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ABSTRACT

Among many other efforts, high spatial and temporal resolution water quality
monitoring data are required to help mitigating the ongoing global freshwater crisis.
Citizen science is said to have a high potential to contribute valuable water quality
monitoring data, while at the same time offering a range of qualitative benefits such as
generation of a social fabric, environmental education, and improved relationships
between citizenry and authorities. The potential of citizen science is elevated by
integration with technology, especially smartphones, which allow for easy data
capture and information sharing among a range of other powerful features.

As part of the CGIAR Initiative on Digital Innovation, we aimed to test some of the
most prominent smartphone applications (apps) to investigate their scalability to
developing regions for monitoring the Sustainable Development Goal (SDG) target
6.3.2 indicator water quality parameters or other key water quality metrics. We used
southern Africa as a case study, since it characterises numerous key challenges to
citizen science water quality monitoring using smartphones in developing regions. We
evaluated five smartphone apps that are plug-and-play, assessing both their
quantitative accuracy as well as their qualitative suitability to a southern African
context. We found that the Hydrocolor and EyeOnWater apps showed theoretical
promise but would not be useful for typical citizen science monitoring of streams,
river, and dams from the banks of those water bodies given their requirement for deep
water. The MQuant® StripScan App was not useful given that the reference cards
required to use the app could not be sourced and that the app did not function to read
the Mquant® nitrate test strips. The Nutrient App showed some promise but has
ceased being supported, illustrating the critical importance of designing and
developing tools with sustainable financing and maintenance in mind (as well as the
need for funders to support key tools so they remain freely accessible) so that the great
efforts that go into research and development are not ultimately wasted. The Aquality
app was fairly user friendly, intuitive, and accessible for free via the Play Store and the
Apple App Store. The development and support team were helpful and responsive,
with ongoing research and development regarding the app showing good potential for
upscaled functionality and implementation in the future. However, we found that there
were significant qualitative and quantitative issues with the app that should be
investigated further and addressed to ensure the app is suitable for global use,
especially in the context of developing regions. These included that i) the material
requirements for the app (i.e., a reference card mailed directly from Deltares in the
Netherlands and Hach© nitrate test strips) were difficult to source in South Africa
(which is likely to be the case in many other countries), ii) each test carried a
significant financial cost (USD 2 - 5 per test), and iii) the guidelines of the app,
especially concerning the appropriate lighting requirements, left considerable room
for novice user error or lack of standardisation. Concerns over the standardisation and
accuracy of the data were supported by the fact that we found little to no correlation

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 1



EéJ INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

between the estimated nitrate concentrations in surface water
samples calculated by the app compared to accredited
laboratory measurements of the same water samples.

Overall, we suggest that though our data were limited, they
provide evidence that the data generated by real citizen
scientists using such app around the world need to be carefully
validated before they can be trusted. The reality is that doubt
over standardisation and validity of results could prove a
serious barrier to use of the data for management and policy
interventions. More broadly, we identified a need for digital
innovations within citizen science to remain human-centric
and not become extractive, treating citizen scientists simply as
data collection units. The massive potential for a nexus
between digital innovation and citizen science will only be
realised if we specifically cater towards the human part of the
equation and if researchers and developers remain mindful of
technicist assumptions about the utility, understandability, and
validity of innovative technologies in different contexts.

INTRODUCTION

The need for freshwater monitoring

There is a global environmental crisis disproportionately
affecting freshwater systems (Lynch et al. 2023; Ottoni et al.
2023; Robinson 2023; Tickner et al. 2020, WWEF 2020).
Freshwater ecosystems, though only making up <2% of the
surface of the earth, support approximately 12% of all species
on earth, including humans (Abramovitz 1995; Carrizo et al.
2017). The drivers of the present day freshwater crisis are
established, although they are increasingly being aggravated
by further anthropogenic pressures (Albert et al. 2021; Darwall
et al. 2018; Dudgeon 2019; Flitcroft et al. 2019; Reid et al.
2019; Wang, M. et al. 2024). It is now estimated that the
upstream water sources that supply about 82% of people are
under threat of degradation (Green et al. 2015).

To address the pervasive threats posed by degrading freshwater
systems, global collaboration towards achieving the
Sustainable Development Goals (SDGs) has taken on a
particular focus on SDG 6 "clean water and sanitation for all"
(Capdevila et al. 2020; Gemeda et al. 2021; Hegarty et al.
2021; Quinlivan et al. 2020a; 2020b; White et al. 2020). The
focus is based on the simple fact that healthy freshwater
underpins all life (Njue et al. 2019). Achieving SDG 6 through
improving freshwater resource management and conservation
requires large scale, fine spatial and temporal resolution,
credible monitoring data (Arthington 2021; Behmel et al.
2016; McKinley et al. 2017; Tickner et al. 2020).

Conventional water resource monitoring is valuable but
requires constant expert involvement as well as specialist
equipment, making it expensive in both time and money.
Consequently, conventional monitoring efforts are frequently
cut due to financial and time constraints (Jan et al. 2021; Silva
et al. 2022; Zainurin et al. 2022), leading to the data becoming

uncoordinated, outdated, and only available at course spatial
and temporal scales (Arndt et al. 2022; Konig et al. 2021; Njue
et al. 2019; O’Grady et al. 2021; Wu et al. 2022). These
limitations hinder the influence these data can have on
management or policy, especially at fine-scale resolutions
(O’Grady et al. 2021; Ouma et al. 2018).

Modern technology has shown great potential to augment or
innovate with conventional monitoring. However, there remain
significant challenges. Remote monitoring installations can
suffer from, among others, bio-fouling, power supply and
internet connectivity issues, difficulties with maintenance, as
well as data and physical security issues (Jan et al. 2021;
Manjakkal et al. 2021; Rahim et al. 2017). This means that
various technologies are precluded, especially in developing
and rural settings, because of challenges primarily related to
cost, but also limitations with, for example, commercial
accessibility and potential for vandalism or theft (Adu-Manu et
al. 2017; Chandra Kishore et al. 2022; Zulkifli et al. 2018).

It is also becoming increasingly clear that conventional ‘top-
down’ methods are often ineffective in mobilising the urgent
management and monitoring changes needed to address the
freshwater crisis (Buytaert et al. 2014; De Filippo et al. 2021;
Jordan and Cassidy 2022; Paul et al. 2018). In response, there
have been global calls for integrated water resource
management that employs holistic multi-tier stakeholder
engagement (Behmel et al. 2016; De Filippo et al. 2021; Pastor
et al. 2019). Citizen science (also discussed under various
other terms such as participatory science or community-based
monitoring) is a potential tool for answering this call (de
Sherbinin et al. 2021). Citizen science can fill critical data and
knowledge gaps and work towards achieving the SDGs via the
involvement of the public and stakeholders in the scientific
process at various levels (Amador-Castro et al. 2024; Bishop
et al. 2020; Capdevila et al. 2020; Collins et al. 2023; Corburn
2022; Dorler et al. 2021; Elias et al. 2023; Fraisl et al. 2020;
2023; Fritz et al. 2019; Hegarty et al. 2021; Kelly-Quinn et al.
2023; Kirschke et al. 2022; 2023; McKinley et al. 2017;
Moczek et al. 2021; Poisson et al. 2020; Queiruga-Dios et al.
2020; Quinlivan et al. 2020b; Ramirez et al. 2023; UNEP
2018; Wu et al. 2023).

Citizens can be involved in the scientific research process in
numerous ways at various levels. This can include data
collection, study design, or even analysis, reporting, and
stakeholder engagement (Buytaert et al. 2014, Schélvinck et
al. 2022; Graham, P. M. and Taylor 2018). The benefits of
citizen science for monitoring are perhaps most obvious in the
collection of large volumes of data at fine spatial and temporal
resolutions. However, there are a range of benefits of citizen
science beyond simply quantitative data capture including the
capture of qualitative data such as indigenous knowledge and
community-based insights usually missed by conventional
data collection (Bishop et al. 2020; Hegarty et al. 2021; Paul et
al. 2018). Through involvement of citizens in the scientific
process, citizen science enables a sense of agency to develop
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in members of the public (Conrad and Hilchey 2011; Corburn
2022; De Filippo et al. 2021; Jalbert and Kinchy 2016;
McKinley et al. 2017). This can be especially important for
traditionally marginalised and disaffected communities who
often struggle to enter public discourse, yet are among the most
impacted by environmental, water, and sanitation issues (UN
Habitat and WHO 2018; WHO and UNICEF 2021). Citizen
science also elevates public awareness, and, depending on the
tools and methods used, has significant potential to improve
scientific literacy, instil a sense of environmental stewardship
and ownership, become a potent mechanism for environmental
education, and even aid in establishing discourse between
communities and authorities (Bonney et al. 2009; Carlson and
Cohen 2018; Dorler et al. 2021; Jonsson et al. 2024; Queiruga-
Dios et al. 2020). The involvement of citizens, at all levels, in
water issues and risks can enable a ‘social fabric’ to develop
that helps connect citizens with the authorities and other
leaders responsible for water related service delivery. This
social fabric of connected people is much needed where
citizens are disconnected with the responsible authorities.

Despite the clear potential of citizen science, it is still broadly
viewed with scepticism, with widespread doubt over the rigor
and validity of the data (Bonney et al. 2014; Cook et al. 2021).
The mistrust originates from, among others, a general lack of
belief in the scientific understanding of the participants, the
potential introduction of bias, and the potential for inadequate
training, effort in standardisation, and verification protocols
(Hadj-Hammou et al. 2017; Kolok et al. 2011). These concerns
have validity and must be addressed for citizen science to gain
the credibility required for it to be integrated in the science-
management-policy pathways.

DIGITAL INNOVATION WITH
SMARTPHONES AND CITIZEN
SCIENCE

With the rapid innovation and adoption of new technologies
and recognition of the potential of citizen science, it is
increasingly clear that a combination of accessible technology
and citizen science could prove potent for addressing the
monitoring requirements for meeting the SDGs. The goals of
the CGIAR Initiative on Digital Innovation are particularly
well-suited to engaging with this potential synergy with
regards to achieving SDG 6.3.2 ‘proportion of bodies of water
with good ambient water quality’ and SDG 6b ‘procedures for
participation of local communities in water and sanitation
management’.

The potential integration between modern, accessible
technology and citizen science is perhaps most clear with
smartphones. Most of the adult population of the world owns
or has access to a smartphone (approximately 80-90% of the
population) and possesses the digital literacy required to use it
and engage with new software and tools made available via
smartphones (Buytaert et al. 2014; 2016; Fabio et al. 2022;

Graham, E. A. et al. 2011; Njue et al. 2019; Ouma et al. 2018;
Rahim et al. 2017). Smartphones themselves are powerful
tools for inclusion in the scientific process, since they are the
focus of some of the most fast-paced, inventive, and cutting-
edge innovations in technology. They have become handheld,
easy-to-use supercomputers that have good battery life, the
ability to connect to the internet, local and cloud-based data
storage, as well as a built-in range of abilities, possibly
including accurate Global Positioning Systems (GPS),
accelerometers, gyroscopes, and high-pixel cameras
(Aitkenhead et al. 2014; Chandra Kishore et al. 2022; Dutta
2019; Kwon and Park 2017).

With these capabilities, smartphones can allow citizen
scientists to easily and quickly gather high volumes of data that
are comprehensive, standardized, and uploaded and backed up
in real-time to cloud-based storage that can be automated for
efficient data handling (Graham, E. A. et al. 2011; Park et al.
2020). This process enables verification, validation,
summarisation, and visualization processes to be built in and
automated to enhance data transfer and reporting (Adu-Manu
et al. 2017; O’Grady et al. 2021; Paul et al. 2018; Poisson et al.
2020). The data transfer and associated reporting feedback can
also be designed to function, at least partially, in a two-way
manner. Data can be summarised and visualised for the citizen
scientists contributing towards the database, with avenues for
‘gamification’ to reward and incentivise citizen scientists for
their involvement (Buytaert et al. 2014; Geetha and Gouthami
2016; Graham, E. A. et al. 2011; Njue et al. 2019).

Smartphones possess the possibility to improve the
involvement of citizen scientists in scientific research through
improving education and training, providing feedback and
intuitive data collection. They can also support reporting
frameworks, the wupscaling the standardisation and
comprehensiveness of the data collected, as well as showing
strong potential for helping citizen science make great strides
towards achieving the SDGs. This is particularly important in
rural and developing areas, where there is an under-
representation of diverse and traditionally marginalised groups
in scientific data collection (Bishop et al. 2020; Buytaert et al.
2016; Fraisl et al. 2020; Jonsson et al. 2024; Silva et al. 2022;
Thornhill et al. 2019; Walker et al. 2020). Water quality
monitoring data have thus far primarily come from the
developed west and global north, given developing regions
often lack the resources required to gather, analyse, and
manage data (Bishop et al. 2020; Capdevila et al. 2020; Paepae
et al. 2021; Quinlivan et al. 2020a; 2020b). Southern Africa is
a good example of these obstacles to water quality monitoring,
which will need to be overcome if the global south and other
developing regions can begin to meaningfully engage citizens
and contribute valuable data (Graham, P. M. and Taylor 2018;
Hulbert et al. 2019; Weingart and Meyer 2021).
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VALIDATION OF
SMARTPHONE-ASSISTED CITIZEN
SCIENCE WATER QUALITY
MONITORING IN SOUTHERN
AFRICA

The need to implement citizen science monitoring initiatives
must be tempered with sensible determination of which data
collection tools are realistically deployable. In southern Africa
the challenges to integrate smartphones into citizen science
and use them for monitoring are likely to be different to those
that might be encountered in western Europe or northern
America (Benyei et al. 2023; Hulbert et al. 2019; Pocock et al.
2019; Weingart and Meyer 2021). Not all smartphone-based or
assisted citizen science water quality monitoring tools,
developed in the differing contexts of the global north will be
applicable in a southern African context.

As part of research within the CGIAR Initiative on Digital
Innovation, we explored what pre-existing smartphone-based
or smartphone-assisted water quality monitoring citizen
science tools might be suitable for use in southern Africa. The
selection of the tools that were tested was based on a set of
criteria determined a priori to be of importance in a southern
African situation: Is the tool low-cost (requiring minimal input
costs beyond having a smartphone), easy-to-use (accessible to
people from diverse backgrounds and educational levels),
easily scalable (easy to disseminate and implement among
diverse communities and stakeholders), available (free to
acquire and commercially available to all), and best suited to
citizen science rural and developing areas (where mobile data
signal and storage space on simply smartphones might be
limited and offline capabilities will be required)?

Based on these criteria, the first filter applied to potential tools
was that they should be applications (apps) or protocols that
are observation only (app-based with no additional technology
or materials required and limited to no data interpretation) and
/ or plug-and-play (off-the-shelf, cheap kits or sensors that can
be combined with smartphone apps or capabilities for data
collection and analysis) (Aitkenhead et al. 2014; Rahim et al.
2017).

A further refinement stemmed from the fact that monitoring all
water quality parameters (i.e., physical, chemical, and
biological) is not possible (Okpara et al. 2022; Paepae et al.
2021). Therefore, the parameters to monitor should be those
widely applicable to the most people and available freshwater
bodies. Where possible these should be standardised and easy
to capture across geographic and social contexts. The SDG
6.3.2. indicator uses a water quality index that integrates basic
core water quality parameters; oxygen, salinity, nitrogen,
phosphorus and acidification (Quinlivan et al. 2020a; UN
Water 2018; Wu et al. 2022). Algae, temperature, and turbidity
/ clarity (and by proxy, total suspended solids; TSS) are also
important water quality parameters that can be easily and cost-

effectively monitored through citizen science (Castilla et al.
2015; Dahlgren et al. 2004; Graham, P. M. et al. 2024; Ho et al.
2020).

Ultimately, the scope was refined to minimum cost,
smartphone-based or assisted citizen science technologies that
are directly aimed at measuring or recording this set of key
water quality parameters. Technologies which do not meet
these requirements are currently precluded from scalable
implementation in a southern African context. For instance,
some smartphone-based tools require expensive investments in
auxiliary sensors or modules which are prohibitively
expensive for citizen scientists in developing regions (Abegaz
et al. 2018; Njue et al. 2019). Moreover, many of the recently
developed smartphone-assisted tools for water quality
monitoring are not commercially available or easy and
affordable to manufacture or maintain in southern Africa,
ruling them out for easy implementation and upscaling.

Through surveys of the literature and other sources (see
Pattinson et al. 2023), the Hydrocolor (Leecuw 2014; Leeuw
and Boss 2018), EyeOnWater! (formerly Citclops; NIOZ and
MARIS B.V), Deltares Aquality app> (Deltares,
Netherlands), The Nutrient App (Push Interactions, Inc.,
developed by the University of Saskatchewan and Global
Water Futures Project (GWF) with the support of Environment
and Climate Change Canada®) (Costa et al. 2020), and The
MQuant® StripScan App (Merck KGaA, Darmstadt,
Germany) were isolated for trials in southern Africa. This list
was not exhaustive; some potentially useful options may exist
that were not tested. Validation aimed to assess data collection
accuracy, accessibility, ease of use, cost, and the feasibility to
contribute to pathways from data collection, citizen
mobilisation and decision-making. We aimed to test the
accuracy and utility of these apps for monitoring the water
quality of streams and rivers in a southern African context.

METHODS

Study area

Data were collected from 27 sample sites on streams, rivers,
and a dam (Henley dam) in the mSunduzi and uMngeni River
catchments within the Pietermaritzburg region of Kwa-Zulu
Natal (KZN), South Africa (Figure 1; Table 1). The sample
sites were spread across a range of human impacts within the
system, as well as across stream and river sizes, compositions,
and conditions.

The uMngeni (also known as the Mgeni, Mngeni, or Umgeni)
River catchment is fairly large (~4432 km2) receives 400 —
1500 mm of rain annually and contains a broad mixture of
anthropogenic impacts along its length (DWAF 2002; DWS
2019). In the sample region, the main impact upstream of

! https://www.eyeonwater.org/
2 https://www.deltares.nl/en/software/nitrate-app/

3 https://gwf.usask.ca/projects-facilities/nutrient-app.php#Overview
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Figure 1. Map of sample sites showing major dams, rivers, and towns in the catchment.

Midmar dam is agricultural run-off, containing agricultural
waste and nutrient pollution (Baker et al. 2015). Downstream
of Midmar dam there are additional impacts from the
impoundments (including the smaller Nagle dam, upstream of
the confluence with the uMsunduzi), including alterations to
flow regimes, sedimentation, and nutrient loading.

The uMsunduzi (also known as the Dusi, Duzi and
Umsunduzi) River catchment is smaller (~ 900km?2) than the
uMngeni, receives 600 — 1200 mm or rain annually, and flows
into the uMngeni upstream of Inanda dam (Gericke et al.
2004). The uMsunduzi river upstream of Pietermaritzburg
comes under pressure primarily from agriculture, with some
input from largely rural communities (Agunbiade and
Moodley 2016). It passes through and supplies Henley dam
before flowing through the Pietermaritzburg city centre where
it comes under severe pressure from industrial and domestic
waste. The river also absorbs the ouflow from the Darvill
WWTW  which services most of the catchment area,
processing approximately 75 million litres per day and
discharging into the uMsunduzi downstream of the city
(Adeyinka et al. 2019; Agunbiade and Moodley 2016; Baker et
al. 2015; Matongo et al. 2015).

The dams in the region all serve as critical sources of water for
irrigation and domestic use (Gumbi et al. 2017; Hart and
Wragg 2009). Midmar dam on the uMngeni River was
constructed in 1965 and today supplies water to over 700 000
people in the Pietermaritzburg district. Midmar has a gross
capacity of 177 million m3 (Agunbiade and Moodley 2016).
Downstream of Midmar the uMngeni then flows through
Albert Falls dam, established in 1976, with a gross capacity of
289 million m3 (Agunbiade and Moodley 2016). Continuing
eastwards, the uMngeni then flows into the Nagle dam,
constructed in 1950 with a gross capacity of 39.3 million m3.
Finally, after the confluence with the uMsunduzi, the uMngeni
flows through Inanda dam, founded in 1989 with a gross
capacity of 245 million m3. Inanda dam forms the main water
supply to the city of Durban, on South Africa’s east coast.
Henley dam is a relatively small impoundment on the
uMsunduzi, with a gross capacity of 1.07 million m3. Its
importance is in its location surrounded by settlements, and
upstream of the city of Pietermaritzburg.
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Stream and river data were collected on sections that were at
least 1 meter (m) wide to give adequate space for sampling.
Sampling was done on sunny days to standardise weather
conditions during data collection. Sampling was restricted to
sites near bridges or public roads for logistic ease and safety.
The samples were also taken by a person situated safely on the
bank of the stream or river. These parameters were selected as
those representing places where citizen scientists would be
comfortable and have access for sampling.

Smartphone data collection

Data were collected between 25/01/2024 and 22/02/2024
(Table 1). The smartphone apps were operated by freshwater
ecological professionals. Although they were professional
scientists, they were novice users who were given no guidance
except the instructions (text guidelines and videos where
available) provided within the apps for their use to best
simulate the conditions of a citizen scientist attempting to use
the apps. We specifically aimed to test the functionality and
accuracy of the apps in the context of how they might be used
by citizen scientists in regions like southern Africa. Therefore,
we only took single samples (as opposed to replicate samples
to generate averages) and sent the data collectors to the field to
use the apps given only the information available in the apps
and via the supporting documentation given on the associated
websites. Data were collected exclusively on clear, sunny days
between 08h00 and 16h30, following Al-Ghifari et al. (2021).
Smartphone data were collected using a X7a smartphone
which has a 50 megapixel HD (F1.8) main camera and a
Samsung Galaxy A70 which has a 32 megapixel (F1.7) with
PDAF main camera. Due to various constraints, not all the data
were collected at all sites (Table 1).

Hydrocolor and EyeOnWater

Hydrocolor (Leeuw 2014; Leeuw and Boss 2018) and
EyeOnWater* measure water colour, reflectance, and turbidity
(Al-Ghifari et al. 2021; Ayeni and Odume 2020; Burggraaff et
al. 2022; Malthus et al. 2020). Instructions on how to use each
app are provided in the app.

Deltares Aquality App

The Deltares Aquality app automates the reading of a Hach©
nitrate strip (0-50 mg/L) based on a calibrated, specific
Deltares reference card (Topping and Kolok 2021). The
nitrate-nitrogen (NO3-N) and nitrate (N = NO3-N x 4.4268)
results are displayed real-time to the user on the phone, with
the option to upload the results to the Delta Data Viewer®
(Sohrabi et al. 2022). The app was used according to the
instructions given in the app and in the online ‘tips and tricks’
guidelines®. The Aquality app can also capture electrical
conductivity data but only through use of a relatively

4 https://www.eyeonwater.org/
5 https://v-web002.deltares.nl/fewsprojectviewer/projectviewer/

¢ https://publicwiki.deltares.nl/pages/viewpage.action?
pageld=127634730

expensive (USD 500) meter for measuring -electrical
conductivity, so that utility is not explored in the context of
citizen science in southern Africa. Anecdotally, we found that
different ambient light (not in direct sunlight, but different
forms of shade and inside versus outside) significantly altered
the readings. In communication with the app developers, they
recommended that the app is used in ‘good’ lighting, but not
direct sunlight. Therefore, we took measurements in ‘indoor’
shade, either inside a building or within the cabin of a vehicle,
but with natural light illuminating the strip and reference card.

The Nutrient App

The Nutrient App determines nitrate and phosphate
concentrations in water based on automated analysis Hach©
nitrate test strips (0-50 mg 11) and API phosphate test kits (0-10
mg 11) (Costa et al. 2020). The results are stored on a server
hosted and managed by the University of Saskatchewan. User
measurements can be viewed directly in the Nutrient app or on
the Nutrient App webpage’. Protocols for use of the app are
accessible via the app, or on the official app's webpage
instructions. The ability of the app to read nitrate test strips was
not tested.

MQuant® StripScan

The MQuant® StripScan app (Merck KGaA, Darmstadt,
Germany) by Sigma-Aldritch uses Merck test strips for various
water quality parameters in conjunction with the required
reference card made by Merck. The app is marketed as capable
of determining Ammonium (0-400 mg 11), Ascorbic Acid (0-
2000 mg 11), Nitrate (0-500 mg 11), Nitrite (0.1-3 g 1-1), pH
(0-14 pH units), Peracetic Acid (5-50 mg 11), Peroxide (0-25
mg 11), Sulfate (<200 or >1600 mg 11), Sulfite (0-400 mg 11),
and Total Hardness (>6 or >31 °¢) based on various MQuant®
test strips. The MQuant® test strips are advertised as available
along with all necessary reagents required for sample pre-
treatment studies (Jain et al. 2020). For the purposes of this
study, the ability of the app to measure nitrate and pH by
reading test strips was explored. Guidelines for use of the app
are provided via an online video. The results are stored on a
server hosted and managed by Merck and users can view their
measurements in the app.

The procedural guidelines for use of each of the test strips was
either supplied with the strips or outlined within the apps.
Guidelines were followed as closely as possible for sampling
and interpretation.

7 https://gwf.usask.ca/projects-facilities/nutrient-app.php
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Table 1. Table indicating the sample site details, sampling dates, and the data captured at each site
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1 Ndiza -29.37810 30.12845 25/01/2024 X X X X X X X X X X
2 Mpofana -29.40480 30.08892 25/01/2024 X X X X X X X X X X
3 Lions River -29.43820  30.10234 25/01/2024 X X X X X X X X X X
4 uMngeni River Upstream of -29.49180 30.10839 25/01/2024 X X X X X X X X X X
Midmar Confluence
5 Lions River Upstream of uMngeni -29.46290 30.15175 25/01/2024 X X X X X X X X X X
Midmar Confluence
6 uMngeni Inflow to Midmar -29.48770  30.15632  25/01/2024 X X X X X X X X X X
7  Midmar Outflow -29.49300 30.20260 25/01/2024 X X X X X X X X X X
8  Nguklu Upstream Midmar -29.55660 30.16934 25/01/2024 X X X X X X X X X X
9  Mthinzima Upstream of Midmar ~ -29.55540 30.18795 25/01/2024 X X X X X X X X X X
10 Karkloof Falls -29.39590 30.27979  06/02/2024 X X X X X X X X
11  Rietspruit -29.50470  30.26849 22/02/2024 X X X X X X X X X X
12 Gwenspruit -29.50250 30.29125 22/02/2024 X X X X X X X X X X
13 uMngeni Upstream Albert Falls -29.44220 30.32975 06/02/2024 X X X X X X X X
Dam
14 uMngeni Downstream Albert Falls -29.43080 30.42831 06/02/2024 X X X X X X X X X X
Dam
15 Mpolweni Upstream of the -29.44180 30.48814 06/02/2024 X X X X X X X X X
uMngeni Confluence
16 Henley Dam -29.62630 30.24437 21/02/2024 X X X X X X X X X X
17 Upstream Henley Dam -29.64160 30.25656  21/02/2024 X X X X X X X X X X
18 Downstream Henley Dam -29.64760 30.29243  21/02/2024 X X X X X X X X X X
19  Wilgefontein -29.65590 3035938 21/02/2024 X X X X X X X X X X
20 Slangspruit -29.65630 30.36073 21/02/2024 X X X X X X X X X X
21 Duzi Upstream of Baynespruit -29.60020 30.40134 07/02/2024 X X X X X X X X
Confluence
22 Baynespruit Upstream Duzi -29.59970  30.40159 07/02/2024 X X X X X X X X
Confluence
23 Blackborough Spruit Downstream -29.60760 30.42299 07/02/2024 X X X X X X X X
Dump
24 Darville Outflow into Duzi -29.59720 30.43899 07/02/2024 X X X X X X X X
25 Upstream Nagle Dam -29.57510 30.60313  22/02/2024 X X X X X X X X X X
26 Downstream Nagel Dam -29.59350 30.61905 22/02/2024 X X X X X X X X X X
27 Mshwati Upstream of the Duzi -29.65870 30.61917 22/02/2024 X X X X X X X X X
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In-situ measurements, manual water sampling,
processing, and handling

When data smartphone app data were captured, we also
captured in-situ water quality parameters and water clarity
data. The in-situ water quality parameters were temperature,
pH, and dissolved oxygen (DO), measured by a YSI 556 MPS
handheld multiparameter (YSI Incorporated, Yellow Springs,
OH, USA; calibrated according to factory recommendations
prior to use), at 20 cm depth. Water clarity was collected using
a clarity tube (Graham, P. M. et al. 2024). Three replicates of
clarity tube readings were collected, with the replicates
averaged for a single reading per site.

Water samples were taken at approximately 20 cm below the
surface at each of the sites. These samples were immediately
stored in a cooled, darkened container and transported for
storage at 5 °C before being sent for analysis within 24 hours.
Water samples were analysed by Talbot Laboratories (Facility
Accreditation Number: T0122; Pietermaritzburg, KZN, South
Africa), a laboratory accredited in accordance with the
International Standard ISO/IEC 17025:2005 by the South
African National Accreditation System (SANAS). Laboratory
analyses were for total suspended solid (TSS), nitrate (NO3-),
orthophosphate, and total phosphate (i.e., orthophosphate,
condensed phosphate, and organic phosphate).

Data analysis

The suitability of the apps was assessed qualitatively based on
their availability, accessibility, functionality requirements,
cost, and ease-of-use in the field. Assessment was carried out
by three professional freshwater ecologists. The data collected
by the smartphone apps were modelled as a function of the in-
situ and laboratory water quality results to assess goodness-of-
fit and visualise correlations. Specifically, we tested how well
1) the Aquality app’s estimate of nitrate concentration
correlates to the nitrate and TSS concentrations determined by
laboratory analyses and in-situ measured DO, 2) the Nutrient
app’s estimations of phosphate correlated to the
orthophosphate, total phosphate, and TSS concentrations
determined by laboratory analyses and in-situ measured DO,
and 3) if the nitrate and phosphate measurements by the apps
correlated to clarity. We also tested for other relationships
between water quality variables. This included testing the
correlation between a) in-situ measurements of DO and
laboratory measured concentrations of nitrate and phosphate,
b) laboratory measured concentrations of nitrate and
phosphate, and c) laboratory measured concentrations of TSS
and clarity as measured by a clarity tube.

RESULTS

Qualitative assessment of app suitability in southern
Africa

Hydrocolor and EyeOnWater apps

Most of the sites visited for testing in this study, including the
sites at impoundments, the riverbed or bottom was visible from
the bank where the measurements were being collected.
Therefore, the Hydrocolor and EyeOnWater apps were ruled
out for monitoring in the context of this study (especially
monitoring streams and rivers), since both cannot be used
where the bottom is visible. These apps should be explored
further for monitoring specifically from boats on larger rivers
and dams.

MQuant® StripScan app

The MQuant® StripScan app was ruled out based on two
factors. Firstly, despite repeated efforts, we were unable to
attain the necessary reference card to make use of the app for
pH measurements. According to the reviews for the app on the
Google Play store, the inability to source appropriate reference
cards appears to be a pervasive problem. Secondly, the
reference card supplied with the Merck nitrate test strips did
not work with the app, which was tested on four different
devices.

Aquality app

The Deltares Aquality app (available for free via the Play Store
and the Apple App Store) required reference cards from
Deltares which were supplied for free (including shipping
costs), arriving approximately 2 weeks after being ordered.
The app also required Hach© nitrate test strips, which were
difficult to source and took approximately 2 months to ship
from the USA, ultimately costing approximately R32,0 (~USD
2) per test strip. In the field, the app functionality was
intermittent; we encountered issues with overheating, and an
inability of the app to read strips under some lighting
conditions. We found that the app only intermittently read the
strips in direct or bright adjacent sunlight and that the lighting
did significantly affect the readings. We also found that the
instructions for use need to be much clearer to standardise
measurements (especially concerning people unfamiliar with
scientific standardisation practices), since it only recommends
‘good’ lighting, without specifying what constitutes ‘good’.

The Nutrient App

The Nutrient App required API Phosphate Water Test Kits,
which are readily available in South Africa for approximately
R6 (~USD 0,32) and ship within a week of order. The Nutrient
App can also measure nitrate using Hach© test strips. The
guidelines for use of the test kit are detailed in both a guideline
document and in instructional videos. The app was generally
easy to use but needs to be updated to make colour card
calibration instructions clear and concise for general users.
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However, at this time the app is not available on the Play Store
or App Store and does not connect to an active server for data
storage and viewing, since it is not being actively maintained.
Therefore, the app had to be downloaded via a third-party as a
.apk file, which is not sustainable for upscaling. The results of
the phosphate measurements of the app were still analysed,
though the lack of maintenance rules it out as a potential option
going forward.

Both the Aquality app and Nutrient App were somewhat
extractive in their results. It is not clear to the user what the
measurements mean. A nitrate or phosphate score is essentially
arbitrary, without clear information on whether the
concentration estimated indicates a problem with pollution or
not.

Quantitative accuracy of app readings and correlations
with other water quality parameters

Aquality app

The estimates of nitrate concentration according to the
Aquality app (n = 21) showed no strong correlation between
laboratory measured nitrate (r2 = 0.25), laboratory measure

TSS (12 = 0.01), or water clarity measured by clarity tubes (12
=0.00; Figure 2).
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Figure 2. Nitrate (N) concentration in surface water samples
as estimated by the Aquality app plotted as a function of, A) the
laboratory measured concentration of N, B) the laboratory
measured concentration of 1TSS, and C) water clarity as
measured by a clarity tube. Linear regression lines are shown
with the r2 indicated as a measure of goodness-of-fit.
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The Nutrient App

There were also no strong correlations between phosphate as

estimated by the Nutrient App (n

19) and laboratory

measured orthophosphate (12 = 0.05), total phosphate (12 =
0.01), TSS (r2 = 0.06), or water clarity as measured by clarity
tubes (r2 = 0.02; Figure 3).
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Figure 3. Phosphate (P) concentration in surface water samples as estimated by the Nutrient App plotted as a function of, A) the
laboratory measured concentration of orthophosphate, B) the laboratory measured concentration of total P, C) the laboratory
measured concentration of TSS, and D) water clarity as measured by a clarity tube. Linear regression lines are shown with the r2
indicated as a measure of goodness-of-fit.
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Other water quality correlations

There were no strong correlations between DO and either
laboratory measured nitrate (n = 27; r2 = 0.01) or
orthophosphate (n = 27; 12 = 0.01; Figure 4). However, there
were strong correlations between laboratory measured
concentrations of nitrate and phosphate (n = 27; r2 = 0.66) and
between the laboratory measured concentration of TSS and
water clarity from clarity tubes (n = 27; 12 = 0.67; Figure 5).
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Figure 4. The concentration of DO (measured in-situ) plotted
as a function of laboratory measured concentrations of A)
nitrate (N), and B) orthophosphate in surface water samples.
Linear regression lines are shown with the r2 indicated as a
measure of goodness-of-fit.
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Figure 5. Plots of A) the laboratory measured concentration of
nitrate (N) as a function of the laboratory measured
concentration of orthophosphate, and B) the logl0
transformed water clarity as a function of the laboratory
measured concentration of TSS, for surface water samples.
Linear regression lines are shown with the r2 indicated as a
measure of goodness-of-fit.
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DISCUSSION source the Hach© test strips in South Africa, which caused

The need to fill the data gaps in water quality monitoring
worldwide is well-known. Many studies have come out over
the past decade advocating for the investigating the use of
citizen science for contributing meaningful water quality data
(Amador-Castro et al. 2024; Babiso et al. 2023; Collins et al.
2023; Kelly-Quinn et al. 2023; Ramirez et al. 2023; de
Sherbinin et al. 2021; Wu et al. 2023). This study investigated
the utility of some of the most prominent smartphone-based
citizen science water quality monitoring tools for water
resource monitoring in southern Africa as a case study for the
utility of such options in similar developing regions.

We investigated five smartphone apps. This narrow selection
was based on a prior more thorough investigation of citizen
science water quality monitoring options that evaluated and
discussed numerous possibilities and existing technologies
(Pattinson et al. 2023). Three were ruled out of use for citizen
science monitoring of streams, rivers, and dams (specifically
monitoring from the banks of waterbodies, with use on boats
notwithstanding). The Hydrocolor and EyeOnWater apps
cannot be used where the bottom of a water body is visible,
which precludes their use in most instances where a citizen
scientist will be measuring a stream, river, or dam from the
bank. These apps warrant further investigation for monitoring
via boats (Al-Ghifari et al. 2021; Ayeni and Odume 2020;
Burggraaff et al. 2022; Leeuw 2014; Leeuw and Boss 2018;
Malthus et al. 2020). The MQuant® StripScan app was ruled
out based on an inability to procure the required reference
cards as well as the fact that the app failed to read the reference
card supplied for the nitrate test strip, even when attempted on
four different devices. The Aquality app and the Nutrient App
were tested for data collection in field by novice users.

The Aquality app

Qualitatively, we found several challenges to using the app in
the field. Different lighting conditions noticeably affected the
results, and it was unclear what the best lighting conditions
should be or how to keep lighting conditions between samples
at different locations at different times of day standardised.
Anecdotally, we found that the nitrate concentrations estimated
by the app could be up to 10x different based on being in bright
sunlight (with the app sometimes failing to read at all in bright
ambient light) versus shade, indicating the strong potential
effects of lighting conditions on readings. This corroborates
the findings of Topping and Kolok (2021), who also concluded
that the app was prone to inaccuracy and imprecision when
used by novel users in the field likely primarily based on
variation in lighting conditions. We recommend that in the case
where these types of apps are developed, the developers create
more detailed guidelines and instructional videos (ideally
understandable in multiple languages) to ensure that data are
collected as consistently as possible by different users.

It is also worth noting that it was difficult and expensive to

long delays in field testing (sourcing strips took over 2
months). Individual citizen scientists having to request a single
reference card for the app for shipment globally might be a
strong hindrance to citizen uptake, similar to sourcing the
Hach®© test strips. For such an app to really become feasible for
globally upscaled use, their would ideally need to be an in-
country supplier of both the test strips and the reference cards.
Alternatively, organisations involved in monitoring could
source the requisite materials and distribute them to specific
projects.

The difficulty in sourcing the Hach© strips in southern Africa,
paired with the cost of approximately R32,0 (USD 2) per strip,
may prove prohibitive for using the Aquality app for a majority
of potential citizen scientists in regions such as southern Africa
(Benyei et al. 2023; Jonsson et al. 2024; Weingart and Meyer
2021). When contacted, the developers also recommended that
getting three measurements and taking the average might
generate more accurate results, but using three strips would
then take the cost of a single reading to nearly R100,0 (USD
5). To put this into context, the monthly social grant paid to
19.7 million people in South Africa is R350,08 (USD 19), so
weekly measurements in replicates to get an average would
cost more than what a third of the population earns in an entire
month from the social relief grant. This is not a flaw in the
design of the app or a criticism, it is simply an observation on
the limited accessibility of tools such as this that require
ongoing input costs in the context of the socio-economic
landscape of developing regions.

Quantitatively, the nitrate estimations, based on single
measurements by novice users, from the Aquality app showed
little to no correlation with laboratory measured nitrate
concentrations, TSS, or water clarity in the surface water
samples. We suspect this may reflect the variability introduced
by variable lighting conditions in the field. The inaccuracy of
the estimates may also arise from the conditions of the surface
water tested in our study, which may differ from the laboratory
or field based validations performed to develop the tool. The
sediment load of the water tested can also affect the reading, so
stream and river conditions in southern Africa that are often
carrying high sediment loads may also reduce the utility of the
app. In communication with the developers, they suggested
filtering the water samples prior to testing in the case that the
sediment load is high. It may be an interesting avenue for
further research to determine the effects of filtering on the
nitrate readings in both the app and paired laboratory tested
samples.

Importantly, we had relatively few measurements that we
specifically captured from diverse river conditions with
varying levels of human impact. Several of the locations are
known to have severe wastewater pollution issues, which may
introduce variability in surface water conditions not
encountered in the app development. Moreover, we used the
apps as they are currently designed and following the
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guidelines as written to specifically test how they operate
under the conditions they might be currently used by citizen
scientists. However, it may prove useful to do more intensive
study of the effect of different lighting conditions with multiple
replicates of each measurement to get a better handle on
precision and accuracy in different locations. Therefore, while
we found no relationship between single app readings by
novice users and the laboratory concentrations, our data are not
conclusive and do not invalidate the calibrations used to
develop the app. It is possible that a more consistent
relationship may exist at specific sites, that more data would
begin to show a clearer relationship, or that more stringently
following the set of testing protocols used to develop the app
measurement algorithm would lead to higher accuracy. Each of
these are possibilities would be worth exploring and building
into the apps use guidelines were appropriate.

Cumulatively, the qualitative lack of a correlation between the
nitrate estimates from the app and the laboratory measured
concentrations does raise the need for validation of the data
collected by real, in-field citizen scientists using the app under
different circumstances and in different locations. Our data are
simply an indication that further validation and investigation
are required. If the lack of a relationship here is replicated
elsewhere with more intensive study, it will be a serious cause
for concern for the utility of the app for water quality
monitoring.

The positives of the app are that it is fairly intuitive and
provides a neat data visualisation interface for seeing one’s
own data among all submissions globally. The Deltares
Aquality support team for the app was also highly supportive
and responsive, providing many reference cards for the app
quickly when requested and information to follow up on all
queries.

The Nutrient App

From a qualitative perspective, the Nutrient App was easy to
use and comes with comprehensive training materials in both
text and video format. The phosphate tests are also ~6x cheaper
than the nitrate tests, which makes them far more accessible to
citizen scientists. However, the app appears to no longer be
maintained. The app does not connect to the online server
database to upload, store, and visualise data on the global map,
and is no longer available on the Google Play store. Like the
Aquality app, we also found little to no correlation between the
phosphate estimated by the Nutrient App and the laboratory
measurements. In combination, these factors essentially rule
out the Nutrient App as a potential option for citizen science
water quality monitoring until the app is revitalised and
validated for accuracy and precision when used by citizen
scientists worldwide.

The current unmaintained status of the app is another example
of how critical it is to build in a model for sustainability and
maintenance support financing when developing tools and
databases for citizen science. Without a framework in place for

who will keep the technology running and up to date, as well
as who will fund that maintenance or ongoing development,
large time and money investments in promising tools and
initiatives can end up stalling or being completely abandoned
(Hulbert et al. 2019). This has already been the case for several
promising initiatives, such as the Creek Watch app which
helped people monitor various aspects of streams and rivers
but was eventually discontinued (Kim et al. 2011). We
encourage researchers and developers to co-engage with
funding partners to develop a plan for the longevity of project
outcomes so that tremendous efforts are not wasted. The onus
is also not just on the researchers and developers. The case of
the Nutrient App demonstrates the need for funding agencies
to implement funding models that allow for financial support
beyond short-term project completion dates.

Other water quality parameter correlations

The fact that we found no relationship between DO and
laboratory measured concentration of nitrate or phosphate is
understadable given that the relation between these parameters
is complex, with them all interacting via various biological and
physico-chemical processes (Liu et al. 2021; Ouma et al.
2020). A clear inverse relationship might be expected in cases
of eutrophication, where algal blooms emerge in response to
high nutrient loads and reduce DO (Akinnawo 2023; Wang, J.
and Zhang 2020). However, at concentrations too low to elicit
these blooms, the relationship is not always expected to be
clear.

There was a strong correlation between the laboratory
measured concentrations of nitrate and phosphate which was
expected given that they often enter into freshwater systems
together from agricultural run-off and wastewater (Akinnawo
2023; Frazar et al. 2019; Velusamy et al. 2021). This is a useful
correlation to note where only nitrate or phosphate, but not
both, can be measured within a freshwater system, since it
suggests that indication of high levels of one will correspond
to high levels of the other. In the case of the Aquality app,
which does not measure phosphate, the nitrate measurements
can be assumed to generally correlate to suspected high
phosphate levels as well.

The correlation between TSS and water clarity was expected
since it is well-established worldwide and has recently been
validated in southern Africa (Graham, P. M. et al. 2024). The
goodness-of-fit (12 = 0.67) was similar to that found in
previous studies, reiterating the usefulness of clarity tubes for
generating citizen science estimates of TSS (Dahlgren et al.
2004; Graham, P. M. et al. 2024; Johnson et al. 2018; Kilroy
and Biggs 2002).
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CONCLUSIONS

There is a need to engage with citizen science to assist in
meeting the SDG targets. The progress over the last decade, in
particular, is promising, but the need for citizen science to be
validated for its intended purpose remains paramount if citizen
science data are going to be useful for reporting, management,
and policy. After an investigation of several smartphone citizen
science water quality monitoring apps, the only app that
showed promise for further investigation in southern African
streams, rivers, and dams was the Deltares Aquality app. The
app is user friendly, fairly intuitive, and aims to contribute vital
water quality data towards a global, open-source database. The
development and support team are engaged, with the app
showing real promise to help citizens engage with water
resource monitoring. However, we found several issues with
the cost of use and difficulty in procuring the required
materials that may for significant barriers to implementation in
the developing world, reinforcing the imbalance in where and
by whom citizen science data are collected (Benyei et al. 2023;
Capdevila et al. 2020; Harrisberg 2021; Jonsson et al. 2024;
Lepheana et al. 2021; Pateman et al. 2021; Quinlivan et al.
2020b; Walker et al. 2020). Moreover, we found a concerning
lack of a correlation between the nitrate estimates from the
app, being used by novice users, and the concentrations of
nitrate measured by an accredited laboratory. Again, we
emphasise that this is based on relatively little data from only
two users taking single measurements, but it certainly raises
the need for the app’s accuracy and precision to be validated
for use in different contexts for the data to be trusted and
useful. We recommend more targeted exploration of the
validity of the app results when used by real citizen scientists
in developing regions, and also recommend that more detailed
guidelines are established specifically on the lighting
conditions required so that results are standardised and
comparable. Further explorations should increase the number
of samples tested in replicate, test for site and season-specific
relationships, and test for the effects of sedimentation and
lighting.

Lastly, we will note that both the Aquality and Nutrient apps
were primarily extractive (a trait shared by many such
innovations), treating the citizen scientist performing the tests
and using the apps as simple data collectors, without sufficient
intuitive feedback on what the results mean or how they might
be used in future. The potential for engagement with the citizen
scientist and the sense of agency they might develop appears
overlooked. Citizen science can be powerful vehicle for
generating public awareness and empowerment, facilitating
environmental education, increasing scientific literacy and
environmental accountability, and creating relationships
between the public and the authorities (Bonney et al. 2009;
Capdevila et al. 2020; Carlson and Cohen 2018; Dérler et al.
2021; De Filippo et al. 2021; Queiruga-Dios et al. 2020).
However, these benefits are accrued or maximised through
active co-engagement with citizen scientists. The apps can

make participation easy (Alender 2016; Scott and Frost 2017)
but lack sufficient feedback to sustain input and foster the
multiple benefits citizen science can elicit. A user, discovering
that they generate an estimated nitrate concentration of, for
example, 9.1 mg 1-1 is not likely to find that this fact is
intuitively meaningful. Is that normal, or indicative of
pollution, one may ask? If it is indicative of pollution, what are
the potential sources, and what can one do about it? Are the
levels dangerous? Even simple feedback to the user on the
meaning of their readings can go a long way to ensuring public
buy-in and repeat engagement (Alender 2016). More complex
feedback via gamification or information on how the data are
being used in scientific research can be useful for engaging
people and getting them to keep monitoring and contributing
data (Ighalo et al. 2021; Khakpour and Colomo-Palacios 2021;
Lowry et al. 2019; Lukyanenko et al. 2020; Morschheuser et
al. 2017; Scott and Frost 2017). The vast majority of citizen
science data (>80%) are contributed by a minority of people
who become actively engaged and continually contribute data
(August et al. 2020). Therefore, it is absolutely critical to
consider the human participation and motivation element when
designing citizen science tools to ensure that people are
motivated to continuously engage. Feedback is crucial so that
their levels of understanding and commitment to the citizen
science can grow and develop. Citizen scientists can be
demotivated if it is unclear as to what their data means or how
those data will be used (Capdevila et al. 2020; Conrad and
Hilchey 2011; Doérler et al. 2021; Rahnema 2020). We
recommend that citizen science initiatives and tools
specifically develop feedback mechanisms to maximise the
benefit to the citizen scientists, rather than simply using them
as data collection points. This will not only benefit the citizen
scientists but will also work to build trust and increase the
uptake and longevity of initiatives and tools whilst addressing
potential technicist assumptions regarding utility and
engagement.

ACKNOWLEDGEMENTS

This work was funded through the CGIAR Initiative on Digital
Innovation (Grant GT1292 to GroundTruth via IWMI), which
researches pathways to accelerate the transformation towards
sustainable and inclusive agrifood systems by generating
research-based evidence and innovative digital solutions. We
are grateful to Bridget Lotter, Juan Tedder, Kyle D. Johnstone,
and Vhutali Madzhuta for carrying out data collection.

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 14



E$J INITIATIVE ON
%? Digital Innovation
CGIAR TECHNICAL REPORT
REFERENCES Al-Ghifari, K.H.D.; Nurdjaman, S.; Nur, S.; Cahya, B.D.P.P;

Abegaz, B.W.; Datta, T.; Mahajan, S.M. 2018. Sensor
technologies for the energy-water nexus—A review. Applied
Energy 210: 451-66. https://doi.org/10.1016/j.
apenergy.2017.01.033

Abramovitz, J.N. 1995. Freshwater failures: The crisis on five
continents. World Watch 8(5): 26-35. Available at https://
www.proquest.com/magazines/freshwater-failures-crises-
on-five-continents/docview/230006053/se-2 (accessed
April 05, 2024).

Adeyinka, G.C.; Moodley, B.; Birungi, G.; Ndungu, P. 2019.
Evaluation of organochlorinated pesticide (OCP) residues
in soil, sediment and water from the Msunduzi River in
South Africa. Environmental Earth Sciences 78: 1-13.
https://doi.org/10.1007/s12665-019-8227-y

Adu-Manu, K.S.; Tapparello, C.; Heinzelman, W.; Katsriku,
F.A.; Abdulai, J.-D. 2017. Water quality monitoring using
wireless sensor networks: Current trends and future

research directions. ACM Transactions on Sensor Networks
(TOSN) 13(1): 1-41. https://doi.org/10.1145/3005719

Agunbiade, F.O.; Moodley, B. 2016. Occurrence and
distribution pattern of acidic pharmaceuticals in surface
water, wastewater, and sediment of the Msunduzi River,
Kwazulu-Natal, South Africa. Environmental Toxicology
and Chemistry 35(1): 36-46. https://doi.org/10.1002/
etc.3144

Aitkenhead, M.; Donnelly, D.; Coull, M.C.; Hastings, E.M.
2014. Innovations in environmental monitoring using
mobile phone technology-A review. International Journal of
Interactive Mobile Technologies 8(2): 42—50. https://doi.
org/10.3991/ijim.v8i2.3645

Akinnawo, S.0. 2023. Eutrophication: Causes, consequences,
physical, chemical and biological techniques for mitigation
strategies. Environmental Challenges 12: 100733. https://
doi.org/10.1016/j.envc.2023.100733

Albert, J.S.; Destouni, G.; Duke-Sylvester, S.M.; Magurran,
A.E.; Oberdorff, T.; Reis, R.E.; Winemiller, K.O.; Ripple,
W.J. 2021. Scientists’ warning to humanity on the
freshwater biodiversity crisis. Ambio 50(1): 85-94. https://
doi.org/10.1007/s13280-020-01318-8

Alender, B. 2016. Understanding volunteer motivations to
participate in citizen science projects: A deeper look at
water  quality monitoring. Journal of  Science
Communication 15(3): A04. https://doi.org/
10.22323/2.15030204

Widiawan, D.A.; Jatiandana, A.P. 2021. Low cost method of
turbidity estimation using a smartphone application in
Cirebon Waters, Indonesia. Borneo Journal of Marine
Science and Aquaculture (BJoOMSA) 5(1): 32-36. https://
doi.org/10.51200/bjomsa.v5i1.2713

Amador-Castro, F.; Gonzalez-Lopez, M.E.; Lopez-Gonzalez,
G.; Garcia-Gonzalez, A.; Diaz-Torres, O.; Carbajal-
Espinosa, O.; Gradilla-Hernandez, M.S. 2024. Internet of
Things and citizen science as alternative water quality
monitoring approaches and the importance of effective
water quality communication. Journal of Environmental
Management 352: 119959. https://doi.org/10.1016/j.
jenvman.2023.119959

Arndt, J.; Kirchner, J.S.; Jewell, K.S.; Schluesener, M.P;
Wick, A.; Ternes, T.A.; Duester, L. 2022. Making waves:
Time for chemical surface water quality monitoring to catch
up with its technical potential. Water Research 213: 118168.
https://doi.org/10.1016/j.watres.2022.118168

Arthington, A.H. 2021. Grand challenges to support the
freshwater biodiversity emergency recovery plan. Frontiers
in Environmental Science 9: 118. https://doi.org/10.3389/
fenvs.2021.664313

August, T.; Fox, R.; Roy, D.B.; Pocock, M.J.O. 2020. Data-
derived metrics describing the behaviour of field-based
citizen scientists provide insights for project design and
modelling bias. Scientific Reports 10(1): 11009. https://doi.
org/10.1038/s41598-020-67658-3

Ayeni, A.O.; Odume, J.I. 2020. Analysis of algae concentration
in the Lagos Lagoon using Eye on Water and algae
estimator mobile app. FUTY Journal of the Environment
14(2): 105-15. Available at https://www.ajol.info/index.
php/fje/article/view/201424 (accessed on April 5, 2024).

Babiso, W.Z.; Ayano, K.K.; Haile, A.T.; Keche, D.D.; Acharya,
K.; Werner, D. 2023. Citizen science for water quality
monitoring in the Meki River, Ethiopia: Quality assurance
and comparison with conventional methods. Water 15(2):
238. https://doi.org/10.3390/w15020238

Baker, A.; Cumberland, S.A.; Bradley, C.; Buckley, C.;
Bridgeman, J. 2015. To what extent can portable
fluorescence spectroscopy be used in the real-time
assessment of microbial water quality? Science of the Total
Environment  532:  14-19.  https://doi.org/10.1016/j.
scitotenv.2015.05.114

Behmel, S.; Damour, M.; Ludwig, R.; Rodriguez, M.J. 2016.
Water quality monitoring strategies—A review and future
perspectives. Science of the Total Environment 571: 1312—
29. https://doi.org/10.1016/j.scitotenv.2016.06.235

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 15



E$J INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

Benyei, P.; Skarlatidou, A.; Argyriou, D.; Hall, R.; Theilade, L.;
Turreira Garcia, N.; Latreche, D.; Albert, A.; Berger, D.;
Cartro-Sabaté, M.; Chang, J.; Chiaravalloti, R.; Cortesi, A.;
Danielsen, F.; Haklay, M.; Jacobi, E.; Nigussie, A.; Reyes
Garcia, V.; Rodrigues, E.; Sauini, T.; Shadrin, V.; Siqueira,
A.; Supriadi, MR.; Tillah, M.; Tofighi-Niaki, A.; Vronski,
N.; Woods, T. 2023. Challenges, strategies, and impacts of
doing citizen science with marginalised and indigenous
communities: Reflections from project coordinators. Citizen
Science: Theory and Practice 8(1:21): 15. https://doi.org/
10.5334/cstp.514

Bishop, I.J.; Warner, S.; van Noordwijk, T.C.G.E.; Nyoni, F.C.;
Loiselle, S. 2020. Citizen science monitoring for
sustainable development goal indicator 6.3. 2 in England
and Zambia. Sustainability 12(24): 10271. https://doi.org/
10.3390/su122410271

Bonney, R.; Cooper, C.B.; Dickinson, J.; Kelling, S.; Phillips,
T.; Rosenberg, K.V.; Shirk, J. 2009. Citizen science: A
developing tool for expanding science knowledge and
scientific literacy. BioScience 59(11): 977-84. https://doi.
org/10.1525/b10.2009.59.11.9

Bonney, R.; Shirk, J.L.; Phillips, T.B.; Wiggins, A.; Ballard,
H.L.; Miller-Rushing, A.J.; Parrish, J.K. 2014. Next steps
for citizen science. Science 343(6178): 1436-37. https://
doi.org/10.1126/science.1251554

Burggraaff, O.; Werther, M.; Boss, E.S.; Simis, S.G.H.; Snik,
F. 2022. Accuracy and reproducibility of above-water
radiometry with calibrated smartphone cameras using RAW
data. Frontiers in Remote Sensing 3: 940096. https://doi.
org/10.3389/frsen.2022.940096

Buytaert, W.; Dewulf, A.; de Bi¢vre, B.; Clark, J.; Hannah,
D.M. 2016. Citizen science for water resources
management: toward polycentric monitoring and
governance? Journal of Water Resources Planning and
Management. American Society of Civil Engineers. https://
doi.org/10.1061/(ASCE)WR.1943-5452.000064 1

Buytaert, W.; Zulkafli, Z.; Grainger, S.; Acosta, L.; Alemie,
T.C.; Bastiaensen, J.; de Biévre, B.; Bhusal, J.; Clark, J;
Dewulf, A.; Foggin, M.; Hannah, D.M.; Hergarten, C.;
Isaeva, A.; Karpouzoglou, T.; Pandeya, B.; Paudel, D.;
Sharma, K.; Steenhuis, T.; Tilahun, S.; Van Hecken, G.;
Zhumanova, M. 2014. Citizen science in hydrology and
water resources: opportunities for knowledge generation,
ecosystem service management, and sustainable
development. Frontiers in Earth Science 2: 26. https://doi.
org/10.3389/feart.2014.00026

Capdevila, A.S.L.; Kokimova, A.; Ray, S.S.; Avellan, T.; Kim,
J.; Kirschke, S. 2020. Success factors for citizen science
projects in water quality monitoring. Science of the Total
Environment 728: 137843. https://doi.org/10.1016/j.
scitotenv.2020.137843

Carlson, T.; Cohen, A. 2018. Linking community-based
monitoring to water policy: Perceptions of citizen scientists.
Journal of Environmental Management 219: 168—77. https:/
/doi.org/10.1016/j.jenvman.2018.04.077

Carrizo, S.F.; Jahnig, S.C.; Bremerich, V.; Freyhof, J;
Harrison, 1.; He, F.; Langhans, S.D.; Tockner, K.; Zarfl, C.;
Darwall, W. 2017. Freshwater megafauna: Flagships for
freshwater biodiversity under threat. Bioscience 67(10):
919-27. https://doi.org/10.1093/biosci/bix099

Castilla, E.P.; Cunha, D.G.F.; Lee, FW.E.; Loiselle, S.; Ho,
K.C.; Hall, C. 2015. Quantification of phytoplankton bloom
dynamics by citizen scientists in urban and peri-urban
environments. Environmental Monitoring and Assessment
187(11): 1-11. https://doi.org/10.1007/s10661-015-4912-9

Chandra Kishore, S.; Samikannu, K.; Atchudan, R.; Perumal,
S.; Edison, T.N.J.I.; Alagan, M.; Sundramoorthy, A.K.; Lee,
Y.R. 2022. Smartphone-operated wireless chemical sensors:
A review. Chemosensors 10(2): 55. https://doi.org/10.3390/
chemosensors10020055

Collins, R.; France, A.; Walker, M.; Browning, S. 2023. The
potential for freshwater citizen science to engage and
empower: A case study of the Rivers Trusts, United
Kingdom. Frontiers in Environmental Science 11: 1218055.
https://doi.org/10.3389/fenvs.2023.1218055

Conrad, C.C.; Hilchey, K.G. 2011. A review of citizen science
and community-based environmental monitoring: issues
and opportunities. Environmental Monitoring and
Assessment 176: 273-91. https://doi.org/10.1007/s10661-
010-1582-5

Cook, S.; Abolfathi, S.; Gilbert, N.I. 2021. Goals and
approaches in the use of citizen science for exploring plastic
pollution in freshwater ecosystems: A review. Freshwater
Science 40(4): 567—79. https://doi.org/10.1086/717227

Corburn, J. 2022. Water and sanitation for all: Citizen science,
health equity, and urban climate justice. Environment and
Planning B: Urban Analytics and City Science 49(8): 2044—
53. https://doi.org/10.1177/23998083221094836

Costa, D.; Aziz, U.; Elliott, J.; Baulch, H.; Roy, B.; Schneider,
K.; Pomeroy, J. 2020. The Nutrient App: Developing a
smartphone application for on-site instantaneous
community-based NO3 and PO4  monitoring.
Environmental Modelling & Software 133: 104829. https://
doi.org/10.1016/j.envsoft.2020.104829

Dahlgren, R.A.; Van Nieuwenhuyse, E.E.; Litton, G. 2004.
Transparency tube provides reliable water-quality
measurements. California Agriculture 58(3): 149-53. https:/
/doi.org/10.3733/ca.v058n03p149

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 16



E$J INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

Darwall, W.; Bremerich, V.; De Wever, A.; Dell, A.1; Freyhof,
J.; Gessner, M.O.; Grossart, H.-P.; Harrison, I.; Irvine, K.;
Jahnig, S.C.; Jeschke, J.M.; Lee, J.J.; Lu, C.; Lewandowska,
A.M.; Monaghan, M.T.; Nejstgaard, J.C.; Patricio, H.;
Schmidt-Kloiber, A.; Stuart, S.N.; Thieme, M.; Tockner, K.;
Turak, E.; Weyl, O. 2018. The Alliance for Freshwater Life:
A global call to unite efforts for freshwater biodiversity
science and conservation. Aquatic Conservation: Marine
and Freshwater Ecosystems 28(4): 1015-22. https://doi.org/
10.1002/aqc.2958

De Filippo, D.; Sanz Casado, E.; Berteni, F.; Barisani, F.;
Bautista Puig, N.; Grossi, G. 2021. Assessing citizen
science methods in IWRM for a new science shop: A
bibliometric approach. Hydrological Sciences Journal
66(2): 179-92. https://doi.org/
10.1080/02626667.2020.1851691

Dorler, D.; Fritz, S.; Voigt-Heucke, S.; Heigl, F. 2021. Citizen
science and the role in sustainable development.
Sustainability. MDPI. https://doi.org/10.3390/sul3105676

Dudgeon, D. 2019. Multiple threats imperil freshwater
biodiversity in the Anthropocene. Current Biology 29(19):
R960-R967. https://doi.org/10.1016/j.cub.2019.08.002

Dutta, S. 2019. Point of care sensing and biosensing using
ambient light sensor of smartphone: Critical review. TrAC
Trends in Analytical Chemistry 110: 393—400. https://doi.
org/10.1016/j.trac.2018.11.014

DWAF. 2002. State of Rivers Report: Umngeni River and
Neighbouring Rivers and Streams. Edited by Wyk, E. van.
Pretoria, South Africa: Department of Water Affairs and
Forestry (DWAF). Available at https://www.dws.gov.za/
iwqs/rhp/state_of rivers/state_of umngeni 02/umngeni.
html (accessed April 5, 2024).

DWS. 2019. River Ecostatus Monitoring Programme State of
Rivers Report 2017-2018. Edited by Thirion, C. and Jafta,
N. Pretoria, South Africa: Department of Water and
Sanitation (DWS) N/0000/00/REMP/2019. Available at
https://www.dws.gov.za/iwqs/rhp/state_of rivers/annual/
State of Water 2017 2018 hydro year updated
FINAL 2019 10 11 web.pdf (accessed April 5, 2024).

Elias, P.; Shonowo, A.; de Sherbinin, A.; Hultquist, C.;
Danielsen, F.; Cooper, C.; Mondardini, M.; Faustman, E.;
Browser, A.; Minster Minster; J-B.; van Deventer, M.;
Popescu, I. 2023. Mapping the landscape of citizen science
in Africa: Assessing its potential contributions to
sustainable development goals 6 and 11 on access to clean
water and sanitation and sustainable cities. Citizen Science:
Theory and Practice 8(1:33): 1-13. https://doi.org/10.5334/
cstp.601

Fabio, R.A.; Stracuzzi, A.; Lo Faro, R. 2022. Problematic
smartphone use leads to behavioral and cognitive self-
control deficits. International Journal of Environmental
Research and Public Health 19(12): 7445. https://doi.org/
10.3390/ijerph19127445

Flitcroft, R.; Cooperman, M.S.; Harrison, 1.J.; Juffe-Bignoli,
D.; Boon, PJ. 2019. Theory and practice to conserve
freshwater biodiversity in the Anthropocene. Aquatic
Conservation: Marine and Freshwater Ecosystems 29(7):
1013-21. https://doi.org/10.1002/aqc.3187

Fraisl, D.; Campbell, J.; See, L.; Wehn, U.; Wardlaw, J.; Gold,
M.; Moorthy, 1.; Arias, R.; Piera, J.; Oliver, J.L.; Maso, J.;
Penker, M.; Fritz, S. 2020. Mapping citizen science
contributions to the UN sustainable development goals.
Sustainability Science 15: 1735-51. https://doi.org/
10.1007/s11625-020-00833-7

Fraisl, D.; See, L.; Campbell, J.; Danielsen, F,;
Andrianandrasana, H.T. 2023. The contributions of citizen
science to the United Nations sustainable development
goals and other international agreements and frameworks.
Citizen Science: Theory and Practice 8(1:27): 1-6. https://
doi.org/10.5334/cstp.643

Frazar, S.; Gold, A.J.; Addy, K.; Moatar, F.; Birgand, F;
Schroth, A.W.; Kellogg, D.Q.; Pradhanang, S.M. 2019.
Contrasting behavior of nitrate and phosphate flux from
high flow events on small agricultural and urban
watersheds. Biogeochemistry 145: 141-60. https://doi.org/
10.1007/s10533-019-00596-z

Fritz, S.; See, L.; Carlson, T.; Haklay, M.; Oliver, J.L.; Fraisl,
D.; Mondardini, R.; Brocklehurst, M.; Shanley, L.A.;
Schade, S.; Wehn, U.; Abrate, T.; Anstee, J.; Arnold, S.;
Billot, M.; Campbell, J.; Espey, J.; Gold, M.; Hager, G.; He,
S.; Hepburn, L.; Hsu, A.; Long, D.; Masd, J.; West, S-S.
2019. Citizen science and the United Nations sustainable
development goals. Nature Sustainability 2(10): 922-30.
https://doi.org/10.1038/s41893-019-0390-3

Geetha, S.; Gouthami, S.J.S.W. 2016. Internet of things
enabled real time water quality monitoring system. Smart
Water 2(1): 1-19. https://doi.org/10.1186/s40713-017-
0005-y

Gemeda, S.T.; Springer, E.; Gari, S.R.; Birhan, S.M.; Bedane,
H.T. 2021. The importance of water quality in classifying
basic water services: The case of Ethiopia, SDG 6.1, and
safe drinking water. Plos One 16(8): ¢0248944. https://doi.
org/10.1371/journal.pone.0248944

Gericke, O.J.; Pretorius, E.; Wagenaar, D.; Loyd, C. 2004.
Hydrological modelling of river basins using HSPF model.
In Proceeding of the 2004 Water Institute of Southern Africa
(WISA) Biennial Conference Cape Town, South Africa.
pp-1571-78. Available at https://wisa.org.za/wp-content/
uploads/2018/12/WISA2004-P048.pdf (accessed April 5,
2024).

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 17



E$J INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

Graham, E.A.; Henderson, S.; Schloss, A. 2011. Using mobile
phones to engage citizen scientists in research. Eos,
Transactions American Geophysical Union 92(38): 313-15.
https://doi.org/10.1029/2011EO380002

Graham, P.M.; Pattinson, N.B.; Lepheana, A.T.; Taylor, J.
2024. Clarity tubes as effective citizen science tools for
monitoring wastewater treatment works and rivers.
Integrated Environmental Assessment and Management, In
Review.

Graham, PM.; Taylor, J. 2018. Development of Citizen
Science Water Resource Monitoring Tools and
Communities of Practice for South Africa, Africa and the
World. Edited by Graham, P.M. and Taylor, J. Pretoria,
South Africa: Water Research Commission (WRC) Report
No. TT 763/18. Available at https://www.wrc.org.za/wp-
content/uploads/mdocs/TT%20763%20web.pdf (accessed
April 5,2024).

Green, P.A.; Vorosmarty, C.J.; Harrison, 1.; Farrell, T.; Saenz,
L.; Fekete, B.M. 2015. Freshwater ecosystem services
supporting humans: Pivoting from water crisis to water
solutions. Global Environmental Change 34: 108—18. https:/
/doi.org/10.1016/j.gloenvcha.2015.06.007

Gumbi, B.P.; Moodley, B.; Birungi, G.; Ndungu, P.G. 2017.
Detection and quantification of acidic drug residues in
South African surface water using gas chromatography-
mass spectrometry. Chemosphere 168: 1042—50. https://doi.
org/10.1016/j.chemosphere.2016.10.105

Hadj-Hammou, J.; Loiselle, S.; Ophof, D.; Thornhill, 1. 2017.
Getting the full picture: Assessing the complementarity of
citizen science and agency monitoring data. PLoS One
12(12): e0188507. https://doi.org/10.1371/journal.
pone.0188507

Harrisberg, K. 2021. Durban’s climate goals are bold - but its
poor feel left behind. Eds. Goering L. and Rowling, M.
Thomson Reuters Foundation, May 18, 2021. Available at
https://longreads.trust.org/item/Durban-climate-C40-cities-
network (accessed April 5, 2024).

Hart, R.C.; Wragg, P.D. 2009. Recent blooms of the
dinoflagellate Ceratium in Albert Falls Dam (KZN):
History, causes, spatial features and impacts on a reservoir
ecosystem and its zooplankton. Water SA 35(4). https://doi.
org/10.4314/wsa.v35i4.76807

Hegarty, S.; Hayes, A.; Regan, F.; Bishop, I.; Clinton, R. 2021.
Using citizen science to understand river water quality
while filling data gaps to meet United Nations Sustainable
Development Goal 6 objectives. Science of The Total
Environment 783: 146953. https://doi.org/10.1016/j.
scitotenv.2021.146953

Ho, S.Y.-F.; Xu, S.J.; Lee, F.W.-F. 2020. Citizen science: An
alternative way for water monitoring in Hong Kong. PLoS
One 15(9): ¢0238349. https://doi.org/10.1371/journal.
pone.0238349

Hulbert, J.M.; Turner, S.C.; Scott, S.L. 2019. Challenges and
solutions to establishing and sustaining citizen science
projects in South Africa. South African Journal of Science
115(7-8): 1-4. https://doi.org/10.17159/sajs.2019/5844

Ighalo, J.O.; Adeniyi, A.G.; Marques, G. 2021. Artificial
intelligence for surface water quality monitoring and
assessment: A systematic literature analysis. Modeling
Earth Systems and Environment 7(2): 669—-81. https://doi.
org/10.1007/s40808-020-01041-z

Jain, R.; Thakur, A.; Kaur, P.; Kim, K.-H.; Devi, P. 2020.
Advances in imaging-assisted sensing techniques for heavy
metals in water: Trends, challenges, and opportunities.
TrAC Trends in Analytical Chemistry 123: 115758. https://
doi.org/10.1016/j.trac.2019.115758

Jalbert, K.; Kinchy, A.J. 2016. Sense and influence:
Environmental monitoring tools and the power of citizen
science. Journal of Environmental Policy & Planning 18(3):
379-97. https://doi.org/10.1080/1523908X.2015.1100985

Jan, F.; Min-Allah, N.; Diistegor, D. 2021. IoT based smart
water quality monitoring: Recent techniques, trends and
challenges for domestic applications. Water 13(13): 1729.
https://doi.org/10.3390/w13131729

Johnson, K.S.; Fang, Y.; Chang, T. 2018. Effects of season and
waterbody on transparency tube estimates of suspended
sediment in large rivers. Journal of Applied Sciences and
Environmental Management 22(10): 1585-89. https://doi.
org/10.4314/jasem.v22i10.09

Jonsson, M.; Kasperowski, D.; Coulson, S.J.; Nilsson, J.; Bina,
P.; Kullenberg, C.; Hagen, N.; van der Wal, R.; Peterson, J.
2024. Inequality persists in a large citizen science
programme despite increased participation through ICT
innovations. Ambio 53(1): 126-37. https://doi.org/10.1007/
s13280-023-01917-1

Jordan, P.; Cassidy, R. 2022. Perspectives on Water Quality
Monitoring Approaches for Behavioral Change Research.
Frontiers in Water 4: 917595. https://doi.org/10.3389/
frwa.2022.917595

Kelly-Quinn, M.; Biggs, J.N.; Brooks, S.; Fortuno, P.; Hegarty,
S.; Jones, J.I.; Regan, F. 2023. Opportunities, approaches
and challenges to the engagement of citizens in filling small
water body data gaps. Hydrobiologia 850(15): 3419-39.
https://doi.org/10.1007/s10750-022-04973-y

Khakpour, A.; Colomo-Palacios, R. 2021. Convergence of
gamification and machine learning: A systematic literature
review. Technology, Knowledge and Learning 26(3): 597—
636. https://doi.org/10.1007/s10758-020-09456-4

Kilroy, C.; Biggs, B.J.F. 2002. Use of the SHMAK clarity tube
for measuring water clarity: Comparison with the black disk
method. New Zealand Journal of Marine and Freshwater
Research 36(3): 519-27. https://doi.org/
10.1080/00288330.2002.9517107

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 18



E$J INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

Kim, S.; Robson, C.; Zimmerman, T.; Pierce, J.; Haber, E.M.
2011. Creek watch: Pairing usefulness and usability for
successful citizen science. In Proceedings of the SIGCHI
Conference on Human Factors in Computing Systems.
pp-2125-34. https://doi.org/10.1145/1978942.1979251

Kirschke, S.; Bennett, C.; Ghazani, A.B.; Franke, C.; Kirschke,
D.; Lee, Y.; Khouzani, S.T.L.; Nath, S. 2022. Citizen
science projects in freshwater monitoring. From individual
design to clusters? Journal of Environmental Management
309: 114714. https://doi.org/10.1016/j.
jenvman.2022.114714

Kirschke, S.; Bennett, C.; Ghazani, A.B.; Kirschke, D.; Lee,
Y.; Loghmani Khouzani, S.T.; Nath, S. 2023. Design
impacts of citizen science. A comparative analysis of water
monitoring projects. Frontiers in Environmental Science 11:
1186238. https://doi.org/10.3389/fenvs.2023.1186238

Kolok, A.S.; Schoenfuss, H.L.; Propper, C.R.; Vail, T.L. 2011.
Empowering citizen scientists: The strength of many in
monitoring biologically active environmental contaminants.
BioScience  61(8): 626-30. https://doi.org/10.1525/
bi0.2011.61.8.9

Konig, A.; Pickar, K.; Stankiewicz, J.; Hondrila, K. 2021. Can
citizen science complement official data sources that serve
as evidence-base for policies and practice to improve water
quality? Statistical Journal of the IAOS 37(1): 189-204.
https://doi.org/10.3233/SJ1-200737

Kwon, O.; Park, T. 2017. Applications of smartphone cameras
in agriculture, environment, and food: A review. Journal of
Biosystems Engineering 42(4): 330-38. https://doi.org/
10.5307/JBE.2017.42.4.330

Leeuw, T. 2014. Crowdsourcing water quality data using the
iPhone camera. Masters, Electronic Theses and
Dissertations: 2118: University of Maine Digital Commons
Network. Available at http://digitalcommons.library.
umaine.edu/etd/2118 (accessed April 5, 2024).

Leeuw, T.; Boss, E. 2018. The HydroColor app: Above water
measurements of remote sensing reflectance and turbidity
using a smartphone camera. Sensors 18(1): 256. https://doi.
org/10.3390/s18010256

Lepheana, A.; Russell, C.; Taylor, C. 2021. Co-researching
transformation within training processes in a post COVID-
19 world: The case story of the Palmiet Enviro-Champs,
indigenous knowledge practices and Action Learning. In
Stories of Collective Learning and Care during a Pandemic:
Reflective Research by Practitioners, Researchers and
Community-Based Organisers on the Collective Shifts and
Praxis Needed to Regenerate Transformative Futures,
edited by Kulundu-Bolus, I., Chakona, G., and Lotz-Sisitka,
H. CC BY-NC-SA International 4.0 Licence: Transforming
Education for Sustainable Futures (TESF) and the Rhodes
University (RU) Environmental Learning Research Centre
(ELRC). pp.55-82. https://doi.org/https://doi.org/10.5281/
zenodo.5704833

Liu, X.; Hu, S.; Sun, R.; Wu, Y.; Qiao, Z.; Wang, S.; Zhang, Z.;
Cui, C. 2021. Dissolved oxygen disturbs nitrate
transformation by modifying microbial community, co-
occurrence networks, and functional genes during aerobic-
anoxic transition. Science of the Total Environment 790:
148245. https://doi.org/10.1016/j.scitotenv.2021.148245

Lowry, C.S.; Fienen, M.N.; Hall, D.M.; Stepenuck, K.F. 2019.
Growing pains of crowdsourced stream stage monitoring
using  mobile  phones: The  development  of
CrowdHydrology. Frontiers in Earth Science 7(128): 128.
https://doi.org/10.3389/feart.2019.00128

Lukyanenko, R.; Wiggins, A.; Rosser, H.K. 2020. Citizen
science: An information quality research frontier.
Information Systems Frontiers 22: 961-83. https://doi.org/
10.1007/s10796-019-09915-z

Lynch, A.J.; Cooke, S.J.; Arthington, A.H.; Baigun, C.;
Bossenbroek, L.; Dickens, C.W.S.; Harrison, I.; Kimirei, I.;
Langhans, S.D.; Murchie, K.J.; Olden, J.D.; Omerod, S.J.;
Owuor, M.; Raghavan, R.; Samways, M.J.; Schinegger, R.;
Sharma, S.; Tachamo-Shah, R.D.; Tickner, D.; Tweddle, D.;
Young, N.; Jahnig, S.C. 2023. People need freshwater
biodiversity. Wiley Interdisciplinary Reviews: Water 10(3):
e1633. https://doi.org/10.1002/wat2.1633

Malthus, T.J.; Ohmsen, R.; Woerd, H.J. van der. 2020. An
evaluation of citizen science smartphone apps for inland
water quality assessment. Remote Sensing 12(10): 1578.
https://doi.org/10.3390/rs12101578

Manjakkal, L.; Mitra, S.; Petillot, Y.R.; Shutler, J.; Scott, E.M.;
Willander, M.; Dahiya, R. 2021. Connected sensors,
innovative sensor deployment, and intelligent data analysis
for online water quality monitoring. IEEE Internet of
Things Journal 8(18): 13805-24. https://doi.org/10.1109/
JIOT.2021.3081772

Matongo, S.; Birungi, G.; Moodley, B.; Ndungu, P. 2015.
Pharmaceutical residues in water and sediment of Msunduzi
River, Kwazulu-Natal, South Africa. Chemosphere 134:
133-40. https://doi.org/10.1016/j.
chemosphere.2015.03.093

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 19



E$J INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

McKinley, D.C.; Miller-Rushing, A.J.; Ballard, H.L.; Bonney,
R.; Brown, H.; Cook-Patton, S.C.; Evans, D.M.; French,
R.A.; Parrish, J.K.; Phillips, T.B.; Ryan, S.F.; Shanley, L.A.;
Shirk, J.L.; Stepenuck, K.F.; Weltzin, J.F.; Wiggins, A.;
Boyle, O.D.; Briggs, R.D.; Chapin III, S.F.; Hewitt, D.A.;
Preuss, P.W.; Soukup, M.A. 2017. Citizen science can
improve  conservation science, natural resource
management, and environmental protection. Biological
Conservation  208:  15-28.  https://doi.org/10.1016/j.
biocon.2016.05.015

Moczek, N.; Voigt-Heucke, S.L.; Mortega, K.G.; Fab6 Cartas,
C.; Knobloch, J. 2021. A self-assessment of European
citizen science projects on their contribution to the UN
sustainable development goals (SDGs). Sustainability
13(4): 1774. https://doi.org/10.3390/su13041774

Morschheuser, B.; Hamari, J.; Koivisto, J.; Maedche, A. 2017.
Gamified crowdsourcing: Conceptualization, literature
review, and future agenda. International Journal of Human-
Computer Studies 106: 26-43. https://doi.org/10.1016/j.
ijhcs.2017.04.005

Njue, N.; Kroese, J.S.; Gréf, J.; Jacobs, S.R.; Weeser, B.;
Breuer, L.; Rufino, M.C. 2019. Citizen science in
hydrological ~monitoring and ecosystem services
management: State of the art and future prospects. Science
of the Total Environment 693: 133531. https://doi.org/
10.1016/j.scitotenv.2019.07.337

O’Grady, J.; Zhang, D.; O’Connor, N.; Regan, F. 2021. A
comprehensive review of catchment water quality
monitoring using a tiered framework of integrated sensing
technologies. Science of the Total Environment 765:
142766. https://doi.org/10.1016/j.scitotenv.2020.142766

Okpara, E.C.; Schularo, B.E.; Wojuola, O.B. 2022. On-line
water quality inspection system: The role of the wireless
sensory network. Environmental Research
Communications 4(10): 102001. https://doi.org/
10.1088/2515-7620/ac9aas

Ottoni, F.P.; South, J.; Azevedo-Santos, V.M.; Henschel, E.; de
Braganca, P.H.N. 2023. Freshwater biodiversity crisis:
Multidisciplinary approaches as tools for conservation.
Frontiers in Environmental Science 11: 246. https://doi.org/
10.3389/fenvs.2023.1155608

Ouma, Y.O.; Okuku, C.O.; Njau, E.N. 2020. Use of artificial
neural networks and multiple linear regression model for
the prediction of dissolved oxygen in rivers: Case study of
hydrographic basin of River Nyando, Kenya. Complexity
2020(9570789): 23. https://doi.org/10.1155/2020/9570789

Ouma, Y.O.; Waga, J.; Okech, M.; Lavisa, O.; Mbuthia, D.
2018. Estimation of reservoir bio-optical water quality
parameters using smartphone sensor apps and Landsat
ETM+: Review and comparative experimental results.
Journal of Sensors 2018(3490757): 32. https://doi.org/
10.1155/2018/3490757

Paepae, T.; Bokoro, P.N.; Kyamakya, K. 2021. From fully
physical to virtual sensing for water quality assessment: A
comprehensive review of the relevant state-of-the-art.
Sensors 21(21): 6971. https://doi.org/10.3390/s21216971

Park, J.; Kim, K.T.; Lee, W.H. 2020. Recent advances in
information and communications technology (ICT) and
sensor technology for monitoring water quality. Water
12(2): 510. https://doi.org/10.3390/w12020510

Pastor, A.V.; Palazzo, A.; Havlik, P.; Biemans, H.; Wada, Y.;
Obersteiner, M.; Kabat, P.; Ludwig, F. 2019. The global
nexus of food—trade—water sustaining environmental flows
by 2050. Nature Sustainability 2(6): 499-507. https://doi.
org/10.1038/s41893-019-0287-1

Pateman, R.M.; Dyke, A.; West, S.E. 2021. The diversity of
participants in environmental citizen science. Citizen
Science: Theory and Practice 6(1): 1-16. https://doi.org/
10.5334/cstp.369

Pattinson, N.B.; Taylor, J.; Dickens, C.W.S.; Graham, P.M.
2023. Digital innovation in citizen science water quality
monitoring in developing countries. Vol. 207. Colombo, Sri
Lanka: International Water Management Institute (IWMI).
https://doi.org/https://doi.org/10.5337/2024.201

Paul, J.D.; Buytaert, W.; Allen, S.; Ballesteros-Canovas, J.A.;
Bhusal, J.; Cieslik, K.; Clark, J.; Dugar, S.; Hannah, D.M.;
Stoffel, M.; Dewulf, A.; Dhital, M.R.; Liu, W.; Nayaval,
J.L.; Neupane, B.; Schiller, A.; Smith, P.J.; Supper, R. 2018.
Citizen science for hydrological risk reduction and
resilience building. Wiley Interdisciplinary Reviews: Water
5(1): e1262. https://doi.org/10.1002/wat2.1262

Pocock, M.J.O.; Roy, H.E.; August, T.; Kuria, A.; Barasa, F;
Bett, J.; Githiru, M.; Kairo, J.; Kimani, J.; Kinuthia, W.;
Kissui, B.; Madindou, I.; Mbogo, K.; Mirembe, J.; Mugo,
P.; Milkah Muniale, F.; Njoroge, P.; Gichohi Njuguna, E.;
Izava Olendo, M.; Opige, M.; Otieno, T.O.; Chebet
Ng'weno, C.; Pallangyo, E.; Thenya, T.; Wanjiru, A.;
Trevelyan, R. 2019. Developing the global potential of
citizen science: Assessing opportunities that benefit people,
society and the environment in East Africa. Journal of
Applied Ecology 56(2): 274-81. https://doi.org/
10.1111/1365-2664.13279

Poisson, A.C.; McCullough, I.M.; Cheruvelil, K.S.; Elliott,
K.C.; Latimore, J.A.; Soranno, P.A. 2020. Quantifying the
contribution of citizen science to broad-scale ecological
databases. Frontiers in Ecology and the Environment 18(1):
19-26. https://doi.org/10.1002/fee.2128

Queiruga-Dios, M.A.; Loépez-Iiesta, E.; Diez-Ojeda, M.; Séiz-
Manzanares, M.C.; Vazquez Dorrio, J.B. 2020. Citizen
science for scientific literacy and the attainment of
sustainable development goals in formal education.
Sustainability  12(10):  4283.  https://doi.org/10.3390/
sul2104283

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 20



E$J INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

Quinlivan, L.; Chapman, D.V.; Sullivan, T. 2020a. Applying
citizen science to monitor for the Sustainable Development
Goal Indicator 6.3.2: A review. Environmental Monitoring
and Assessment 192(218): 1-11. https://doi.org/10.1007/
s10661-020-8193-6

Quinlivan, L.; Chapman, D.V.; Sullivan, T. 2020b. Validating
citizen science monitoring of ambient water quality for the
United Nations sustainable development goals. Science of
the Total Environment 699: 134255. https://doi.org/
10.1016/j.scitotenv.2019.134255

Rahim, H.A.; Zulkifli, S.N.; Subha, N.A.M.; Rahim, R.A_;
Abidin, H.Z. 2017. Water quality monitoring using wireless
sensor network and smartphone-based applications: A
review. Sensors & Transducers 209(2): 1. Available at
https://www.sensorsportal.com/HTML/DIGEST/february
2017/Vol 209/P_2897.pdf (accessed April 5, 2024).

Rahnema, M. 2020. Participation. In The Development
Dictionary. A Guide to Knowledge as Power, edited by
Sachs, W., 3rd ed. London, UK; New York, USA: Zed
Books. pp.332.

Ramirez, S.B.; van Meerveld, I.; Seibert, J. 2023. Citizen
science approaches for water quality measurements.
Science of the Total Environment 897: 165436. https://doi.
org/10.1016/j.scitotenv.2023.165436

Reid, A.J.; Carlson, A.K.; Creed, L.F.; Eliason, E.J.; Gell, P.A.;
Johnson, P.T.J.; Kidd, K.A.; MacCormack, T.J.; Olden, J.D.;
Ormerod, S.J.; Smol, J.P.; Taylor, W.W.; Tockner, K.;
Vermaire, J.C.; Dudgeon, D.; Cooke, S.J. 2019. Emerging
threats and persistent conservation challenges for
freshwater biodiversity. Biological Reviews 94(3): 849-73.
https://doi.org/10.1111/brv.12480

Robinson, D. 2023. 15 Biggest Environmental Problems of
2023. Kennedy Town, Hong Kong: Earth.Org. Ltd. June 26,
2023.  Available at https://earth.org/the-biggest-
environmental-problems-of-our-lifetime/ (accessed April 5,
2024).

Schélvinck, A.-FM.; Scholten, W.; Diederen, P.J.M. 2022.
Improve water quality through meaningful, not just any,
citizen science. PLOS Water 1(12): e0000065. https://doi.
org/10.1371/journal.pwat.0000065

Scott, A.B.; Frost, P.C. 2017. Monitoring water quality in
Toronto’s urban stormwater ponds: Assessing participation
rates and data quality of water sampling by citizen scientists
in the FreshWater Watch. Science of the Total Environment
592: 738-44. https://doi.org/10.1016/j.
scitotenv.2017.01.201

de Sherbinin, A.; Bowser, A.; Chuang, T.-R.; Cooper, C.;
Danielsen, F.; Edmunds, R.; Elias, P.; Faustman, E.;
Hultquist, C.; Mondardini, R.; Popescu, 1.; Shonowo, A.;
Sivakumar, K. 2021. The critical importance of citizen
science data. Frontiers in Climate 3: 650760. https://doi.org/
10.3389/fclim.2021.650760

Silva, G.M.e; Campos, D.F.; Brasil, J.A.T.; Tremblay, M.;
Mendiondo, E.M.; Ghiglieno, F. 2022. Advances in
technological research for online and in-situ water quality
monitoring—A review. Sustainability 14(9): 5059. https://
doi.org/10.3390/su14095059

Sohrabi, S.; Moraveji, M.K.; Mousavi, S. 2022. From nitrate
determination using microfluidic sensors to photocatalytic
process intensification.  International  Journal  of
Environmental Analytical Chemistry 102(10): 2416-50.
https://doi.org/10.1080/03067319.2020.1756277

Thornhill, I.; Loiselle, S.; Clymans, W.; van Noordwijk,
C.G.E. 2019. How citizen scientists can enrich freshwater
science as contributors, collaborators, and co-creators.
Freshwater Science 38(2): 231-35. https://doi.org/
10.1086/703378

Tickner, D.; Opperman, J.J.; Abell, R.; Acreman, M.;
Arthington, A.H.; Bunn, S.E.; Cooke, S.J.; Dalton, J.;
Darwall, W.; Edwards, G.; Harrision, I.; Hughes, K.; Jones,
T.; Leclére, D.; Lynch, A.J.; Leonard, P.; McClain, M.E.;
Muruven, D.; Olden, J.D.; Ormerod, S.J.; Robinson, J.;
Tharme, R.E.; Thieme, M.; Tockner, K.; Wright, M.; Young,
L. 2020. Bending the curve of global freshwater
biodiversity loss: An emergency recovery plan. BioScience
70(4): 330-42. https://doi.org/10.1093/biosci/biaa002

Topping, M.; Kolok, A. 2021. Assessing the accuracy of nitrate
concentration data for water quality monitoring using visual
and cell phone quantification methods. Citizen Science:
Theory and Practice 6(1): 1-9. https://doi.org/10.5334/
cstp.346

UN Habitat; WHO. 2018. Progress on safe treatment and use
of wastewater: Piloting the monitoring methodology and
initial findings for SDG indicator 6.3.1. Geneva,
Switzerland: United Nations Habitat & World Health
Organisation: Guidelines on Sanitation and Health, 40.
Available at  https:/iris.who.int/handle/10665/275967
(accessed April 5, 2024).

UN Water. 2018. Integrated monitoring guide: Step-by-step
methodology for monitoring water quality (6.3.2). United
Nations (UN) Water. Available at http://www.unwater.org/
publications/stepstep-methodology-monitoring-water-
quality-6-3-2/ (accessed April 5, 2024).

UNEP. 2018. Progress on ambient water quality. Piloting the
monitoring methodology and initial findings for SDG
indicator 6.3.2. United Nations Environment Programme.
Available at https://www.unwater.org/publications/
progress-ambient-water-quality-piloting-monitoring-
methodology-and-initial-findings (accessed April 5, 2024).

Velusamy, K.; Periyasamy, S.; Kumar, P.S.; Vo, D.-V.N;
Sindhu, J.; Sneka, D.; Subhashini, B. 2021. Advanced
techniques to remove phosphates and nitrates from waters:
A review. Environmental Chemistry Letters 19: 3165-80.
https://doi.org/10.1007/s10311-021-01239-2

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 21



E$J INITIATIVE ON
%? Digital Innovation

CGIAR

TECHNICAL REPORT

Walker, D.W.; Smigaj, M.; Tani, M. 2020. The benefits and
negative impacts of citizen science applications to water as
experienced by participants and communities. Wiley
Interdisciplinary Reviews: Water 8(1): e1488. https://doi.
org/10.1002/wat2.1488

Wang, J.; Zhang, Z. 2020. Phytoplankton, dissolved oxygen
and nutrient patterns along a eutrophic river-estuary
continuum: Observation and modeling. Journal of
Environmental Management 261: 110233. https://doi.org/
10.1016/j.jenvman.2020.110233

Wang, M.; Bodirsky, B.L.; Rijneveld, R.; Beier, F.; Bak, M.P,;
Batool, M.; Droppers, B.; Popp, A.; van Vliet, M.T.H.;
Strokal, M. 2024. A triple increase in global river basins
with water scarcity due to future pollution. Nature
Communications 15(1): 880. https://doi.org/10.1038/
s41467-024-44947-3

Weingart, P.; Meyer, C. 2021. Citizen science in South Africa:
Rhetoric and reality. Public Understanding of Science
30(5): 605-20. https://doi.org/10.1177/0963662521996556

White, .; Falkland, T.; Kula, T. 2020. Meeting SDG 6 in the
kingdom of Tonga: The mismatch between national and
local sustainable development planning for water supply.
Hydrology 7(4): 81. https://doi.org/10.3390/
hydrology7040081

WHO; UNICEEF. 2021. Progress on household drinking water,
sanitation and hygiene 2000-2020: Five years into the
SDGs. World Health Organization (WHO), the United
Nations Children’s Fund (UNICEF), Joint Monitoring
Programme for Water Supply, and Sanitation and Hygiene
(JMP) Geneva: pp.162. Available at https://www.who.int/
publications/i/item/9789240030848 (accessed April 5,
2024).

Wu, Y.; Washbourne, C.; Haklay, M. 2022. Citizen science in
China’s water resources monitoring: Current status and
future prospects. International Journal of Sustainable
Development & World Ecology 29(3): 277-90. https://doi.
org/10.1080/13504509.2021.2013973

Wu, Y.; Washbourne, C.; Haklay, M. 2023. Inspiring citizen
science innovation for sustainable development goal 6 in
water quality monitoring in China. Frontiers in
Environmental Science 11: 1234966. https://doi.org/
10.3389/fenvs.2023.1234966

WWE. 2020. Living Planet Report 2020 - Bending the Curve
of Biodiversity Loss. Edited by Almond, R.E.A., Grooten,
M., and Peterson, T. Gland, Switzerland: World Wide Fund
For Nature (WWF). Available at https://wwfin.awsassets.
panda.org/downloads/lpr 2020 full report.pdf (accessed
April 5, 2024).

Zainurin, S.N.; Wan Ismail, W.Z.; Mahamud, S.N.I.; Ismail, I.;
Jamaludin, J.; Ariffin, K.N.Z.; Wan Ahmad Kamil, W.M.
2022. Advancements in monitoring water quality based on
various sensing methods: A systematic review. International
Journal of Environmental Research and Public Health
19(21): 14080. https://doi.org/10.3390/ijerph192114080

Zulkifli, S.N.; Rahim, H.A.; Lau, W.-J. 2018. Detection of
contaminants in water supply: A review on state-of-the-art
monitoring technologies and their applications. Sensors and
Actuators B: Chemical 255(3): 2657-89. https://doi.org/
10.1016/j.snb.2017.09.078

This publication has been prepared as an output of the CGIAR Initiative on Digital Innovation, which researches pathways to
accelerate the transformation towards sustainable and inclusive agrifood systems by generating research-based evidence and
innovative digital solutions. This publication has not been independently peer reviewed. Responsibility for editing, proofreading,
and layout, opinions expressed, and any possible errors lies with the authors and not the institutions involved. The boundaries and
names shown and the designations used on maps do not imply official endorsement or acceptance by the International Water
Management Institute (IWMI), CGIAR, our partner institutions, or donors. In line with principles defined in the CGIAR Open and
FAIR Data Assets Policy, this publication is available under a CC BY 4.0 license. © The copyright of this publication is held by
IWMI. We thank all funders who supported this research through their contributions to the CGIAR Trust Fund.

CGIAR Initiative on Digital Innovation | on.cgiar.org/digital 22


http://on.cgiar.org/digital
https://hdl.handle.net/10568/124807
https://hdl.handle.net/10568/124807
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.iwmi.cgiar.org
https://www.cgiar.org/funders/



