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Abstract

Tropical montane forests provide water-related ecosystem services (WES) that are crucial for
human well-being and sustainable development, yet these ecosystems are among the most
threatened globally by conversion to other land uses and climate change. Despite their importance
and vulnerability, the lack of hydrometric data and inadequate incorporation of socio-cultural
values in decision-making processes makes it more difficult to plan for sustainable land use and
water resources management in the tropics. To contribute towards this monitoring and knowledge
gap, this dissertation examines the potential of using participatory approaches in monitoring and
valuation of WES. First, a comprehensive systematic review based on a synthesis of 71 scientific
studies on citizen science in the context of hydrology was conducted to understand the scope and
future prospects of integrating citizen science in hydrological monitoring. There has been a
significant growth in the application of state-of-the art approaches of citizen science in hydrology
over the past decade, with successful implementation and contributions especially to water quality
assessments. In the second part of this dissertation, a contributory citizen science water quality and
level monitoring network was established at six sites within the Sondu-Miriu River Basin, a
mesoscale catchment in South-West Mau, Kenya with the aim to evaluate suspended sediment
dynamics. A two-year dataset generated by citizen scientists revealed that suspended sediment
concentrations were highest in agricultural landscapes, and lowest in sub-catchments with high
forest cover, indicating the impacts of land use patterns on suspended sediment dynamics in the
region and the direct role of forested areas in providing important services in term of sediment
regulation that affect the society. Data on suspended sediment and water level collected by citizen
scientists using turbidity tubes and water level gauges validated with data from automatic stations
at two sites, revealed a similar temporal pattern. Finally, the third part of the dissertation focusses
on socio-cultural valuation of WES based on a household survey. Water provisioning, climate
regulation, water purification, water regulation, and groundwater recharge were perceived as the
top five most important services for societal well-being and highly vulnerable. The findings of this
dissertation show that citizen science is a promising, cost-effective participatory strategy that can
support hydrological monitoring and research in remote tropical mountainous regions.
Additionally, socio-cultural valuation can be a useful tool for identifying relevant ecosystem
services. This can help guide the prioritization and design of more effective and locally adaptive

management strategies that promote sustainable livelihoods and environmental sustainability.
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Chapter 1

1. Extended Summary

1.1 Introduction

Forests are among the most valuable ecosystems that provide a wide range of ecosystems services,
of which hydrological or water-related ecosystem services (WES) are considered the most
fundamental for human well-being and sustainable development (Brauman et al., 2007). Forests
are well-known for their role in regulating the hydrological cycle, water quantity, quality and timing
of discharge (Brauman et al., 2007; Bruijnzeel, 2004; Calder, 2002; Ellison et al., 2017). They also
provide protective functions against soil erosion and flooding and offer cultural benefits such as
recreational and spiritual experiences (Brauman et al., 2007). However, given the growing
proportion of the population depending directly on natural forest resources for their livelihoods and
the changing climate, these ecosystems are under increasing pressure from land use change,
particularly to agriculture (FAO, 2020). The hydrological effects of land use and climate change
are often reflected in spatial and temporal changes in surface and groundwater quality, water flow
regimes, intensification of soil erosion, sedimentation and extreme hydrological events, that
ultimately have negative impacts on water resources and quality of life (Caldas et al., 2018;
Pacheco and Sanches Fernandes, 2016; Truong et al., 2018). With water demand projected to
increase by 20-30% over the next two decades (Burek et al., 2016) and water scarcity expected to
affect two-thirds of the world’s population by 2025 (FAO, 2013), this poses a significant bottleneck
to achieving sustainable development and poverty reduction as enshrined in the 2030 agenda

(United Nations, 2015).

Although the hydrological role of forest is well documented, only 12% of the world’s forests are
managed with water conservation as a primary objective (Springgay et al., 2021). This could be an
indication that the WES provided by forests are often undervalued and not fully taken into account
in conservation policies and decision-making processes (Hohenthal et al., 2015; Springgay et al.,
2021). Yet, the sustainable management of forested landscapes, while balancing trade-offs from
other land use decisions designed to meet immediate societal needs for provisioning services such
as food, fibre, and timber, remains a major challenge (Grizzetti et al., 2016). The forest ecosystems
and human societies are interconnected through intricate social-ecological systems that are
characterized by many interactions and feedbacks between different users and landscapes (Scholte

et al., 2015). Thus, to support the evidence-based decision-making needed for landscape planning
1
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and sustainable management of forested watersheds this requires quantification of WES of forest
using biophysical indicators such as water quality and quantity, as well as socio-cultural values
indicators. This is essential because the state and supply of ecosystem services depends not only
on ecosystems properties (supported by underlying biophysical structures and processes), but also
on the societal demand for these services, which are strongly shaped by the socio-cultural values
(Martin-Lopez et al., 2014; Villamagna et al., 2013). The socio-cultural values placed upon
ecosystems and their associated services are context-and place specific, and how these services are
perceived has the potential to influence ecosystem use and management decisions (Scholte et al.,
2015). As a consequence, this can result in pressures or management decisions that produce
feedback mechanisms that shape the organization of ecosystems (structures, processes and
functions) and ecosystem service provisioning, with consequences for human well-being (Haines-
Young and Potschin, 2010). For instance, depending on how people value the provision of clean
water by forests, this may influence their willingness to actively support conservation initiatives or

pay for ecosystem services to ensure sustained supply and quality of water.

From a biophysical perspective, regular and long-term monitoring of water quantity and quality at
multiple spatial and temporal scales can provide comprehensive hydrological datasets and
information fundamental for sustainable water resources management. Such data can be used to
characterize catchment behaviour, quantify human impacts on hydrological and ecosystem
responses, and understand trends for improving predictive models for future projections (Ochoa-
Tocachi et al., 2018; Tetzlaff et al., 2017). However, such datasets are not widely available, in part
because robust and representative hydrological monitoring systems do not exist in many parts of
the world, due to inadequate infrastructure and technical capabilities (Buytaert et al., 2016; Hannah
etal., 2011; Nardi et al., 2020). Besides, the costs associated with establishing a dense hydrometric
monitoring network are prohibitive, thus limiting most regional and national monitoring programs
from conducting regular and long-term hydrological monitoring at scale, especially in developing

countries (Buytaert et al., 2014; Lowry and Fienen, 2013; Mazzoleni et al., 2017).

While advanced approaches such as remote sensing and hydrological models are increasingly being
used to fill this data gap, they are still limited by spatial and temporal resolutions, require detailed
ground-based observations for validation and substantial training to operate (Ochoa-Tocachi et al.,

2018; Starkey et al., 2017). High-frequency and long-term hydrological data are increasingly
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obtained using fixed automatic monitoring systems, owing to recent advances in in situ sensor
technology, but their application to a large number of monitoring sites and use in tropical regions
is relatively very low (Jacobs et al., 2018). Besides the high cost of installation, fixed automated
monitoring requires engagement of technical personnel, routine maintenance and security as they
are prone to wear, vandalism and theft (Gomani et al., 2010). This can be logistically challenging
and costly, which is a barrier for implementation in regions where there are limited financial
resources (Danielsen et al., 2005; Mazzoleni et al., 2017). Recently, participatory approaches such
as citizen science have gained attention as a cost-effective alternative for long-term monitoring of
local and global environmental change, particularly in the fields of ecology, biogeography and

environmental sciences (Dickinson et al., 2012; Johnson et al., 2014; Silvertown, 2009).

Citizen science is a participatory approach that seeks to involve the general public in the scientific
research process such as defining research design, collection, analysing, interpretation and
dissemination of data, often in collaboration with or under the guidance of scientists (Bonney et
al., 2009a). There is a growing evidence of the potential of citizen science to reduce monitoring
costs and provide valuable and reliable datasets with improved spatial and temporal coverage that
would otherwise not have been possible (Bonney et al., 2009a; Silvertown, 2009). These data can
be useful to fill scientific data gaps and for the calibration and testing of hydrological models,
especially in data-scare regions (Weeser et al., 2019). Such models can, for example, be used to
investigate future land use and climate scenario or make reliable projections for developing water
management strategies. At the same time, citizen science provides opportunities for collaboration
with local people which can foster empowerment, learning and public scientific literacy as well
enhance a more polycentric governance and natural resources management (Bonney et al., 2009a;
Buytaert et al., 2016). As a result, the citizen science concept is now becoming integrated in policies
and decision-making processes (Haklay, 2015). Current technological developments have given
rise to robust, simple and low-cost monitoring devices (Newman et al., 2012). This provides
unprecedented opportunities for data collection using citizen science in the field of hydrological

sciences to advance biophysical quantification of WES (Buytaert et al., 2014; Zheng et al., 2017).

Participatory approaches are also crucial to understand the socio-cultural values of WES.
Integration of socio-cultural values in the assessments of ecosystems services has recently gained

policy relevance as a powerful way to better inform decision-making processes that support
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sustainable natural resources management (de Groot et al., 2010; Scholte et al., 2015). A socio-
cultural approach to value hydrological ecosystem services provided by forests can help in the
identification and prioritization of relevant services, based on societal demand and preferences
(Schroter et al., 2017; Vollmer et al., 2022). It also reveals the underlying socio-ecological
interactions that can help to visualise potential trade-offs and synergies which is essential in the
management of ecosystems to avoid social conflicts (Martin-Lopez et al., 2014). Such information
would not only serve as a basis for developing locally adaptive monitoring and management
approaches, but also increase the effectiveness and legitimacy of management decisions (Velasco-

Muioz et al., 2022).

Many low-income countries lack the resources for comprehensive biophysical monitoring and
socio-cultural valuation of WES. As a consequence, there is not sufficient data and knowledge to
inform sustainable forest and water management in regions that are strongly affected by land use
and climate change, leaving a lot of people extremely vulnerable to the impacts of these changes.
This dissertation aims to address this knowledge gap by evaluating participatory approaches to
quantify biophysical and socio-cultural values of WES, using the Mau Forest Complex in Kenya
as a case study. The Mau Forest Complex is considered one of the most important water towers in
Kenya. It is also the largest remaining indigenous tropical montane forest in East Africa, providing
freshwater to over 5 million people living downstream (UNEP, 2008). However, the Mau Forest
is under constant threat of conversion to smallholder agriculture and settlements (Brandt et al.,
2018; Jebiwott et al., 2021). As a result, about 25% of the Mau Forest Complex, i.e. approximately
699 km? of forest area, was lost between 1984 and 2020, disrupting the hydrological services at
local level (Jebiwott et al., 2021). Significant hydrological changes are being observed in rainfall
patterns, flow regimes and groundwater recharge (Mango et al., 2010; Mati et al., 2008; Mwangi
et al., 2020), as well as in water quality deterioration because of high nutrient and sediment levels
in streams (Jacobs et al., 2017; Stenfert Kroese et al., 2020b). The adverse impacts of these changes
are felt most at the local level, where people are directly dependent on these resources and services
for their livelihood and well-being (Acharya et al., 2019; Dorji et al., 2019; Gebrehiwot et al.,
2014). While biophysical assessments of WES are essential for quantifying ecological values, many
parts of the catchment remain ungauged or poorly gauged (Kundu and Olang, 2008; Weeser et al.,
2018), and existing studies lack information on socio-cultural values (Langat et al., 2021). As a

result, there is scarcity of comprehensive datasets, as well as inadequate consideration of important
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social perspectives of ecosystem service values in management decisions, hampering effective

water resources and watershed management.

This study applies the ecosystem services approach embedded in the cascade framework adapted
from Carvalho-Santos et al. (2014) and Haines-Young & Potschin (2010) (Figure 1.1). The cascade
illustrates the stepwise provision of WES by forests linking ecosystem properties to functions and
services (supply side), the resulting contributions to human well-being (i.e., benefits that people
experience) and value (demand-side), as well as feedback mechanisms generated through human
pressures and management decisions (de Groot et al., 2010; Haines-Young and Potschin, 2010).
For example, forest biophysical structures (i.e., vegetation density and root system) promote forest
soil porosity, thus enhancing the infiltration and surface runoff processes. These processes underpin
the capacity of forest ecosystem (function) to store, regulate flows, trap sediments, and break down
pollutants. These functions provide ecosystems services such as water flow regulation and water
purification, which translates into improved water availability and less sediments in rivers thus
resulting in a reliable supply of clean water for domestic uses that contributes to aspects of human
well-being (benefits). The benefits can be valued using biophysical, socio-cultural or economical
terms (value). The framework thus provides a way to quantify how forest ecosystems support the
provision of WES and how society benefits and values these services from a socio-ecological

perspective.

Within the adapted framework shown in Figure 1.1, this dissertation focuses on quantifying the
biophysical and socio-cultural values of WES using participatory approaches. For biophysical
assessment, this study focused on water levels and suspended sediment concentrations in river
networks as indicators for ecosystem function and the services ‘water supply’ and ‘erosion
prevention’ (Carvalho-Santos et al., 2014). Water levels and suspended sediment measurements
were monitored using citizen science (Njue et al., 2021). Perceived benefits and values attached to
different WES were assessed using socio-cultural indicators. This would not only help to
understand the spatial and temporal dynamics of water quantity and quality provision but also the
demand of WES from the society and their willingness to contribute to their management thereof.
In addition, this contributes to the existing knowledge of how WES assessments can be enhanced

through participatory approaches. In particular, this study provides insights into the relevance of
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citizen science in hydrology and the integration of socio-cultural valuation in the assessment of

ecosystem services.
1.2 Objectives

The main aim of this dissertation is to assess the potential of participatory approaches in monitoring
and valuation of WES in the Mau Forest Complex. This aim is subdivided into three objectives,

which will be addressed in three separate chapters in this dissertation:

Objective 1: To assess the application and contribution of citizen science in hydrological

monitoring and ecosystem services management based on the current literature (Chapter 2);

Objective 2: To demonstrate the use of citizen science to assess spatio-temporal
suspended sediments dynamics as an indicator for the ecosystem service of ‘erosion

prevention’ (Chapter 3);

Objective 3: To evaluate the socio-cultural values of WES provided by forests and their

implications for local forest and water resources management (Chapter 4).

In addition to advancing scientific knowledge on the potential of citizen science in hydrology and
its application to socio-cultural valuation in ecosystem services studies, the knowledge gained from
this study can also contribute to designing incentive-based mechanisms that promote co-

management of water and forest resources and land use planning as well as sustainable livelihoods.
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Figure 1.1 Cascade framework illustrating stepwise WES provision by forests and the linkages between the biophysical (supply-side) and

social systems (demand- side) via the flow of WES, and the feedback mechanisms resulting from pressures and management decisions.

Adapted from Carvalho-Santos et al. (2014) and Haines-Young & Potschin (2010).
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1.3 Methodology

1.3.1 Review of citizen science in hydrology

To evaluate the potential and prospects of citizen science in hydrological sciences, a comprehensive
systematic review of recent empirical studies was conducted (Chapter 2). The literature search was
conducted using Google Scholar and Web of Science bibliographic databases, following a
multistep procedure. The first step aimed at identifying empirical research using citizen science
approaches in hydrology with a focus in water quantity, water quality and/or precipitation
monitoring. All identified literature published in English language between 2001 and 2018, in the
form of full articles in peer-reviewed academic journals, book chapters, program websites, and
technical reports were considered. Boolean search strings were used to construct search queries
using keywords with related terms including ("citizen science" OR "participatory monitoring OR
"participatory sensing" OR "human sensing" OR "human computing" OR “crowdsensing” OR
"crowd sensing" OR “crowd sourcing” OR "crowdsourcing" OR "public participation" OR
“community based monitoring” OR "volunteer based monitoring") AND (rainfall OR precipitation
OR "water level*" OR "water quantity" OR "water quality"). To broaden the search, the backward
and forward reference method were applied which involved examining and reviewing papers cited

in the articles selected in the first step. The full search process yielded 281 records.

Subsequently, these records were further screened to extract empirical studies that contained
relevant evidence about the involvement of citizen scientists in the hydrological research process,
and those that explicitly reported on the methodology and approaches used in the research process,
as well as on the quantitative analysis of the data generated by citizen scientists. The selection
criteria were based on the inclusion-exclusion approach described by Talavera et al. (2017), which
included review of abstracts, reading full articles, and quality analysis. Studies with no clear active
involvement of citizen scientists and those that used synthetic data to imitate citizen science were

deliberately excluded from the criteria.

Through the iterative search process, 71 empirical studies were identified for full-text review and
quantitative synthesis, which formed the basis for the detailed literature analysis of this study. In
doing so, the aim of this review was to assess the concept and current scope of citizen science in
hydrological sciences. This was followed by evaluating the design and applications of citizen

science considering nature, structure and level of engagement, to understand how effectively citizen
8
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science approaches have been implemented in practice, which was complemented by case studies.
This review also explored the implications, motivation, challenges, data quality control measures,
identifying key factors for success and opportunities in the integration of citizen science in
hydrology for future research. The study aimed to answer two research questions: (1) How is citizen
science contributing to hydrological research, and (2) What is the future scope of citizen science in

hydrology?
1.3.2 Monitoring and valuation of WES in Mau Forest Complex, Kenya

To further explore the potential for participatory approaches in the assessment of WES, a
‘contributory’ citizen science-based monitoring program was implemented and a household survey
was conducted for biophysical and socio-cultural valuation of WES, respectively (Chapter 3 and

Chapter 4).
1.3.2.1 Study area

Biophysical monitoring of water resources was carried out in the Sondu-Miriu river basin in
western Kenya. The basin is located between latitudes 0°17' and 0°22' south and longitudes 34°45'
and 35°45' east, covering an area of approximately 3,470 km? (Figure 1.2). It forms the fourth
largest Kenyan river basin draining into Lake Victoria (Masese et al., 2012). The river originates
from the South-West Mau, the largest block in the Mau Forest Complex. The area is characterised
by undulating topography, generally sloping from east to west, with elevations ranging from 2,900

m a.s.l. at the top of the Mau Escarpment to about 1,140 m a.s.] on the shores of Lake Victoria.
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Figure 1.2 Maps of the study area in the Sondu-Miriu river basin: (A) location of the study area
showing the network of the citizen science stations for water level and water quality monitoring
and automatic stations used for validation, as well as the three areas (Lower, Middle and Upper)
where the household survey was carried out, (B) land use types across the Sondu-Miriu basin with

acronyms of the six monitoring sites.
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The area is characterized by diverse land use types (Figure 1.2B; Figure 1.3). The upper part is
located above 2,400 m a.s.l. in the north-eastern region and is dominated by smallholder
agriculture, where food crops such as maize, potatoes and cabbages are grown for subsistence on
small farms averaging less than 2 ha, and livestock kept as an alternative source of income.
Woodlots of exotic tree species consisting of mainly Eucalyptus and Cypress species intersperse
with croplands. The natural forest covers the central part, which is part of the South-West Mau
forest block, classified as an Afromontane mixed forest (Kinyanjui, 2011). It transitions from a
broad-leafed evergreen above 1,950 m a.s.l. to a thicket of bamboo mainly Arundinaria alpine and
grassland vegetation at about 2,300 m a.s.l. (Jacobs et al., 2017; Kinyanjui, 2011). The eastern
upland side of the South-West Mau was largely affected by forest excisions recorded in 2001 where
27.3% (22,797 ha) of the forest area were excised for settlement and farmland (UNEP, 2008). The
intensity of forest disturbance resulting from firewood extraction, charcoal burning, livestock
grazing, forest fires and illegal logging is also greatest near the forest edge at higher elevations
(Brandt et al., 2018). This has led to the establishment of tea buffer zones along the eastern and
western forest boundaries, not only to protect the forest from further encroachment and
deforestation, but also to provide alternative livelihoods for the communities adjacent to the forest

(NTZDC, 2016).

From the edge of the forest to the west (below 2,100 m a.s.l), the land opens up to a rich upland
agricultural area of about 20,000 ha which is dominated by commercial tea plantations alternating
with exotic tree plantations consisting mainly of Eucalyptus spp. and Cypress spp., usually used as
firewood for tea processing (Figure 1.3A). The region is the largest producer of tea in Kenya, which
is the third largest foreign exchange earner in the country and a major contributor to local
livelihoods (Kenya Water Towers Agency, 2020). The riparian forests adjacent to the commercial
tea plantations are well maintained and have dense native vegetation that act as a buffer zone along
rivers with a maximum width of 30 m (Njue et al., 2016). The certification programs in the tea
sector encourages large and small scale tea producers to adopt sustainable agriculture practices
such as conserving and restoring forests, implementing boundary planting and restoration with
native species (Milder et al., 2015). Adjacent the commercial tea plantations, the area transitions to
a landscape characterised by a mosaic of tea on small farms (<1 ha), annual food crops parcels,
fodder crops, dairy farming, and small portions of Eucalyptus and Cypress woodlots (Jacobs et al.,

2017; Milder et al., 2015).
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The lowland areas towards Sondu town (<1,800 m a.s.l.) are characterised by a mixed land use
dominated by smallholder agriculture, pastureland and more rural, peri-urban and urban settlements
with high population and better access to the market (Figure 1.3C). The crops grown in this region
are tea, bananas, coffee, maize, beans, sunflower and pineapples depending on the sub-zone. In
smallholder agriculture areas, most of the natural vegetation along the riparian zones and on the
farms has been replaced with exotic trees such as Eucalyptus spp. This is due to the increased
demand for Eucalyptus as it is the preferred source of timber for construction and fuel for tea
processing in the region. In some areas, encroachment of floodplains for cultivation due to fertile
soils and frequent access to rivers by livestock and people further contribute to the degradation of

the riparian zones and riverbank erosion (Figure 1.3C-D).

The annual rainfall distribution of the study area is characterised by bi-modal rainfall pattern which
is influenced by the Intertropical Convergence Zone (ITCZ), and modified by local altitudinal
differences (Camberlin, 2018). The long rainy season occur between April and July, the short rains
between October and December, followed by a dry season from January to February with monthly
rainfall <75 mm month™! (Jacobs et al., 2017). The area also experiences intermediate rains between
the long and short rainy seasons, such that the area is often characterised by one long cropping
season. Precipitation, temperature and evapotranspiration within the study area vary with altitude.
The uplands zone around the central part of Kericho, where tea is grown, receive the highest annual

! while the lowland zones receive about 1,000 mm yr ' (Obati,

rainfall of about 2,000 mm yr~
2007). The mean annual temperature range from 16°C in the upland areas to 22°C at lower
altitudes, with June and July being the coldest months with minimum temperatures, and maximum
temperatures observed in February during the dry season (Stephens et al., 1992; Vuai et al., 2012).
The potential evapotranspiration rate increases from 1,400 mm yr'! to 1,800 mm yr!' from higher

elevations (>1,900 m a.s.l.) to lower elevations (1,800 m a.s.l.) (Weeser et al., 2019).

The study area is dominated by deep (>1.8 m), fine textured and well-drained volcanic loamy soils
with humic topsoil, classified as humic Nitisols (Jaetzold and Schmidt, 1983; Sombroek et al.,

1982).
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Photo: Patrick Shepherd

Figure 1.3 Examples of the land use in the study area: (A) Natural forest, and commercial tea
plantations with woodlots of Eucalyptus spp, (B) Mosaic of smallholder tea farms, croplands and
small woodlots, (C) Smallholder agriculture area with crop fields, pasture lands, urban centre and
degraded riparian zones, (D) Erosion along river banks in the smallholder agriculture area due to

animal access.
1.3.2.2 Citizen science monitoring program

For the citizen science based monitoring program, a monitoring network of six sites was established
(Figure 1.2), considering among other factors, accessibility and proximity to potential citizen
scientists (Chapter 3). The selected sites were among 13 sites that were established earlier for a
citizen science water level monitoring program, all of which had water level gauges installed
(Weeser et al., 2018). In each site, the citizen scientists were trained to monitor turbidity and water
level. To assess the quality of citizen science-based generated data, two sites were located next to
automatic monitoring stations equipped with a radar sensor (VEGAPULS WL61, VEGA
GrieshaberKG, Schiltach, Germany) and a UV/Vis spectrometer probe (spectro::lyser, s::can
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Messtechnik, Vienna, Austria) that measured water level and turbidity, respectively, at 10-min

interval (Jacobs et al., 2018).

At the beginning of the project, sensitization meetings were organized at each site with members
of the local community to promote the project idea and identify potential participants who would
be willing to participate and contribute to the water level and quality monitoring program. In
addition, the sensitization meetings also included interactive focus group discussions to understand
local knowledge and perceptions on water quantity and quality issues. The meetings also provided
an opportunity for capacity building and creation of awareness on the importance of community-
based monitoring programs in generation of data for research, policy, conservation and land
management at local level. A total of 19 citizen scientists (~3 participants per site) were recruited
and trained during a one-day training event organized at each site. During the training, citizen
scientists were introduced to the water sampling and water quality measurement procedures,
reading of water levels, data recording and submission, and quality control. Each participant was
equipped with the necessary material for the monitoring activity, including a turbidity tube, a water-
sampling device made from locally available materials, and a training manual with a set of
instructions on water level and turbidity monitoring procedures, with pictures and examples for
better presentation and understanding. The manual was written in both Swahili and English to

reduce language barriers.

Turbidity was used as a surrogate for suspended sediment concentrations, and was measured using
a modified Wagtech turbidity tube (Total Ex-Works Wagtech Projects, Thatcham UK). The citizen
scientists performed the turbidity measurements, by pouring small amounts of the river water
sample in the turbidity tube until the pattern fixed on the bottom of the tube could no longer be
seen when viewed from above. To estimate the turbidity value, the citizen scientist then read the
value on the scale on the side of the tube corresponding to the level of the water column in the tube.
In cases where the water level mark was between two scales, turbidity was estimated by taking a
fractional value between the scales marks, assuming a linear scale (Mitchell et al., 2007). Turbidity
level was recorded as zero only when the pattern on the bottom of the tube was still visible even
when the turbidity tube was filled completely, indicating that the measurements were below the
detection limit of the turbidity tube scale. In addition to turbidity measurements, citizen scientists

took water level data by reading the value from a water level gauge installed at the site (Figure 1.4).
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Citizen scientists were asked to repeat turbidity measurements twice before submitting the data to

reduce measurement error and to submit both turbidity and water level data at least twice per week.

Photo: Patrick.Shepherd
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Figure 1.4 (A) Citizen science water quality and water level monitoring station, installed with

water level gauges and a signboard with instructions on how to collect and submit water level data,

(B) citizen scientists taking turbidity measurements using turbidity tubes, and (C) scale on the

turbidity tube.
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Following the approach described by Weeser et al. (2018), citizen scientists submitted data by
sending a text message via their cell phone to a central server. The text message contained the value
of water or turbidity levels and a site-specific ID, as specified in the manual. For the server to be
able to process the content of the message, an individual text message had to be sent for each type
of value. The transmitted data were then parsed and interpreted by a script (using the open-source
programming languages Python and JavaScript) to link the measurements with the specific
monitoring station and parameter. Processed data were stored in a database, and an automated
feedback built into the central server provided an immediate response to the participants as detailed
in Weeser et al. (2018). In addition to submitting the data to the central server, citizen scientists
recorded the data onto a standard form in the field that helped with quality review and control. For
quality control and assurance, the turbidity tubes were first calibrated in order to convert turbidity
measurements into suspended sediment concentrations (SSC). This was achieved by relating the
turbidity values obtained using turbidity tube and spectro::lyser to simultaneous measurements of
SSC obtained from suspended sediment samples prepared using fine sediments collected from the
riverbed at each sampling site. The calibration process is described in Chapter 3. Subsequently, the
SSC data generated by the citizen scientists were compared and validated with the data recorded

by the automated stations.
1.3.3 Household survey

To assess social perceptions of and value for WES provided by tropical montane forests, as well as
people’s willingness to contribute to the management of these services, a survey with 217
households living around the South-West Mau forest was carried out (Chapter 4). The sample
households were drawn through a multi-stage sampling procedure. First, the study area was
stratified into upper, middle and lower zones in order to gather contextual and spatial data that
would be representative of the local socio-economic and environmental conditions from across the
study area while also taking into consideration the potential influence of proximity to the forest on
the perceptions of WES (Figure 1.2). Three sub-locations (the lowest administrative unit at local
level), one from each zone, were selected purposefully based on their proximity to the forest (up to
15 km). In the next stage, 11 sample villages, (3-4 villages from each sub-location) were selected
randomly. Finally, a total of 217 households of the study were randomly selected from the 11

villages based on the estimated total number of households provided by each respective local
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administrative officer. Given the relative homogeneity of households per zone, we adopted a
sampling intensity of 15-20% (Ketema et al., 2021). Out of the total 217 households sampled, 73
households were located in the upper zone, 72 in the middle zone, and 72 in the lower zone,
respectively. This sample size was representative at 95% confidence level, yielding a sampling

error margin of 6%.

Data were collected using a semi-structured questionnaire developed in LimeSurvey

(https://www.limesurvey.org/) and adapted in the Offline Survey application for Android

smartphones (https://www.offlinesurveys.com/). The questionnaire consisted of three sections
eliciting information on: 1) participants’ socio-demographic characteristics such as gender, age,
education level, years of residence, household size, source of income, annual income, and land size,
2) perceptions of the WES provided by the forest, and, 3) the participants’ environmental
behaviour. The survey questions addressed 15 WES that were were selected based on review of
previous studies (Grizzetti et al., 2016; MEA, 2005; Paletto et al., 2021; Springgay et al., 2019;
Turkelboom et al., 2013). The services were classified into three categories according to the
ecosystem services classification system identified in the Millennium Ecosystem Assessment
(MEA, 2005) and organized around the cascade model (Haines-Y oung and Potschin, 2010) (Figure
1.1). These services included provisioning (water and food provisioning), regulating (water
purification, erosion prevention, soil fertility maintenance, flood protection, water regulation,
groundwater recharge, climate regulation), and cultural services (recreation, aesthetics, religious
and spiritual values, social relations, sense of place, education and knowledge systems). Statements
regarding the role of forests in providing these particular WES were developed based on
hypothesized relationships between forests and hydrological services (Calder, 2002; Dave et al.,
2017; Gebrehiwot et al., 2014; Wilk, 2000). The participants’ environmental behaviours were
evaluated based on whether 1) they belonged to any community-based organizations involved in
conservation activities, 2) they had received information or training on forest and water
conservation, 3) they had implemented any conservation measures on their farms and, 4) their
willingness to pay for conservation purposes to ensure clean water. A detailed questionnaire is

provided in Appendix 4.3

The questionnaires, which had been pretested prior to the survey, were administered in April 2022

through face-to-face interviews. The interviews were conducted either in Swahili or in a local
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language (the former being a national official language) by trained field enumerators. Each

individual interview lasted between 45 and 60 minutes.
1.4 Summary of results
1.4.1 Objective 1: Citizen science in hydrology

The reviewed studies showed that the application of citizen science in generating scientific data in
the hydrological context has gained tremendous popularity over the past decade and especially
since 2014 onwards. These approaches were more prevalent in high-income regions, with North
America and Europe having the highest representation at 45% and 20%, respectively, while
Australia had the lowest representation at 4%. Although the uptake of citizen science in hydrology
in low-income countries is still at its infancy, we recognize that it is gradually increasing, as
demonstrated by a representation of Africa and Asia in 10% and 9% of the studies, respectively

(Figure 1.5).
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Figure 1.5 Geographical distribution of the citizen science studies and scope of monitoring (Njue

etal., 2019).

The scope and scale of monitoring, as well as the degree of citizen participation in citizen science
initiatives, varied depending on the nature of the program. Most of the studies reviewed focussed

on water quality monitoring (63%) including in-situ measurements of nutrient concentrations
18
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(nitrates and phosphates), turbidity, biological indicators (benthic macroinvertebrates), as well as
visual assessment of environmental conditions (e.g., signs of pollution, water colour and
surroundings), both at local and global scale. Some of the projects in the U.S. such as
CrowdHydrology and the Community Collaborative Rain, Hail and Snow network (CoCoRaHS)
involve citizen scientists in monitoring of water levels and precipitation (Lowry and Fienen, 2013;
Reges et al., 2016). Other projects with a similar approach in low-income countries include Weeser

et al. (2018) in Kenya, Gomani et al. (2010) in Tanzania, and Kongo et al. (2010) in South Africa.

The spatial scale of monitoring networks ranged from monitoring at a single-site to monitoring at
multiple sites spread across a city, country, entire watersheds, provinces, or states. The temporal
scale varied from 1-day to more than 11 years of monitoring. More than 60% of the programs
monitored for 1-5 years and had fewer than 100 sites. Only 5 programs monitored more than 300
sites and fewer than 10 programs had longer monitoring periods of more than 10 years. The Florida
Lakewatch and Alabama Water Watch (AWW) are successful examples of long-term volunteer
water quality monitoring programs, that have worked with thousands of citizen scientists for more
than ten years to study the dynamics of freshwater ecosystems, providing information at large
spatial scales (>1500 water bodies) (Deutsch & Ruiz-Cdérdova, 2015; Hoyer et al., 2014; Thornhill
et al.,, 2018). On a global scale, FreshWater Watch, an established citizen science project, has
collected valuable freshwater quality data at 27,000 data points in more than 20 countries
(https://freshwaterwatch.thewaterhub.org/), and with around 146 countries participating in World
Water Monitoring Day (EarthEcho, 2015).

Most citizen science programs followed a contributory model (73%), i.e., scientists designed the
study and citizens primarily contributed to data collection. 23% were collaborative projects that
relied on a higher level of interaction between citizen scientists and professionals, while 4% were
co-created projects that primarily involved citizen scientists in the overall process of scientific
inquiry. Several studies (n = 55) had clear pathways of data acquisition and management that were
either automated, semi-automated, or manual, while others relied on a combination of approaches.
For example, CrowdWater (Kampf et al., 2018), Creekwatch (Kim et al., 2011), Crowdmap (Ross
and Potts, 2011), and Mping (Elmore et al., 2014) have developed non-intrusive, cost-effective,
web-enabled smartphone-based digital infrastructures with GPS location capabilities to

crowdsource valuable hydrologic data including water levels, streamflow rates and precipitation,
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for both research and watershed management. Such applications allow the submission of images
and videos with geo-located date and time-stamped information, which are more informative and
intuitive than other crowdsourcing methods. Nonetheless, in remote regions where internet
connectivity is limited, some studies crowdsourced water level data through simple SMS-text
messaging (Lowry and Fienen, 2013; Weeser et al., 2018) or by manually recording data on sheets

and sending via email (Walker et al., 2016).

Although camera-based systems are well suited for continuous hydrological monitoring of
streamflow (Royem et al., 2012) and water quality mapping (Goddijn-Murphy et al., 2009),
especially in studying ephemeral streams in remote areas, their applications in hydrology are still
limited. To overcome challenges associated with physical installation of flow gauging stations,
such as water level gauges, sensors or camera-based systems in remote regions, virtual staff gauge
approach can be deployed to monitor and estimate water levels (Seibert et al., 2019). With the
growing number of smart devices and people connected to the internet, opportunistic sensing
supported by the Internet of things (IoT) is becoming easily adapted in citizen science frameworks
for diverse monitoring purposes in hydrology, such as in crowdsourcing large amount of
hydrometeorological data from personal weather stations (Vos et al., 2017). In addition, the mining
and analysis of volunteered geographic information from social media (e.g., Facebook, YouTube
and Flickr) is an emerging frontier for hydrological sciences that has been applied for real-time
mapping, estimating flow rates, and validating models for the prediction and better understanding

of extreme hydrological events (Li et al., 2018).

Regarding credibility and reliability of data, there is growing body of evidence from numerous
studies demonstrating that citizen scientists generate high-quality hydrological data that are
comparable to data collected by professional scientists or using standard methods. For example,
crowdsourced data on water levels (Lowry and Fienen, 2013; Weeser et al., 2018), atmospheric
and rainfall time series datasets (Vos et al., 2017), and water quality data based on benthic
macroinvertebrate, water temperature and dissolved oxygen monitoring (Fore et al., 2001; Safford
and Peters, 2018), compared favourably to data collected using conventional methods or by
professionals. This is proof for the reliability of citizen science data. To support the validity and
reliability of data generated by citizen scientists, most programs provided training for participants

(82%), and 90% adopted rigorous quality assurance/quality control measures. The studies used
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measures such as automatic data quality control, training of participants, developing standardised
and replicable sampling protocols, calibration of monitoring tools, as well as validation of data with
standard methods or comparison with professionally collected data to identify outliers (Burgess et

al., 2017; Jollymore et al., 2017; McGoff et al., 2017; Weeser et al., 2018).

Furthermore, several studies have demonstrated the applicability and assimilation of citizen science
data in hydrological modelling (Wang et al., 2018; Weeser et al., 2019), and quantification of trends
and seasonality of river nutrients (Abbott et al., 2018), rainfall and base flows in watersheds
(Koskelo et al., 2012). Some organizations use citizen science data to validate radar precipitation
estimations and measurements obtained from automated rain gauge networks (Smith et al., 2015;
Zhang et al., 2014), and improve freshwater quality classification to support regulatory purposes
(Loperfido et al.,, 2010). The aforementioned works suggests that through calibration and
validation, citizen scientists are capable of collecting data of sufficient quality and quantity that can
be utilized for hydrological research applications, to improve hydrological risk reduction, support
sustainable water resource management, and broaden the understanding of the hydrologic cycle

and climate variability, particularly in data-scarce regions.
1.4.2 Objective 2: Spatial and temporal patterns in water quality and quantity

To assess the spatial and temporal patterns of SSC, a 2-year dataset of water level and turbidity
measurements (monitoring period from September 2017 to September 2019), collected using
citizen science as part of a water quality and quantity monitoring program in the Sondu-Miriu river
basin, was investigated (Chapter 3). Within the monitoring period, citizen scientists provided over
1,300 valid observations for turbidity for the six sites, with only 6% (n = 80) invalid data. The
invalid data was due to typing errors such as submitting data with an incorrect site-ID or missing

information such as no site ID or sending turbidity readings in place of water level readings.

The participation rate and sampling effort of citizen scientists in data collection varied over the
course of the project. The findings revealed a Gini coefficient of 0.66, indicating a high degree of
sampling inequality among participants. Gini coefficient is a statistical indicator frequently
calculated to inform about the participant contribution distributions in citizen science projects
(Sauermann and Franzoni, 2015; Scott and Frost, 2017), whereby a higher Gini coefficient of 1

expresses unequal sampling effort whereas the lowest Gini coefficient of 0 expresses equal

21



Chapter 1

sampling among participants (Atkinson, 1970). 72% of the data came from around 22% of active
participants, most of whom were under 35 years of age. Around 11% showed long-term
commitment by consistently contributing data throughout the monitoring period. Participation was
highest during the initial phase of the project. Around 35% of the participants dropped out of the
program after 1-2 months of monitoring. Low participation rates at some sites and high rate of
drop-outs can be attributed to declining interest, or to the prohibitive transmitting cost of 0.01 USD
per text message incurred by the participants. The declining interest and overall increasing number
of dropouts over time, was also observed in other long-term citizen science based projects (Deutsch

and Ruiz-Coérdova, 2015; Klang and Heiskary, 2000).

To estimate SSC from turbidity measurements for citizen science and automated stations data, a
site-specific calibration relationship relating SSC to turbidity was empirically derived using linear
regression models as described in chapter 3. For both citizen science and automated stations
datasets, the relationship between turbidity and suspended sediment concentrations showed a
strong linearity of R? = 0.91 and R? = 0.94, respectively, and there was no significant difference
between the slopes of each site-specific calibration (p =>0.1). Comparison of SSC data estimated
from turbidity data collected by citizen scientists using turbidity tubes and from automated stations
using a UV-Vis sensor at the KUR and CMT sites (see Figure 1.2), revealed a high correlation of
0.95 and 0.94, respectively. However, the results showed that citizen scientists at KUR tended to
underestimate SSC values by ~30 %, whereas the citizen scientists at CMT overestimated low SSC
values by ~10%. One possible reason for this could be the low repeatability due to the detection
limits of the turbidity tubes, given the coarse turbidity scale readings especially in the lower and
upper ranges, making it difficult to accurately estimate SSC within the measurement ranges. This
could potentially lead to over- or underestimation of actual turbidity values due to the differences
in site-specific characteristics (Anderson and Davie, 2004; Scott and Frost, 2017). In addition, the
differences in SSC estimates may be due to sampling errors resulting from observer variability and
biases, a challenge frequently reported with citizen science approaches (Miguel-Chinchilla et al.,

2019; Thornhill et al., 2016).

A spatial comparison reveals that of the six monitored sites, SSC were significantly higher at SNU
(109 £94 mg L"), a subcatchment dominated by agriculture, rangeland with a low forest vegetation

(36%) and lowest at KGT (50+24.7 mg L '), a sub-catchment with much higher forest cover (65%).
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This indicates that agriculture may be the driving force for SSC loading in streams in the catchment,
as observed in previous studies in the South-West Mau (Stenfert Kroese et al., 2020a). This could
be caused by reduced infiltration rates and soil hydraulic conductivity properties in agricultural
catchments, which is commonly associated with increased erosion rates and overland flows (Owuor

etal., 2018).

Visual assessment of the hydrological time series of SSC and water levels from both citizen
science-generated data and automated station data clearly showed similar seasonal patterns that
closely matched the bi-modal precipitation pattern in the area, with SSC concentrations highest
during April through July (long rains) and September through October (short rains) (Figure 1.6).
This is consistent with other studies carried out in the area (Dutton et al., 2018; Stenfert Kroese et
al., 2020a). Although both datasets showed a general trend in high and low flow conditions, the
citizen scientists were not able to capture the same degree of variability in SSC concentrations as
the automated stations, especially during the rainy season. Citizen scientists recorded very few high
SSC values (> 200 mg L), suggesting that major sediment export events were not captured.
Because high SSC values are associated with heavy rainfall and “bad weather,” it is likely that
citizen scientists will avoid sampling under these extreme weather conditions. A similar temporal
bias in sampling was reported in the FreshWater Watch monitoring network, where citizen
scientists tended to sample sites more frequently in spring and summer months (Thornhill et al.,

2016).
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Figure 1.6 Time series of suspended sediment concentration and observed water level transmitted
by citizen scientists and measured by automated stations at sites (A) KUR and (B) CMT in the
Sondu-Miriu river basin over the monitoring period between September 2017 to September 2019.

Adapted from Njue et al. (2021).
1.4.3 Objective 3: Socio-cultural values of WES

The results of the socio-cultural valuation revealed that 87% of the respondents believed that the
South-West Mau forest provides a wide range of WES. Among the three categories of WES,
regulating services had relatively higher perceived importance (4.22+0.56), followed by
provisioning services (3.57£3.5) and cultural services (3.09+£0.93), on a scale of 1 (not important)
to 5 (very important). Regulating services are essential for agricultural production, and since 88%
of the participants depend on on-farm activities as their main source of income and livelihood, this
may explain why these services were perceived as more important. Specifically, water
provisioning, climate regulation, water purification, water regulation, and groundwater recharge
were perceived as the top five most important services for societal and individual well-being,

although the order was slightly different among the three zones in which the household survey was
24
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conducted. Water provisioning was perceived as the most important WES for the rural households
in the region, similar to findings reported by Miller et al. (2021). Provisioning of food was
perceived as the least important among all the WES, as fishing is limited or non-existed in the area

(Kapiyo et al., 2003).

Kruskal-Wallis tests revealed that the perceptions of importance for certain WES including food
provisioning (p<0.001), soil fertility maintenance (p=0.005), flood protection (p=0.001),
groundwater recharge (p=0.02), recreation (p=0.001), aesthetics (p<0.001), and religious and
spiritual values (p=0.02) differed significantly among the three zones (Figure 1.7). Previous studies
reported that socio-cultural values are shaped by a complex set of factors related to biophysical,
socio-economic settings and environmental awareness (Ketema et al., 2021; Miller et al., 2021).
The study indicates that geographical location was an important factor influencing perceptions of
WES. Generally, the perceived importance of all WES together, as well as for specific WES was
significantly higher in the lower zone compared to the upper zone, despite being located further
from the forest. The participants in the lower zone had lived longer in the area (30.5+17.4 years)
compared to those in the upper zone (16.9£10.1 years), which could explain why they perceived
more ecosystem services as important. The duration of residence in an area promotes sense of place
due to experience, knowledge of the place and physical attachment to the environment (Muhamad
et al., 2014; Shoyama and Yamagata, 2016). The higher perceived importance also suggests that
the adverse effects of changes in ecosystem services may be more pronounced in the lower zones,
making the participants more aware of the environmental issues (Ellison et al., 2017; Muhamad et
al., 2014). The contrasting perceptions not only highlight the spatial heterogeneity in the supply
and demand of the WES, but also potential trade-offs existing among services due to divergent

interests, which is essential in the management of ecosystems (Zhang et al., 2021).

The provision of the five most important services was perceived to have declined over the past 10
years, which can be attributed to hydrological changes in the Mau Forest Complex as a result of
land use and climate change (Jacobs et al., 2017; Mati et al., 2008; Mwangi et al., 2020; Owuor et
al., 2018; Stenfert Kroese et al., 2020a). Furthermore, a change in the provision of the
aforementioned services could also affect the provision of other services, such as religious and
spiritual values and aesthetic values, which in turn may affect recreational opportunities, due to

feedbacks and regime shifts among ecosystem services (Mahjoubi et al., 2022; Nyingi et al., 2013).
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Because the delivery of most regulating ecosystem services is highly dependent on ecosystem
organization (i.e., biophysical structures, processes, and functions), this finding emphasizes the
prioritization of these services and the incorporation of their value into local and regional forest

management and landscape planning decision-making.

Water purification, an indicator of water quality, was considered among the critical WES (i.e.,
perceived as both very important and with a declining trend), hence vulnerable to loss. As such,
82.5% of participants showed a high willingness to pay for conservation purposes to ensure the
supply of clean water. Despite the high number of people willing to pay for ecosystem services,
the majority (63%) were willing to pay less than 50 $USD/month due to limited financial resources,
as the majority (63%) of the participants were low-income earners, with an annual income of <1000
USD. This finding highlights the importance of considering the social perspectives and ecosystem
service values in management decisions, as this could be used to design and implement effective

and adaptive management strategies based on the needs and priorities of the local community.
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Figure 1.7 Perceived importance and trends of WES among the three elevation zones, in the South-
West Mau, Kenya based on household survey (n=217). Significant differences in perceptions of
importance among zones are identified with different letters. The symbols indicate the increasing

or declining perceived trends for the WES. Adapted from Njue et al. (in review).
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1.5 Implications and recommendations for future research

This work demonstrated that participatory approaches offer an alternative methodology to generate
useful biophysical and socio-cultural information that can support decision making for sustainable
management of natural resources. The growing number of studies and successful implementation
of state-of the-art approaches, particularly in monitoring water quantity, water quality and
precipitation, demonstrate the potential and contribution of citizen science in hydrological research.
Based on the review, it is also clear that active citizen science participation in hydrological
monitoring can generate extensive datasets with broad spatial and temporal coverage that are of
sufficient quality to support evidence-based decision-making, which is confirmed by the case study

in the Sondu-Miriu river basin.

Water quality and quantity data generated by citizen scientists as part of a citizen science
monitoring program in the Sondu-Miriu river basin provide significant insights into the spatial and
temporal dynamics of suspended sediment and water fluxes. In the Sondu-Miriu river basin, soil
erosion and sediment loads in rivers are a major concern. According to Masese et al. (2012),
turbidity levels in the Sondu-Miriu river basin more than doubled over a 30-year period between
1988 to 2012. In Lake Victoria, into which the Sondu river drains, sediment was estimated to
accumulate at a rate of 2.3 mm yr’!, reportedly contributing to the eutrophication of the lake
(Verschuren et al., 2002; Zhou et al., 2014). Recent biophysical studies carried out in the area have
shown that agriculturally dominated catchments experienced the highest rates of soil loss and
sediment yield, with small agriculture areas generating 6 times more suspended sediment annually
than a catchment dominated by natural forest (Stenfert Kroese et al., 2020b). The amplification of
soil loss and sediment inputs in the catchment is mainly attributed to changes in soil physical
properties such as reduced infiltration rates and water retention capacity, due to the conversion of
natural forests to agriculture and grazing lands (Owuor et al., 2018). Considering the current
scenario of water degradation and the expected increase in soil erosion due to future deforestation,
agricultural intensification and climate change, this makes it even more critical. Therefore, regular
monitoring of turbidity and sediments on relevant spatial and temporal scales is crucial (Njue et al.,

2021).

Turbidity tubes can be an effective and inexpensive monitoring tool for estimating relative
sediment concentrations, but their low detection limits can result in under- or overestimation of
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actual turbidity values (Njue et al., 2021). Nevertheless, the data can be useful to identify spatial
differences and seasonal variations that provides baseline information that can support the
development and implementation of targeted catchment-based management strategies to mitigate
soil erosion and sediment delivery to water bodies. However, where the purpose of the data is to
calculate sediment yields and to understand processes behind soil erosion, this method is not so
suitable, as the timing of measurements might not be representative of all flow conditions and
therefore lead to inaccurate estimates of soil loss. To further advance citizen science based
hydrological monitoring, however, future citizen science projects could take advantage of smart
technologies such as smartphone applications, sensor and camera-based monitoring systems with
improved detection limits and resolution. Non-contact recording through photography or video-
taping can probably improve the accuracy of citizen science measurements. Not only could this
enhance the quality and usability of the generated data, it also offers opportunities to monitor a
wider range of water quality parameters and thus provide a more comprehensive overview of the

state of water resources in the region (Njue et al., 2019).

Despite the successful application of citizen science in biophysical monitoring of water resources
(Breuer et al., 2015; Reges et al., 2016; Scott and Frost, 2017; Thornhill et al., 2017; Weeser et al.,
2018), the integration of citizen science data into decision-making regarding water resources and
ecosystem services management remains a challenge. This is due to criticisms of data credibility
and quality (Catlin-Groves, 2012; Wilson et al., 2018). Such concerns not only hinder the use of
citizen science data, but also prevent the full potential of citizen science from being realised.
Generally, sampling biases and errors are frequently reported in citizen science approaches, such
that data collected by citizens in comparison with traditionally collected data differ in terms of
temporal and spatial coverage, volume and accuracy (Assumpgao et al., 2018; Njue et al., 2021;
Thornhill et al., 2016). Such errors encountered could be reduced through the implementation of
rigorous quality assurance, such as standardised sampling protocols and training, thus unlocking
the potential of data use for scientific and regulatory purposes (Wiggins et al., 2011). This could
be further aided by the application of modern statistical tools as well modelling and simulation
approaches to account and correct errors and biases associated with citizen science data (Bird et
al., 2014; Isaac et al., 2014). The generation of high-quality data requires further attention, to create
a trustworthy environment in which citizen science data are accepted as credible in the scientific

community (Fritz et al., 2019).
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The applicability of citizen science is further challenged by participation rates. Although sustained
engagement of citizen scientists has imp