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Abstract: To achieve Sustainable Development Goals (SDGs) 6, universal and equitable access to
safe and affordable drinking-water quality and sanitation for all, and 10, to reduce inequality within
and among countries, additional and urgent work is required. Efforts to achieve these Goals in the
context of small drinking-water supplies, which are the furthest behind in regards to progress, are of
particular need. Reasons for this disparity in progress include the remoteness of access to small
drinking-water supplies and the lack of technical and financial capacity for monitoring supplies.
The World Health Organization promote the use of Sanitary inspection (SI) as an on-site assessment of
risk. Despite the potential to increase the body of knowledge and information on supplies in a region,
there has been limited research into the role of citizen science and SIs. To meet SDG targets, we need
to improve the reach of SIs. This study uses a mixed methods approach of quantitative on-site SI
data collection and remote SI data collection via photographic images, together with qualitative
data collection, collected by non-expert students, who are citizens of Malawi, as well as a panel of
experts in the field of SI. Results indicate that, although further research into the topic is required
prior to widescale implementation, the potential exists for citizens to conduct SI, with remote expert
verification of the results using photographic images of supplies. Further documentation or guidance
is required to support citizens in this process. The results highlight a critical gap in the availability
of appropriate documentation for unprotected spring sources which is urgently required. The use
of citizen science for SI data collection is in its infancy. However, this study indicates that there is
potential to explore the use of citizen science in this area, which will contribute to achieving SDGs 6
and 10.

Keywords: citizen science; drinking-water quality; photographic sanitary inspection; remote sanitary
inspection; risk assessment; risk management; sanitary inspection

1. Introduction

Target 6.1 of Sustainable Development Goal (SDG) 6 aims to achieve access to safe and affordable
drinking-water for all by 2030 [1]. The target is tracked with the indicator of “safely managed
drinking-water services”—drinking-water from an improved water source that is located on premises,
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available when needed, and free from faecal and priority chemical contamination. The 2020 SDG
progress report indicates that “unless current rates of progress increase substantially, Goal 6 targets
will not be met by 2030” [2].

The World Health Organization (WHO) recommends that water quality testing and risk assessment
be undertaken as complementary activities to identify sources and pathways of potential contamination
and to verify the quality of drinking-water supplies [3]. Water quality testing, although important for
verification purposes, provides retrospective information on the quality of a supply [4] and requires
physical and financial resources, which small supplies often have limited access to. As a result,
testing is not routinely, if ever, done in many settings globally [5], and the reliance on risk-based
approaches for surveillance purposes are even greater. This is reflected by the risk-based approach
increasingly being adapted into drinking-water management legislation [6]. One approach to risk
assessment of drinking-water supplies is the use of sanitary inspections (SIs). Defined by the WHO as
an “on-site inspection and evaluation by qualified individuals of all conditions, devices and practices
in the water-supply system that pose an actual or potential danger to the health and well-being of the
consumer” [7], SIs provide a low-cost, easy-to-use monitoring approach that is particularly suited to
small drinking-water supplies and settings with limited resources and/or capacity [8].

Though different versions of SI forms with alternative questions and scoring methods exist [9],
the WHO [7] suite of forms is the most widely used. Consisting of a list of equally weighted “Yes/No”
questions that indicate the presence or absence of observable contaminant pathways; actual and
potential sources of contamination; and breakdowns in barriers to contamination [10], the output of
the WHO SI forms is calculated by tallying the number of identified risk factors at a supply to provide
a sanitary risk score. This risk score is then used to categorize the level of risk at the supply from “low”
to “very high”.

Though WHO recommends that SIs should be carried out by “qualified individuals” [7], a recent
qualitative study [8] discussed a main benefit of SIs to be their ease-of-use for lay people. SIs by
potentially less qualified or inexperienced individuals are more likely to be undertaken at small
drinking-water supplies, typically owing to a lack of available professionals to undertake these
activities. Such personnel shortages may be attributed to the resource challenges frequently associated
with small drinking-water supply management [11], or to surveillance agencies being overwhelmed by
large numbers of small supplies which tend to be spread sparsely over vast, often geographically remote,
areas. There has been limited research into SI result accuracy and consistency between inspectors with
varying levels of experience (from novice to experienced professional) and training [12–14] with no
studies identified into the use of citizens for SI. In comparison with more definite indicators that water
quality results provide, the measure of consistency of SI risk scores is noted as one of the challenges
with regards to the use of the form [12].

An SI undertaken by a non-professional is effectively citizen science, a practice whereby members
of the general public participate in science as researchers or data collectors [15]. Though citizen
science has been used in several sectors [16–19], and even for monitoring SDGs [20], it is most
prevalent within the environmental sector to study climate and ecosystems [21,22] and has been used
in coastal settings since the late 1990s [23]. General advantages of citizen science implementation
include increased scientific literacy [24] and engagement within the public [25]; cost-effective data
collection [26]; and completion of required remedial actions that may otherwise by ignored due to
resource constrictions [27]. The main challenges surrounding citizen science are a lack of volunteer
interest [26]; issues with data fragmentation and inaccuracy [28]; and uncertainty from professionals
regarding the quality of data collected by citizens [29].

In recent years, citizens have been recruited to undertake sampling and testing of waterways [30–32]
and drinking-water supplies [33]. Despite the increased use of citizens in the collection of water
quality data, to our knowledge, only one study has used citizens to collect information on risks to
drinking-water supplies [34]. The findings of this study, which was based in Malawi, recommended
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further testing of the citizen science approach to build capacity for monitoring risks relating to water,
sanitation and hygiene.

Some sectors have used collaborations between citizen scientists and remote professionals [35],
though no evidence was identified that examined the potential for citizens to cooperate with remotely
based professionals to complete drinking-water risk assessments.

The WHO SI forms are currently being updated to make them more robust; reflect appropriate
technologies alongside current best practice technical and management advice; and better align with
the Water Safety Planning (WSP) methodology. The aim of this paper is to investigate the potential role
of citizen science in the field of SI with remote validation of results by experts in SI. A mixed methods
approach was used to answer the following questions:

(i) Is there consistency between citizen’s perception of risk to small drinking-water supplies?
(ii) Do citizen’s perception of risk change with the number of inspections conducted?
(iii) Do citizens require additional information to survey supplies effectively?
(iv) Do citizens assign comparative risk scores when surveying supplies on-site and remotely using

photographic images?
(v) Is it possible to verify responses remotely using expert judgement?

It is anticipated that the findings of this study will contribute to achieving SDG Target 6.1 by
suggesting an approach which will increase the reach of SIs in small drinking-water supplies through
the use of citizens.

2. Materials and Methods

2.1. Citizen Selection

Data were collected, in three sequential study phases, by 24 undergraduate students from
University of Malawi—The Polytechnic. The undergraduate students were in the first to the fifth
year of various degrees, though the majority (66%) studied Civil Engineering, majoring in Transport,
Structures or Water. Table 1 provides the breakdown of the number of students who participated in
each study per subject. While the majority of the students had some experience of the rural settings
visited during the studies, having either worked in, lived in or visited such locations, their professional
experience of working with SIs was extremely limited. Participation was voluntary. Although a quarter
of the students were majoring in Water Engineering, therefore indicating an interest in the broader
topic of drinking-water, the collective limited experience of working with SIs, the diversity in personal
and educational backgrounds, and the voluntary nature of their participation qualified the students
to be classed as members of the general public, thus participating as citizen scientists in this study.
The students will herein be described as citizens.

Table 1. Number of participants per degree subject per study.

Undergraduate Subject No. Citizens Who Participated in Each Study
Studies 1 & 2 Study 3

Auditing 1 0
Business Communication 2 0

Civil Engineering (Structures) 5 3
Civil Engineering (Transport) 5 3

Civil Engineering (Water) 6 5
Environmental Science 2 1

Physical Planning 1 1
Technical Education 2 1

Prior to commencing the fieldwork, the citizens received a one-hour presentation which included
a summary of the purpose of the study, background to the concept of SIs and the risk management
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approach to water safety, and information on the update to the WHO SI forms. Sample borehole and
spring SI forms were shared with the citizens without any technical explanations. The participants
were instructed to inspect supplies as individuals, without conferring with each other, to ensure the
results were representative of the individual’s perception of risk. These instructions were reiterated
throughout the fieldwork.

Materials used for data collection were the modified WHO borehole SI form and the published
spring SI form (see Supplementary Materials) [36], a pen or pencil, and a camera. The Internet was
used to circulate and gather the follow-up questionnaire data in Study 3. The citizens were provided
with the SI forms but already had access to a writing implement, a camera via their mobile phones and
the Internet.

2.2. Fieldwork Location

Fieldwork was carried out in December 2019, in and around Ntcheu District of Malawi’s Central
Region. Bordering eastern Mozambique, Ntcheu District is located approximately halfway between
Malawi’s capital city, Lilongwe, and its second largest city, Blantyre. Figure 1 provides a map of the
study location and supplies studied. The District has been subject to severe water quantity challenges
due to source water shortages at the Mpira Dam which, until recent years, was one of the biggest water
sources in the region [37]. As a result, there has been a focus on rehabilitation and drilling of new
boreholes in the region to meet the demand for drinking-water [38].
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The citizens travelled to the supplies under inspection as one group and were provided the same
length of time to inspect each supply. All data were collected during the same week in which weather
conditions were warm and dry, so corrections for seasonal variation were not required.



Resources 2020, 9, 142 5 of 19

2.3. Study 1: SIs—Borehole Supplies

In total, 18 operational and accessible handpump borehole supplies were identified by Water
Officers from the Ntcheu Office of the Ministry of Irrigation and Water Development. The boreholes
were inspected in succession, with Supply 1 being the first and Supply 18 the last. A prototype borehole
SI form that is currently being developed by the WHO was used in this study. SI questions were
designed using both the traditional “Yes/No” answer type and the risk level assignment answer type
(e.g., No, Low, Medium, High) which is commonly utilised in WSPs.

Supplies 1–13 were in the rural areas directly surrounding the town of Ntcheu. Supplies 14–18
were in more remote, harder to access, locations to the north of the town of Ntcheu. See Figure 1 for a
map of the borehole locations.

2.4. Study 2: SIs—Spring Supplies

In total, 12 spring supplies were identified by Water Officers from the Ntcheu District Water Office.
Due to the nature of spring sources, the spring supplies were spread over a wider geographical area
and were situated in more inaccessible locations than the borehole supplies (see Figure 1). These access
limitations resulted in half of the citizens, unexpectedly, being unable to access, and therefore inspect,
the first six spring sources.

The recently published spring SI form, which was developed by the WHO, was used in this study.
The form also uses both the traditional “Yes/No” answer type and the risk level assignment answer
type (e.g., No, Low, Medium, High) that is commonly utilised in WSPs.

2.5. Study 3: Photographic SI of Supplies

To investigate the potential for SIs to be conducted remotely, using photographic images,
the citizens were asked to reinspect a selection of the supplies using photographic images. A total
of five experts were asked to conduct the same photographic inspection to verify the citizens results.
This remote method of SI will herein be referred to as photographic inspection.

The SI datasets collected during Studies 1 and 2 were analysed to identify which borehole and
spring supplies were perceived, on average, by the citizens as the highest risk (borehole supply 3,
spring supply 3), and lowest risk (borehole supply 14, spring supply 10). A series of photographic
images of these supplies, along with the first and last supply of each type inspected (borehole supplies
1 and 18, spring supplies 1 and 12), were compiled and provided to the citizens.

The citizens were provided with blank copies of the same borehole and spring SI forms used
during Studies 1 and 2, to survey the images. Table 2 denotes what each question relates to—a copy of
the original forms is provided in the Supplementary Materials.

Questions 7 and 9 of the borehole form and questions 9 and 11 of the spring form were removed
from these blank forms as the questions were out of range of the image provided (refer to Supplementary
Materials). A column was added to state ‘Unable to answer from image’ should the student feel they
could not assess any of the remaining questions by photographic inspection.

To allow sufficient time for citizens memories relating to supply characteristics to fade, images were
circulated to the citizens for photographic inspection nine months after the fieldwork study. This lapse
in time, and subsequent risk of non-responses, was identified as a research risk at the outset.
Responses from citizens were collated and analysed for correlation between remote and in-person
inspection results.

Alongside the photographic SI, citizens were asked some more detailed questions regarding their
background working or living in rural settings, how their perception of risk and preparedness to
assess risk changed throughout the study and which questions they perceived as either easier or more
difficult to answer.
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Table 2. Summary of the questions on each form (see Supplementary Materials for a copy of the full
forms).

Question No. Borehole Form Spring Form

Q1 Damaged or loose pump Missing or inadequate protective wall or spring
box structure

Q2 Damaged or unsanitary borehole seal Unclean or inadequately positioned outlet pipe

Q3 Absent or inadequate apron Eroded or prone to erosion backfill area

Q4 Inadequate drainage Inadequate drainage

Q5 Absent or inadequate fencing Missing or inadequate storm water diversion ditch

Q6 Sanitation within 10 m Absent or inadequate fencing to prevent animals

Q7 Sanitation within 30 m Absent or inadequate fencing to prevent other
contaminants

Q8 Sources of pollution within 10 m Sanitation within 10 m

Q9 Unprotected entry to aquifer within 100 m Sanitation within 30 m

Q10 - Sources of pollution within 10 m

Q11 - Unprotected entry to aquifer within 100 m

The same photographic images circulated to the citizens were also circulated to five experts in
the field of SI, for remote validation of risk level. Three experts were asked to survey the borehole
supplies and two experts were asked to survey the spring supplies. The experts were selected for their
experience in undertaking SIs on small supplies. To ensure there was no bias in the results and that
risks were assigned purely on the basis of the photographs provided, the experts were not provided
with any specific information about the supplies, such as location.

2.6. Data Analysis

Data were analysed using a combination of the R Programme [39] and Microsoft Excel packages
to interrogate the research questions.

2.7. Research Ethics

The University of Surrey Self-Assessment for Governance and Ethics (SAGE) tool was used to
confirm that, as outlined by the University of Surrey Research Ethics Committee, ethics approval was
not required for the qualitative data collection.

3. Results

3.1. The Presence of Risk, i.e., Trends in “Yes” and “No” Responses, Assigned per Citizen Using Borehole Data

Every citizen noted the presence of at least one risk at every supply. Figure 2 provides the total
number of risks assigned for all citizens for all supplies per question number. Question 5 was the most
frequently identified risk, followed by questions 8, 3, 4 and 7. Questions 1, 2, 6 and 9 were answered
“Yes” noticeably less frequently.

The cohort assigned fewer risks to supplies 11–18 than supplies 1–10. This does not correlate with
the change in study area.



Resources 2020, 9, 142 7 of 19
Resources 2020, 9, x FOR PEER REVIEW 7 of 19 

 

 

Figure 2. Number of times a risk was assigned for all borehole supplies per question. 

3.2. Risk Level Assigned per Citizen Subject 

SI risk scores assigned by the citizens were calculated for every borehole supply and grouped 
by citizen degree subject. The average risk scores for each citizen degree subject, per supply, is 
provided in Figure 3. The ANOVA test was used to identify any statistically significant differences. 
The results indicated a relationship between the different degree subjects and the average risk score 
assigned, and that risk perception did vary with the subject that the citizens were studying, F(7, 136) 
= 8.12, Fcrit(7, 136) = 2.08, p = 3.07 × 10−8. The null hypothesis can be rejected. An alpha level of 0.05 
was used for the statistical tests. 

 

Figure 3. Average supply risk score as assigned per citizen degree subject. 
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3.2. Risk Level Assigned per Citizen Subject

SI risk scores assigned by the citizens were calculated for every borehole supply and grouped by
citizen degree subject. The average risk scores for each citizen degree subject, per supply, is provided
in Figure 3. The ANOVA test was used to identify any statistically significant differences. The results
indicated a relationship between the different degree subjects and the average risk score assigned,
and that risk perception did vary with the subject that the citizens were studying, F(7, 136) = 8.12,
Fcrit(7, 136) = 2.08, p = 3.07 × 10−8. The null hypothesis can be rejected. An alpha level of 0.05 was
used for the statistical tests.
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The two outliers follow the same trend as for the number of risks assigned. The individual
studying Auditing perceived risks to be far higher than the rest of the cohort while the individual
studying Physical Planning student generally perceived risks to be lower than the other subjects,
although to a lesser degree from supply 11 onwards.

The ANOVA test was also applied to assess the range of citizen responses within each subject per
borehole supply. The two subjects which only had one citizen (Auditing and Physical Planning) were
omitted from this calculation. Results indicated that there was a relationship between the range in
risks assigned and the actual risk score attributed provided, F(5102) = 6.46, Fcrit(5102) = 2.30, p = 2.93
× 10−5. An alpha level of 0.05 was used for the statistical tests. The null hypothesis can be rejected.
The range of risk scores per degree subject (Figure 4) indicates that in several instances, the higher the
average supply risk score, the greater the range in risk score. Additionally, the range of attributed
risk scores is not dependent on the number of citizens within each degree discipline. For instance,
although there were a larger number of citizens for each of the civil engineering disciplines, the range
of risks assessed was not greater.
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3.3. Variation in Response Trends with Borehole Study Progression

The dispersions of the total risk scores assigned by the citizens to each borehole supply is provided
in Figure 4. There was a moderate, negative correlation between supply number and the average risk
score assigned to a supply, p = < 2.2 × 10−16, ρ = 0.60. There was also a moderate, negative correlation
between the supply number and the deviation of risk scores assigned by citizens for each supply,
p = < 2.2 × 10−16, ρ = 0.48. Therefore, as the study progressed, the average SI score assigned by the
citizens decreased, but so did the spread of risk scores.

This change in risk was reflected by the results of the questionnaires in which 10 out of the 14
respondents (71%) felt that their perception of risk did change to some degree throughout the study
with an increase in preparedness to assess risk. Figure 5 indicate the citizen’s preparedness to assess
risk at the beginning and the end of Study 1.



Resources 2020, 9, 142 9 of 19
Resources 2020, 9, x FOR PEER REVIEW 9 of 19 

 

 

Figure 5. Preparedness to assess risk at the start and end of Study 1. 

3.4. Variation in Borehole SI Response per Question Number 

The sum frequency of risk levels assigned for all supplies per SI question is provided in Table 3. 
From this table it is evident that risks were assigned to Question 5 most frequently, followed by 
Questions 8, then 3 and 4 (see also Figure 3). 

During Study 3, citizens were asked to rank which question(s) they found easiest and hardest to 
assign risk scores to. Results are included in Table 3. 

Table 3. Risk levels assigned for each question number and the easiest and hardest questions to 
answer as ranked by the citizens (denotes no responses). 

 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 
No risk 385 374 222 211 6 326 254 137 379 

Low 17 27 64 54 102 20 56 105 16 
Medium 18 19 79 70 118 40 78 126 26 

High 12 12 67 97 206 46 44 64 11 
Easiest to answer 3 1 3 4 8 2 2 - - 
Hardest to answer 1 4 2 - - 3 3 - - 

3.5. Variation in Responses per Supply Type 

Results of the spread of risks assigned for all supplies, broken down by subject for boreholes and 
springs are provided in Figure 6. Results indicate a similar trend for boreholes and springs. Most 
citizens exhibited a similar mean score to each other, for both boreholes and springs, with the 
exception of the individual studying Auditing, who attributed far higher risks than the rest of the 
cohort. 

Figure 5. Preparedness to assess risk at the start and end of Study 1.

3.4. Variation in Borehole SI Response per Question Number

The sum frequency of risk levels assigned for all supplies per SI question is provided in Table 3.
From this table it is evident that risks were assigned to Question 5 most frequently, followed by
Questions 8, then 3 and 4 (see also Figure 3).

Table 3. Risk levels assigned for each question number and the easiest and hardest questions to answer
as ranked by the citizens (denotes no responses).

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9

No risk 385 374 222 211 6 326 254 137 379

Low 17 27 64 54 102 20 56 105 16

Medium 18 19 79 70 118 40 78 126 26

High 12 12 67 97 206 46 44 64 11

Easiest to answer 3 1 3 4 8 2 2 - -

Hardest to answer 1 4 2 - - 3 3 - -

During Study 3, citizens were asked to rank which question(s) they found easiest and hardest to
assign risk scores to. Results are included in Table 3.

3.5. Variation in Responses per Supply Type

Results of the spread of risks assigned for all supplies, broken down by subject for boreholes
and springs are provided in Figure 6. Results indicate a similar trend for boreholes and springs.
Most citizens exhibited a similar mean score to each other, for both boreholes and springs, with the
exception of the individual studying Auditing, who attributed far higher risks than the rest of the cohort.
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Figure 6. Total supply scores for all supplies per degree subjects studied (boreholes on the left and
springs on the right).

The spread of risk scores assigned per degree subject was greater for boreholes than for springs.
This was not affected by the number of citizens within an individual subject category. For instance,
the largest group of citizens (6) by subject was Civil Engineering (Water), however this group had one
of the smallest deviations for spring supplies.

Half of the citizens from Study 3 stated that they found both supply types equally easy to identify
hazards with three and four citizens finding it easier to identify hazards associated with springs or
boreholes, respectively. In total, 8 out of the 14 citizens found both supply types equally easy to assign
risk scores to, with three and four citizens stating that springs or boreholes were easier to assign risk
scores to, respectively.

3.6. Correlations between On-Site and Photographic Inspections and Comparison with Expert Responses

The two experts who participated in the photographic spring inspection raised several questions
around the validity of the forms use for the four spring supplies. They queried that the supplies are
unprotected springs and that therefore the forms were not applicable to the sources. Due to these
queries which were raised by the experts, discussed further in the Discussion, the following results
relate only to the borehole photographic inspections.

The overall supply risk assigned by the citizens for each of the borehole supply during the on-site
and photographic inspection is provided in Figure 7. The Spearman’s rank correlation coefficients,
calculated for the citizen responses, as provided in Table 4, indicate that correlation between the
on-site and photographic surveys varied between moderate correlation, weak correlation to very weak
correlation. Removal of one or two outlying responses for each supply (citizen 13 from the supply 1
calculation and the removal of citizens 1 and 6 from supply 18 and 14 calculations) indicate that these
correlation coefficients are greatly influenced by just one or two outlying citizens and actually there
was strong correlation between the on-site and photographic surveys.
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Table 4. Spearman’s rank correlation coefficients calculated per supply number to determine correlations
between on-site and photographic inspection by the citizens.

Supply Number Correlation Coefficient—All Citizens Correlation Coefficient—Without Outliers

1 0.36 (weak) 0.66 (strong)

18 0.32 (weak) 0.72 (strong)

3 0.48 (moderate) n/a

14 −0.10 (very weak) 0.22 (weak)

Figure 8 highlights that the citizens assessed Supplies 1 and 3 to have the highest average risk
scores during both on-site and photographic inspection. In both cases, the risk assigned using the
image of the water supply was lower than the risk assigned on-site. The reverse was found for the two
lower risk sites indicating that questions 7 and 9 may have affected the overall supply risk score for
higher risk supplies.

A total of four respondents answered all questions on the photographic SI form without ticking
the box ‘Unable to answer from image’. The remaining citizens selected the option ‘unable to answer
from image’ most frequently for supplies 1 and 3 and predominantly for questions 6 and 8 (see Table 5).
Question 4 relates to whether the drainage is adequate and questions 6 and 8 relate to sanitation
infrastructure and other sources of pollution, both of which are within 10 m of the supply. Therefore,
this indicates that, in most cases, respondents felt they were able to answer questions relating to
the supply itself and the construction of the immediate borehole, however risks posed around the
headworks and the catchment were unable to be answered by pictures. Should more pictures be
provided this may alleviate this issue; one expert responded to question 6 that at least two pictures
were required as there may be a latrine right where the picture had been taken.
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Table 5. Number of times each question was assigned ‘Unable to answer’ by the citizens during the
study using photographs (the number in brackets denotes frequency of responses by the 3 experts).

Q1 Q3 Q4 Q6 Q8

Supply 1 1 (1) 1 4 (1) 4 (3) 8

Supply 18 - - - 6 (3) 1 (2)

Supply 3 (HR) (1) 1 1 6 (3) 3 (1)

Supply 14 (LR) - - - 3 (3) 3 (1)

There was a high level of agreement between the experts and the citizens regarding which
questions could not be answered using the image. All experts indicated that they could not answer
question 6 from an image for all supplies. Although not all of the citizens stated they could not answer
question 6 from an image, this was the question they most frequently noted as being unable to answer.
Note, questions 7 and 9 had been omitted from the questionnaire.

Expert responses from the borehole photographic inspections are provided in Table 6. There was
a high level of agreement between how the citizens assigned risk both in the field and by using an
image, and how the experts assigned risk. Although risk score did vary, even between the three experts,
all participants (experts and citizens) responded following a similar trend. In all cases, experts and
citizens assessed supply 1 to be of higher risk than supply 18, with supply 3 (the highest risk assigned
by the group on-site) identified as the highest risk supply and supply 14 determined to be around the
same level of risk as supply 18.

Table 6. Borehole supply risk scores and “yes” responses as assigned by the SI experts.

Supply No.
Supply Risk Score No. “Yes” Responses

Expert 1 Expert 2 Expert 3 Expert 1 Expert 2 Expert 3

1 12 25 9 4 5 3

18 6 5 5 2 1 1

3 23 30 16 5 6 4

14 5 5 5 1 1 1
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4. Discussion

This study aimed to assess the potential for citizen science to be employed in the SI process,
with a view to improving the reach of SIs in countries with a high number of small supplies but
limited resources to be able to effectively monitor them on a regular basis. By definition, SIs should be
undertaken on-site [7,40]. However, in the interest of trying to achieve SDG 6—to achieve universal
and equitable access to safe and affordable drinking-water quality and sanitation for all—and SDG
10—to reduce inequality within and among countries—data gaps on safely managed drinking-water
services urgently need to be filled to direct efforts to improve drinking-water services, to target those
furthest behind, and to track changes in services over time [41]. The use of citizen science could also
increase the potential interest in, and understanding of, water supplies by local people, especially
pertinent to small drinking-water supplies which are often operated and maintained by non-technical
people. We have investigated a number of factors to assess the suitability of citizens (non-experts in
the field of SIs), to undertake SIs on small drinking-water supplies.

The notion of citizen science in the context of a closely regulated activity with strict compliance
criteria, such as drinking-water quality monitoring, could be perceived as a complex one with regards
to responsibilities. Some authors have included the concept of community-based management within
their definition of citizen science [21], however in the context of drinking-water quality data, we propose
that citizens would merely be used to increase the data volume and data quality. Authorities would
still be expected to verify at least a sample of the results and would be responsible for acting on
those results.

4.1. The Perception of Risk by Non-Experts

SIs are advocated by the WHO to identify hazards and risks to small drinking-water supplies.
As previously reported, the interpretation of risk is an important factor when completing SI forms
and can lead to variation in results even between professionals [8]. The perception of risk is an
inherent part of decision-making processes [42]. In our study, the perception of the existence of risk
aligned well between citizens recruited to complete the forms regardless of their technical background,
i.e., which degree subject they were studying. There was also similarity in the risk level responses
between citizens. These results are encouraging and confirm that although the initial SI forms published
by WHO in 1997 were intended for use by qualified individuals [7], with appropriate support and
verification steps in place, including validation from more qualified individuals, it is possible for
citizens to contribute to producing useable data. It must be noted that the participants of the study all
had a University level education and the impact of level of education on results was not tested during
this study. This is a suggested area of further work.

There were two outliers in the results; one citizen with a background in auditing and one
with a background in physical planning. The University entrance criteria for both subjects were
the same, however Physical Planning is a science-based degree subject, whereas auditing is not.
Neither individual had experience working with SIs, however the Physical Planning student has spent
a significant period of time in rural settings so may have been more familiar with the types of supplies
inspected. As these were the only two outliers, this could indicate that variations in SI risk responses
were more influenced by the individual’s perception of risk than the subject they studied. Indeed,
it has been shown that direct personal experiences, for example life experience and affective processing,
influences risk perception [43]. However, in the context of SIs this needs further exploration to make
firm conclusions.

The introduction of assigning risk levels during SI is relatively new, with the original WHO forms
just assigning the presence/absence of a risk [7]. Our study showed that the higher the perceived
risk, the greater the variability in attributed risk scores. Other studies have shown that previous
experience is a strong predictor of higher risk perception even after controlling for gender, origin,
income, education and values [44].
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Although variations in the actual risk scores were noted between the subjects the citizens studied,
the risk profile of the supplies, i.e., those supplies which were deemed of higher or lower risk, followed
the same trend. This indicates that in the case of using citizens to complete SIs, risk scores could be
used to prioritise supplies requiring action using relative risk scores when reviewing a number of SIs
inspected across a larger area.

Our study highlighted two characteristics regarding repeated SI. Firstly, the more inspections the
citizens undertook, the more prepared they felt to assign risk confidently, but secondly, and conversely,
they became increasingly desensitized to the risks. Repeating any process influences an individual’s
emotion [45]. Repetition can either strengthen or weaken an individual’s risk perception at different
levels depending on the number of times the process is repeated. An increasing effect of repetition
on perceived risk with the first few repetitions and a decreasing effect with later repetitions has been
identified in previous studies [46].

4.2. Technical Challenges of Citizens When Completing SIs

In agreement with previous studies [8,12], our results indicate the need to ensure that questions
are unambiguous and that there is sufficient guidance, such as the provision of training, within the
SI package.

An awareness of the different types of drinking-water supplies is required if non-technical
individuals are to undertake SIs. The majority of the springs identified by the Water Officers,
for inspection, were unprotected springs. This prompted discussion during the fieldwork regarding
whether the spring SI form was appropriate when faced with this type of spring source. For SIs to
be undertaken by non-technical persons there should be certainty about which is the correct form
to use. Further clarification was not required for the more commonly used handpump boreholes,
it was only the more remote and less commonly used spring supplies which raised questions about the
applicability of the corresponding SI form. Although a form exists for spring supplies [36], it did not
lend itself to the hazards encountered in the unprotected springs surveyed in the fieldwork setting of
this study. These types of supplies would be classified as unimproved. Although rightly not promoted
as a safe drinking-water supply by the WHO, it is estimated that 1 in 10 people (785 million) globally
still lack basic services, including the 144 million who drink untreated surface water [47], with more
than one in five people in 41 countries, many in Sub-Saharan Africa using unimproved drinking-water
supplies for at least some part of the year [48]. It therefore seems highly appropriate that there is some
sort of global assessment, management and guidance to highlight the hazards posed by unimproved
supplies to users to plug the gap between the applicability of the spring form and these unimproved
supplies. It should be noted that regardless of the lack of global guidance, countries are encouraged to
adapt WHO-published SI forms to suit local situations.

4.3. Remote SIs Using Images

We found it very encouraging that when the citizens and the experts were asked to undertake
the SI remotely using an image of the borehole water supplies, results correlated well with both the
citizens’ on-site and remote results, and the expert’s remote results. Generally, both the citizens and
experts were able to answer questions which related to the borehole headworks and structure of the
supply. The questions which posed problems, to both experts and citizens, were those which required
a survey of the surrounding area of the vicinity of the headworks and catchment. To ensure that
remote answering is viable, several pictures, taken at different angles, would be needed to overcome
this issue. Advanced technology such as drones are being used to monitor environmental indicators in
collaboration with citizen science projects [49]. This type of approach could extensively expand the
geographical spread of data collection in remote areas, although there are obvious cost barriers which
would require consideration [49]

The SI is considered a robust tool for prioritizing investments as it accounts for supplies where
either SI or water quality analysis might mischaracterize the supply. One challenge of undertaking SIs
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across the large number of small drinking-water supplies located in rural areas, is a lack of personnel,
especially where inspectors are responsible for a large number of supplies over a wide geographical
area or where they have other responsibilities. For example, the Drinking-Water Inspectorate of
England and Wales report that in 2019 across England and Wales as a whole, just under two-thirds
(64%) of private (typically small) supplies have been risk assessed [50]. The international community
has increasingly put forward citizen science to address the lack of water quality data and, provided
certain factors such as good guidance and quality control are addressed, it can be successful [33].

It is imperative that in order to use this method of data collection, there is confidence in the
accuracy of the process. Verification of at least a sample of the results of citizens by experts is a way to
ensure this. If this can be shown to be done remotely then it opens up the possibility of citizen science
being a useful tool for undertaking SIs. Citizen participation can provide a valuable source of data and
monitoring which might be used as the first step in a selection process for doing an “expert” inspection
on a small selection of supplies allowing resources to be saved.

Remote inspection, using images, could have huge benefits in terms of improving efficiency and
can offer authorities and people managing a region a clearer picture of what is happening in the
field, without a requirement for them to physically be on-site. This is undoubtedly a benefit where
inspectors are overwhelmed by the number of supplies that need inspecting in their jurisdiction.
In addition, the use of citizens to gather SI data increases awareness of the negative consequences of
poor drinking-water management. This can lead to attitudinal changes among the public [51] with the
long-term benefit of better management of small drinking-water supplies.

The materials required for citizens to conduct SIs and for remote expert verification are everyday
items, e.g., a camera phone, internet connection. These are arguably less resource intensive than those
needed for undertaking water quality sampling. As with water quality sampling, barriers to citizen
science SIs include buy-in from participants, competence to assess risk and maintaining consistency
of results. Both activities present challenges, with sampling requiring a methodological approach to
sample taking, analysis and data recording, whereas risk assessment may be affected by the subjective
interpretation of risk by the assessor, whether by a citizen or an expert [8].

4.4. Areas for Further Work

This study was useful to identify the initial potential use of SIs by citizens. Future studies
should ensure the inclusion of individuals from varying demographic backgrounds including ages,
educational levels and personal backgrounds, to identify the citizen science potential using a cohort
who are more representative of the general population.

A future study would benefit from experts conducting SIs in the field to provide a direct comparison
with the risk perception of citizens. Ideally expert assessment in the field would be conducted at the
same time as by the citizens. If this is not possible consideration must be made to ensure there are no
variations in actual risk, for example due to weather conditions or time of day.

4.5. Limitations of the Study

The results of this study were from a relatively small sample size and limited to two source
types from one district. Before rolling out a large citizen science programme, further testing would be
required with a larger sample.

Although all of this study’s participants are inhabitants of Malawi, only 40.3% of the Malawian
population were enrolled in secondary education in 2018. The students, therefore, have an above
average level of education for the country as a whole [52]. As a result, certain challenges, such as
literacy rates, which may have been highlighted through conducting the study.

The on-site SI data were collected by students all at the same time and therefore there is a small
risk that risk perceptions could have been influenced by their peers. Actions were taken, including
reminding the students that this was not a test and to assess individually, to mitigate this issue. This is
a challenging limitation to overcome due to logistical issues of the remoteness of the supplies visited.
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Additionally, visiting supplies at different times of the day or on different days may lead to variations
in conditions and could therefore lead to other, external factors influencing the variations in risk.
In the same vein, it is logistically challenging for citizens and experts to survey the same supplies
simultaneously to provide comparison with on-site SI scores, as experienced during this study.

5. Conclusions

The WHO Guidelines for Drinking-water Quality advocate the use of risk assessments, such as SIs,
to identify hazards which may compromise the quality of small drinking-water supplies. The method
was developed to be low cost, requiring little equipment, and to be useable by persons of low technical
knowledge. The use of citizen science can help to overcome the personnel and resourcing issues which
are commonly noted for small drinking-water supplies, and also offers a number of benefits especially
where a sample of the inspections are verified by experts remotely. One of the challenges with citizen
science is to achieve the same level of quality as on-site inspections. By conducting photographic
inspections, we have identified a similarity in the risk profile assigned during on-site and photographic
surveys. Our study has shown that with specific controls in place such as verification of at least a
sample of the SIs by more experienced sanitary inspectors, and adequate guidance, citizen science
could be a good option for extending the reach of SIs in a bid to reach the SDG targets. Any ambiguities
in the wording of questions on the SI forms must be addressed, but it is possible for technical experts to
verify SI results remotely via a photograph to support the prioritisation of intervention in cases where,
common to small drinking-water supplies, the large number of supplies can overwhelm the managers
and auditors of those supplies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-9276/9/12/142/s1,
a copy of the borehole and spring SI forms used during the surveys.
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