the environment, to water supplies 
and then to the human population.

•	 Data gaps be addressed for each of the pathogens of 
interest so that QMRA models can be developed.

Data were collected on the efficacy of PWS treatment 
methods. However, although some robust data was 
available for some treatments (e.g., UV) overall there 
were gaps in the data for the range of pathogens being 
considered. Dose response model data were available for 
all of the pathogens under study, but information was 
not available on how dose response varied by pathogen 
subtype (e.g., different serotypes of VTEC). Hence, it was 
not possible at this stage to develop metrics that can be 
used to measure the effectiveness of treatment of rural 
water systems and the risk to public health (Objective 5). 

Objective 6 involved recommendations to inform 
improvements to management of private supplies. A 
number of risk management options for PWS were listed 
with underpinning evidence where available and these 
included but are not limited to catchment management 
interventions; adequate barriers and security around the 
raw water intake; appropriate treatment to ensure quality 
(filtration, UV disinfection, etc.); sealed storage tanks; 
adequate distribution systems; and adequate system 
maintenance and operational plans. The effectiveness of 
the risk interventions needs to be demonstrated through 
the risk assessments, water safety plans and monitoring 
programme for each supply. These options also need to be 
considered in terms of their practicality of implementation, 
cost and acceptability to users. In particular, it is 
recommended that:

•	 The combination and robustness of risk management 
intervention should be deemed adequate to ensure 
compliance with The Water Intended for Human 
Consumption (Private Supplies) (Scotland) Regulations 
2017. 
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•	 The risk assessment and management plan should 
be reviewed on a regular basis to ensure that any 
changes to the environment, source, catchment 
activities, etc., are mitigated against. 

In summary there is a need to:

1.	 Make better use of the available epidemiological 
information, where relevant to supplement this with 
additional studies, to obtain realistic estimates of the 
importance of PWS as a source of human disease.

2.	 Develop a QMRA model that describes the 
transmission of pathogens from animal reservoirs to 
private water supplies from catchment to regional and 
national scales.

3.	 Fill data gaps that are required to implement the 
above model.

4.	 Use the model to evaluate the efficacy of risk 
management strategies to help reduce the incidence 
of disease.
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