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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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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 
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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 

(Martín-López 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 

et al., 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 

(Schröter 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 (Martín-López 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-

Muñoz 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 km2 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 
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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 km2 (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.l on the shores of Lake Victoria. 



Chapter 1 

10 

 

 

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-1 (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 

rainfall of about 2,000 mm yr−1 while the lowland zones receive about 1,000 mm yr−1  (Obati, 

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-1 to 1,800 mm yr-1 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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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 

(C) (D) 

(A) (B) 

Photo: Patrick Shepherd 

Photo: Patrick Shepherd Photo: Patrick Shepherd 

Photo: Suzanne Jacobs 
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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. 

 

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. 

(A) 

(B) (C) 

Photo: Patrick Shepherd Photo: Suzanne Jacobs 

Photo: Patrick Shepherd 
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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-Young 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 

https://www.limesurvey.org/
https://www.offlinesurveys.com/
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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).  

 

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

et al., 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 
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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-Córdova, 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, 

https://freshwaterwatch.thewaterhub.org/
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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 
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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-Córdova, 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 R2 = 0.91 and R2 = 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−1), a subcatchment dominated by agriculture, rangeland with a low forest vegetation 

(36%) and lowest at KGT (50±24.7 mg L−1), 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 

et al., 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-1), 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 
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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. 

 

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-1, 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 (Assumpção 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 important implications for data quality outcomes and project 

sustainability (Moor et al., 2019; Scott and Frost, 2017; Serret et al., 2019), active and long-term 

participation remains a challenge. In this study, for example, only a relatively small number of 

active citizen scientists contributed to the water quality data, and there were a high number of 

dropouts towards the end of the project. This was also observed for citizen science water level 

monitoring in the study area (Weeser et al., 2018). Interactive feedback and communication at 

different stages of the project cycle is a fundamental element of a successful citizen science 

program, as this not only serve to inform the participants about their collected data, scientific 

findings, and research outputs, but can also incentivize further engagement of citizen scientists, 

which promotes sustainability (Brouwer et al., 2018; Golumbic et al., 2020). Creating motivation 

mechanisms is also another important aspect for encouraging participation in any citizen science 

initiative (Pandeya et al., 2021). Therefore, future work could consider testing different methods 

of communication and feedback as well as data sharing to be able to develop engagement strategies 

that are tailored to the context of the project. In East Africa, where internet connectivity and access 

to technology are still limited, especially in remote regions, the use of smartphones may not be 

such a good option. Additionally, the use of free data submissions methods could minimise barriers 

to citizen participation. Particularly, adapting the project to the needs and interests of the 

participating group can promote sustained engagement and retention (Weeser et al., 2021). The 

degree and level of involvement of the participating group through the development of a 

participatory research can help align research with societal needs, which can greatly improve the 

societal acceptance and impact of research outcomes (Church et al., 2019; Golumbic et al., 2020). 

In this case, co-creation approach is most likely the most suitable for successful participatory 

research such as citizen science, as participants are actively involved throughout the development 

process and generate outputs that are relevant to them, which is a further incentive for continued 

participation. 

Participatory methods and co-creation with a more bottom-up approach are important in 

management of natural resources as they can promote ownership and acceptance of management 

interventions by addressing issues relevant to the participants. Incorporating local socio-cultural 

values in planning and management decisions is also important to avoid social conflicts and trade-

offs, as these values are context-dependent and differ depending on people’s needs and priorities, 
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as outlined in Chapter 4. Highly valued services can serve as a strong incentive for people to 

participate in supporting management initiatives and environmental stewardship (Börner et al., 

2017; Scholte et al., 2015). Therefore, identifying management interventions that particularly 

address critical WES might be a more suitable approach to improve natural resource conservation. 

Although there are other ways to explore on how to involve communities in biophysical and socio-

cultural valuation as well as how to best take these socio-cultural values into account, it is promising 

that combining citizen science biophysical monitoring with community-based management 

approaches that incorporate their socio-cultural values might have high potential for the 

conservation and sustainable use of natural resources. 
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2. Citizen science in hydrological monitoring and ecosystem services management: State of 

the art and future prospects 

This work is published in Science of the Total Environment as: 

Njue, N., Kroese, J.S., Gräf, 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 

2.1 Introduction 

Provision of water is one of the most fundamental ecosystem services that underpins the societal 

wellbeing, which is often a significant bottleneck to sustainable development and poverty 

alleviation (Buytaert et al., 2014). Despite their importance, catchments in many parts of the world 

are under severe pressure associated with multiple stressors such as climate change and 

anthropogenic activities (Everard, 2012; Johnson et al., 2007). These stressors often affect 

negatively ecosystem health, including hydrological and biogeochemical processes compromising 

their resilience to cope with extreme events and disturbance (Falcone et al., 2010). Recent studies 

on environmental land use conflicts provide insights about the hydrological impacts related to the 

actual land uses that deviate from natural land uses (Araújo Costa et al., 2019; Valera et al., 2016). 

Development of land ignoring natural capability of soils trigger deterioration of surface water and 

groundwater quality (Pacheco and Sanches Fernandes, 2016; Valle Junior et al., 2014), change in 

water flow regimes (Truong et al., 2018), intensification of soil erosion (Pacheco et al., 2014), 

amplification of flooding (Caldas et al., 2018), decline in freshwater biodiversity and ecosystem 

services (Valle Junior et al., 2015). Consequently, these hydrological impacts pose significant 

threats to the sustainable use of water resources (Vanmaercke et al., 2014). 

Dense networks for hydrological monitoring with high temporal and spatial resolution are needed 

to guide evidence-based decision making on sustainable water resources management (Mishra and 

Coulibaly, 2009; Ochoa-Tocachi et al., 2018). Comprehensive hydrological datasets provide 

fundamental information necessary to characterize catchment behavior, to make future projections 

based on models, to implement mitigation measures and to meet policy needs (Tetzlaff et al., 2017). 
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However, long-term hydrological monitoring networks using classical methods (e.g. manual and 

automatic grab sampling, automatic gauging stations, remote sensing technologies) come at 

substantial costs associated with installations, management, maintenance and engagement of 

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

Consequently, high costs of implementation often lead to sparse data collection and irregular 

monitoring. For instance, while remotely sensed data are becoming more readily available, they 

are still limited by low temporal resolution and involve large uncertainties that make hydrological 

assessments difficult (Ochoa-Tocachi et al., 2018). Thus, good quality and detailed ground-based 

observations are required for validation (Starkey et al., 2017). Grab sampling plans are usually too 

costly for any regional or national monitoring program (Hildebrandt et al., 2006), and sometimes 

short-lived hydrological events can be missed based on this approach (Jacobs et al., 2018). Fixed 

monitoring stations and equipment such as river gauging stations and in situ sensors are costly and 

are susceptible to corrosion, vandalism and theft and therefore require routine site maintenance and 

security (Gomani et al., 2010; Hannah et al., 2011; van Overloop et al., 2014). Sometimes, 

inaccessibility of remote locations limit the amount of data that can be collected with available 

resources (Zheng et al., 2018). Indeed, recent reviews have noted that hydrological data in many 

parts of the world are patchy and the lengths of the time series are insufficient to characterize and 

manage water resources, as many drainage basin remain ungauged or poorly gauged (Chacon-

Hurtado et al., 2017; Mishra and Coulibaly, 2009). This implies that areas with limited monitoring 

networks, particularly the low-income countries, may take longer to attain sustainable water 

resources management (Buytaert et al., 2014). 

There is a growing worldwide need to explore cost-effective data acquisition to generate knowledge 

for sustainable natural resource management (Buytaert et al., 2016; Loiselle et al., 2016; Pham et 

al., 2015). This need to develop novel approaches for monitoring environmental data is reflected 

in the recent growing attention to citizen science. Over the past two decades, citizen science has 

gained popularity around the world as a promising approach for long-term monitoring of local and 

global environmental change (Danielsen et al., 2005; Johnson et al., 2014; McKinley et al., 2017; 

Silvertown, 2009). Citizen science has the potential to enhance knowledge co-creation and science-

based evidence that underpins the governance and management of natural resources, 

complementing conventional ways of monitoring while reducing monitoring costs and significantly 

improving data coverage, increasing social capital, empowering and supporting decision making 
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(Bonney et al., 2009a; Haklay, 2015; Silvertown, 2009). However, criticisms and concerns about 

the reliability and credibility of data collected have been highlighted as some of the factors 

impeding integration of citizen science data into decision making and causing slow acceptance 

within the scientific community (Catlin-Groves, 2012; Wilson et al., 2018). Consequently, citizen 

science may not realize its full potential in spite of the growth in open science and increasing 

number of scientific projects actively involving citizen scientists (Kullenberg and Kasperowski, 

2016; Theobald et al., 2015; Wilson et al., 2018). 

Citizen science covers a breadth of fields, having been more prominently and successfully applied 

in ecology, in biogeography and environmental sciences than in water science (Buytaert et al., 

2014; Dickinson et al., 2012). Nevertheless, citizen science is emerging as a viable way to support 

research in hydrological sciences, especially in monitoring of precipitation, river water quantity 

and quality, soil moisture levels and flood risk management (Breuer et al., 2015; Loiselle et al., 

2016; Lowry and Fienen, 2013; Weeser et al., 2018; Wilson et al., 2018). There are only a few 

notable examples of these approaches implemented in low-income countries, including Kenya 

(Weeser et al., 2018), Ethiopia (Walker et al., 2016), Tanzania (Gomani et al., 2010) and South 

Africa (Kongo et al., 2010), as compared to North America and Europe (Buytaert et al., 2014; 

Silvertown, 2009). While there is an increasing number of case studies and a growing body of 

research, a quantitative synthesis assessing emerging trends of citizen science initiatives in the 

context of hydrological sciences is lacking. Based on this background, this study aimed to provide 

a comprehensive review on the potential of citizen science and its application in the hydrological 

context and water resources management. We 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? 

2.2  Overview 

2.2.1 What is citizen science? 

Citizen science is the involvement of the members of the public in different stages within the 

scientific research process such as collecting, categorizing, transcribing or analyzing scientific data 

(Bonney et al., 2009a). In 2013, the European Commission in their report “Green paper for citizen 

science” re-defined citizen science as “general public engagement in scientific research activities 
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where citizens actively contribute to science either with their intellectual effort, or surrounding 

knowledge, or their tools and resources” (European Commission, 2013). Buytaert et al. (2014), 

described citizen science further as the process where members of the public perform research 

design, data collection and interpretation, sharing of knowledge and/or analyses alongside 

professional scientists. Terms such as volunteer-based monitoring (Deutsch and Ruiz-Córdova, 

2015), crowdsourcing (Howe, 2006), community-based monitoring (Palmer Fry, 2011), citizen 

observatories (Liu et al., 2014), participatory sensing (Guo et al., 2014), participatory monitoring 

(Danielsen et al., 2005), and volunteered geographic monitoring (Elwood et al., 2012), are used to 

encapsulate many forms of public participation in science. The concept of citizen science varies in 

area of application, involving implicit or explicit data provision, collecting objective or subjective 

measurements, from bottom-up to top-down implementation, and using uni- or bi-directional 

communication paradigms between citizens and data processors (Wehn and Evers, 2015). What is 

common in all these concepts is the broader vision of involvement of the public in the co-generation 

of scientific knowledge that provides opportunities for learning and collaboration (Kullenberg and 

Kasperowski, 2016; Verbrugge et al., 2017). Eitzel et al. (2017) presents a review of the theoretical, 

historical, geopolitical and disciplinary context of the citizen science terminology. 

2.2.2 Early developments 

Although it is only recently that citizen science has gained wider recognition, it is not a new concept 

(Bonney et al., 2009a; Silvertown, 2009). Public involvement in scientific discovery has a long 

history that can be tracked at least to the 19th century and probably earlier (McKinley et al., 2017; 

Miller-Rushing et al., 2012). The earliest citizen science initiative begun in 1890 with the National 

Service in the US where volunteers reported daily measurements of air temperature and rainfall 

(Lee, 1994). The program has over one hundred years of continuous data at 500 stations and with 

more than 11,000 volunteers (Pfeffer and Wagenet, 2007). In the early 1900s, the Audubon 

Christmas Bird count in the US and the British Trust for Ornithology in the UK were founded. 

These bird surveys are the largest and longest-running successful forms of citizen-science 

initiatives, currently involving tens of thousands of participants having collected over one million 

records of species with metadata across the globe (Conrad and Hilchey, 2011; Hochachka et al., 

2012; Silvertown, 2009). Since then, the application of citizen science has grown across disciplines, 

varying widely in terms of scale, size, scope, what is monitored, frequency, level of engagement 
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and costs of monitoring (Danielsen et al., 2005). Citizen scientists participate in a number of 

research activities including analyzing galaxies (Ponciano et al., 2014), air quality (Snik et al., 

2014), invasive species (Gallo and Waitt, 2011), deforestation (Luz et al., 2014), water and soil 

monitoring (Deutsch et al., 2001), phenology and biodiversity (Fuccillo et al., 2015), and weather 

monitoring (Reges et al., 2016). 

2.2.3 Successful examples 

The significant growth of citizen science in natural sciences can be correlated with the increase in 

technological developments over the past 10-15 years including internet, gamification, robust and 

cheap sensing equipment, smartphones embedded with web-based mapping tools and global 

positioning systems (Buytaert et al., 2014; Catlin-Groves, 2012; Khamis et al., 2015). These 

developments have increased the feasibility of conducting large-scale citizen science projects by 

streamlining data collection, improving transmission and management of spatial data, automating 

quality control and expediting feedback communication, even in remote environments (Buytaert et 

al., 2014; Newman et al., 2012). Limited capacity and scope of monitoring due to decreased 

agencies budgets in recent decades (Carlson and Cohen, 2018), increasing public knowledge, 

democratization of science, and concern about anthropogenic impacts on ecosystems (Conrad and 

Hilchey, 2011), have further driven the need for citizen involvement in environmental monitoring 

and decision-making. Citizen science models can range from top-down to more bottom-up and 

participatory approaches depending on level of engagement (Conrad and Hilchey, 2011; Devictor 

et al., 2010; McKinley et al., 2012; Paul et al., 2018). Several frameworks exist for assessing the 

level of engagement in citizen science programs (Bonney et al., 2009a; Danielsen et al., 2009; 

Haklay, 2013; Shirk et al., 2012). The common forms of citizen participation can be categorized 

into five levels according to the level of influence and involvement in the scientific process, as 

illustrated in (Figure 2.1). 

2.3 Citizen science in hydrology  

The earliest prototype of citizen science in hydrology is the use of drift bottles in the 1960’s and 

1970’s to study the patterns in surface water currents in the Caribbean sea. The Caribbean Fisheries 

Development Project released on a monthly basis and for nearly two years thousands of drift bottles 

in the sea with an enclosed card with instructions for the finder of the bottle to send back the bottle 
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with metadata on the date and place of recovery. The recovery rate was 9.6%, similar to the 7.4% 

return reported for bottles released off the north coast of Brazil (Brucks, 1971; Luedemann, 1967). 

These early projects lacked sophisticated platforms by which information was communicated, 

assembled, integrated and interpreted. Especially, the process of recruiting citizens and waiting for 

data were elaborate and could take a long time (Goodchild, 2007). The integration of hydrology 

within a citizen science framework is often difficult because hydrological measurements are 

complex, expensive, technologically demanding and require spatially and temporally distributed 

measurements (Paul et al., 2018). 

 

Figure 2.1.Typology of citizen science-based program showing levels of involvement and 

influence. After Bonney et al. (2009) and Shirk et al. (2012). 

Current technological improvements of monitoring equipment coupled with Volunteered 

Geographical Information (VGI) are improving the rate and quality of data collection through 

location-based, real-time mapping services (Newman et al., 2012), and this is paving the way for 

faster uptake and applications of citizen science in hydrology (Buytaert et al., 2014; Paul et al., 

2018). Several citizen science initiatives for water resource monitoring have emerged worldwide, 

with networks of well-monitored sites thus improving the spatial coverage of monitoring (Ochoa-

Tocachi et al., 2018). Current applications of citizen-led measurements of precipitation, river water 
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quality and quantity, soil moisture, ground water, lakes and oceans offer good examples of citizen 

science in hydrology. Most of these programs share a collective purpose to promote sustainable 

water resources management and encourage public participation in the scientific process (Miller-

Rushing et al., 2012). These citizen science initiatives are reviewed in this paper. 

2.4  Methodology 

In this study we focused on applications of citizen science in monitoring water levels, water quality 

and/or precipitation as examples in hydrology. To collect information, we reviewed the literature 

including: peer reviewed articles, book chapters; program websites, and technical reports. 

Literature was extracted using Google scholar and Web of Science. Search terms were defined 

using keywords with synonyms or terms with related meaning (Figure 2.2). The Boolean search 

string method was used to construct search queries. To identify additional relevant articles, we also 

conducted a backward and forward reference searching examining and reviewing papers cited in 

the articles selected. Only papers within this scope were considered including: i) Studies that 

focused on citizen science in a hydrological context and that actively engaged citizen scientists in 

the scientific research process; ii) Documents published between 2001 and 2018 (both years 

inclusive), owing to the growth in popularity of citizen science and the emergence of technological 

developments (Buytaert et al., 2014). Within this period governments, academics, non-

governmental and community organizations began to emphasize on the importance of citizen 

science in environmental monitoring (Jollymore et al., 2017); iii)  Papers published in English. 

The search yielded 287 articles related to citizen science-based hydrological monitoring. To obtain 

high quality sources that matched our objectives and that could help answer our research questions 

selection criteria were applied, which involved inclusion and quality analysis criteria adopted from 

the methodology by (Talavera et al., 2017). The criteria included: 

Abstract check 

Papers that did not provide relevant information in their abstracts were discarded at this stage (i.e. 

only reporting citizen science applications outside the scope of hydrological monitoring). Papers 

that passed the first criterion were retained. 

Full article reading 
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 Papers with minor aspects of our search terms (Figure 2.2) in their content were removed even 

when they contained the terms in the abstract. We assessed active involvement of citizens in 

hydrological research activities, and therefore deliberately excluded studies that employed focus 

group discussions, questionnaires and surveys of citizens because the citizens involved were the 

subject of the study and contributed passively. 

Quality analysis 

Three quality criteria were applied and papers that did not comply were excluded. Studies that used 

synthetic data to imitate citizen science or others that investigated the potential of citizen-science 

based technologies for the measurements of hydrological parameters with no clear active 

involvement or engagement of real citizen scientists were also excluded. However, studies on social 

media mining that is an emerging trend in this field and serve as a valuable source of data of 

hydrological relevance were included. The assumption was that this approach is participatory in 

the broader sense, even though participants are usually not aware of their contribution and 

participation (Michelsen et al., 2016).  

The quality analysis were guided by the following questions: 

a. Does the study present a comprehensive application of citizen science in hydrological 

monitoring? 

b. Does the study show details of the methodology and technologies used to implement the 

monitoring? 

c. Does the paper present an analysis of the results? 

After the iterative search process, 71 papers remained in the pool based on their scientific and 

technical content. We extracted general information and characteristics of the citizen science 

approach using a standardized data extraction sheet with predefined research questions (Table 2.1). 

We also screened the articles for reporting on opportunities and challenges in applying citizen 

science in hydrological monitoring. 



Chapter 2 

39 

 

 

Figure 2.2 Overview of review methodology. 

Table 2.1 Data extracted from the articles in the final study pool. 

 Study reference and year of publication 

 Location of the study 

 Information on number of study sites/ participants and/ or measurements 

 Time scale of the study 

 Monitoring focus 

 Training program 

 Quality assurance plan 

 Communication and data transmission methods 

 Form of citizen participation (after Bonney et al., 2009; Shirk et al., 2012) 

 Name of the project 

2.5 Results and discussion 

2.5.1  Overview of the reviewed articles 

The 71 studies reviewed reveal that the number of hydrological-oriented citizen science projects 

has increased in the last decade (Figure 2.3).  The number of studies rose rapidly particularly since 
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2014, coinciding with emerging technologies, low-cost sensing equipment, and a rising interest in 

sustainable water resource management. The majority of the studies were carried out in high-

income regions with North America and Europe being the most represented at 45% and 20%, 

respectively (Figure 2.4). Few studies engaging citizen scientists in hydrology were reported in 

Australia (4%), and low-income countries in Africa and Asia (10% and 9%, respectively). The 

uptake of citizen science in hydrology even in low-income countries is gradually rising, although 

it is still at its infancy. In such countries not only data are scare, but the pressure on water resources 

is often already very high and increasing (Buytaert et al., 2016; Hannah et al., 2011).  Further 

characteristics of the reviewed studies are presented in more detail in Appendix 2.1. 

 

Figure 2.3 Citizen science-based studies in hydrological research between 2001-2018 (n=71). 

2.5.2 Scope of monitoring  

Programs ranged in the scope of monitoring from local to global scale. Most citizen science 

programs (63%) focused on the monitoring of water quality even though water level data are easier 

to collect than water quality parameters (Figure 2.4). This could be due to the increased global 

awareness of the deterioration of water quality. In addition, there are increasingly more low-cost 

test kits that measure a wide spectrum of basic water quality parameters, which was also reported 

by (Buytaert et al., 2014). Programs focused on water quality mostly collect physicochemical (e.g., 

nitrate, phosphate, turbidity, water color), biological (e.g., macroinvertebrates and Escherichia 

coli) and/or environmental conditions (e.g., land use in the surroundings of the sampling site, 

presence and number of potential pollution sources, conditions of the riparian vegetation). Some 
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of the programs were limited to the collection of water samples, with subsequent analysis of the 

samples in the laboratory (Breuer et al., 2015) in comparison to in situ measurements of the water 

quality parameter (Storey et al., 2016). 

 

Figure 2.4 Distribution of studies and scope of hydrological monitoring per country. 

2.5.3 Spatial and temporal extent 

We grouped the spatial coverage and longevity of the programs into three and four categories, 

respectively (Figure 2.5). Spatial coverage varied widely across monitoring networks ranging from 

single sites spread across a city or country, to entire watersheds, provinces, or states. Of the studies 

for which the extent of spatial (n=49) and temporal data (n=61) could be assessed, most programs 

(n=37) monitored <100 sites and only 5 programs monitored >300 sites. One case has a platform 

that collects data at the global level (EarthEcho, 2015). The time scales for the monitoring period 

varied considerably ranging from a 1-day observation to >11 years of monitoring. Most studies 

(n=32) however, lasted 1-5 years (Figure 2.5). Moreover, programs ranged widely in the number 

of volunteers, with the largest group monitoring thousands of sites.  
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Figure 2.5 (a) Spatial and (b) temporal scales of citizen science projects. 

2.5.4 Citizen involvement and training 

Participation of citizens differed across programs. In some cases, citizen scientists played a central 

role in designing the research, protection and basic maintenance of monitoring equipment, data or 

sample collection, data analysis, interpretation and dissemination of results. We classified each 

study based on the degree of involvement of the participants as described by (Bonney et al., 2009; 

Shirk et al., 2012). Most of the studies included in our review (73%) were classified as contributory, 

i.e. the studies were designed by scientists with citizens primarily contributing to data collection or 

sample collection. Some studies also showed aspects of a collaborative model with citizens engaged 

also in analyses of the samples or dissemination of results (23%). Only 4% of the studies were 

classified as co-created projects, employing a deeper citizen involvement including study design, 
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data analysis and interpretation (García and Brown, 2009). Professionally executed (contractual 

model) and citizen-led approaches in scientific research (collegial model) were not employed in 

any of the studies. All studies involved citizens in data collection and most programs trained the 

citizens (82%) and followed various quality control measures (90%) to enhance credibility and 

quality of citizen science generated data. Burgess et al. (2017) note that best practices for scientific 

outcomes include attention to training, protocol and materials that prepare participants to 

effectively collect high quality data. The studies used quality control checks such as simplified data 

collection protocols, standardized training of participants, replication-based method, using time 

series analysis or comparing citizen science data with standard methods or expert data for validation 

and identification of outliers (Jollymore et al., 2017; McGoff et al., 2017; Moffett and Neale, 2015; 

Weeser et al., 2018; Zemadim et al., 2013). The ways in which the participants are approached and 

trained differ ranging from site visits with formal training in person (Cunha et al., 2017), to 

instructional online videos or slide shows (Good et al., 2014), and ad hoc instruction in the field by 

means of signage (Lowry and Fienen, 2013; Weeser et al., 2018). 

2.5.5 Information flows and communication channels 

The majority of the citizen science programs (n=55) had clear pathways to generate and transmit 

data. New technologies such as mobile applications, wireless sensor networks and online platforms 

show great promise for advancing citizen science. Within the reviewed studies, data collection and 

upload processes were either automated (i.e., data measured and uploaded via sensors or smart apps 

requiring some form of citizen intervention during installation), semi-automated (i.e., data collected 

using a sensor but uploaded manually), or manual (i.e., data manually collected, entered and 

uploaded by citizens). In other cases, data are submitted via paper forms and not available in real-

time. In remote regions where internet connectivity is limited, data were crowdsourced using 

simple text messages (Weeser et al., 2018). A number of studies used a combination of several 

approaches to submit data such as manual recording of field data on sheets, emailing or using 

smartphone application (Little et al., 2016; Starkey et al., 2017). Our review reveals that use of 

smartphone applications is a well-established approach for data collection especially due to the 

ubiquity of smartphones with built-in options for positioning using global positioning systems 

(Dickinson et al., 2012). Some programs adopted communication strategies for retention of 

participants and sustainability of the projects. Continuous communication to provide feedback to 
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participants about the data submitted, data needs, scientific purpose and importance of data being 

collected is considered paramount for long term participation (Lowry et al., 2019). Forms of 

communications such as automated feedback, newsletters, leaflets or the mass media, emails, 

public meetings and making the data available to the public through online databases were some 

of the methods applied by programs reviewed (Kongo et al., 2010; Little et al., 2016; Weeser et al., 

2018; Williams et al., 2016; Wilson et al., 2018). 

2.5.6 Water level and discharge 

Streamflow monitoring is complex in nature and mostly relies on indirect measurements of flow 

velocity, cross sectional area and water level to calculate the flow rate (Buytaert et al., 2014; Royem 

et al., 2012). In contrast, water level data are easy to collect using a citizen science approach as the 

measurements consist of observations comparing the level of the water with a clearly defined 

reference of a staff gauge (Assumpção et al., 2018; van Meerveld et al., 2017). With the expansion 

of the use of mobile phones in remote regions, there are projects that have successfully engaged 

citizen scientists in monitoring water levels and flows using text messages. Notable examples are 

CrowdHydrology in the US and a citizen science-based monitoring program in Kenya (Lowry and 

Fienen, 2013; Weeser et al., 2018). In these projects, water level gauges alongside signboards were 

installed at designated stream gauging stations. Citizen scientists, who visit or pass by the sites, 

sent a text message with the water level reading. Both studies showed that the accuracy of the 

crowdsourced water level data compared with data obtained from pressure transducer data (Lowry 

and Fienen, 2013) and automatic radar sensor (Weeser et al., 2018) was satisfactory. In the study 

of Turner and Richter (2011) citizen scientists successfully mapped the occurrence of stream flow 

in perennial streams in dryland regions in a 12 years project. Water levels, among other variables, 

are part of measurements collected by citizen scientists in the FreshWater Watch 

(https://freshwaterwatch.thewaterhub.org) and WeSenseIt programs (Shupe, 2017; Wehn et al., 

2018). Other studies have reported the successful establishment of hydrological monitoring 

networks for river flow and rainfall through an integrated participatory approach involving the local 

community (Gomani et al., 2010; Kongo et al., 2010). Kongo et al. (2010) noted that the peak flows 

obtained by the local community was in close agreement with results obtained from a modelling 

exercise from the Potshini catchment in South Africa.  

https://freshwaterwatch.thewaterhub.org/
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With the rise in robust sensing equipment and smartphones applications embedded in cameras, 

web-based mapping tools and global navigation satellite systems, new approaches are emerging 

that are easily integrated into a citizen science context (Buytaert et al., 2014). Little et al. (2016) 

involved citizen scientists in the monitoring of groundwater levels in private wells using water level 

sounders. Citizen scientists provided valuable data on groundwater levels across a large area in 

Alberta, Canada and measurements were accurate when compared with data from automatic 

pressure transducers (root mean square error of 3-11 cm). To characterize hydrological regime for 

ungauged catchments, (Gallart et al., 2017), developed and tested an open source software 

(TREHS) based on interviews to local people. In Tanzania, local communities were involved in the 

collection of water level data using a smart-stick technology and taking images for discharge 

measurements in rivers and furrows using smartphones (iMoMo, 2018). The CrowdWater and 

Stream Tracker projects crowdsource hydrologic measurements including water level, streamflow 

and flow condition of intermittent streams. The data are collected with a smartphone application, 

where the user takes a picture and use the app to add virtual staff gauge and no physical installations 

or sensors are needed for the measurements with this approach (Kampf et al., 2018). 

2.5.7 Precipitation 

Heterogeneous distribution of observational networks limit the spatial and temporal representation 

of precipitation measurements, especially in less populated regions (Kidd et al., 2017). The simple 

design, affordability, availability and the ease of installation and operation makes manual rain 

gauges suited for application in citizen science (Buytaert et al., 2014). Furthermore, observing 

precipitation requires no advanced education in meteorology and thus crowdsourcing for 

precipitation has a great potential to gather data (Elmore et al., 2014). The Community 

Collaborative Rain, Hail and Snow network (CoCoRaHS) initiated in 1998 is probably the largest 

and most effective example of a citizen science-based network that involves volunteers in recording 

daily precipitation using low-cost tools across the US and Canada (Cifelli et al., 2005; Reges et al., 

2016). The UK Community Rain Network (UCRaiN) which was inspired by CoCoRaHS, also 

demonstrated the potential of community-based rainfall data collection. A correlation of 0.81 was 

observed between the citizen and  an automatic rain gauge measurements (Illingworth et al., 2014). 

The Phenomenon Identification Near the Ground (PING) network in the US uses a mobile 

application (mPING) to crowdsource high quality, spatially and temporally dense precipitation 
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data. This data are used to improve the dual-polarization radar hydrometeor classification algorithm 

(Elmore et al., 2014), and to verify surface precipitation forecasts from operational numerical 

models (Apps et al., 2014). The Citizen Weather Observer Program is an another initiative that 

demonstrates how a citizen science-based approach can increase the temporal and spatial resolution 

of monitoring real-time meteorological data supplementing traditional networks (Bell et al., 2013). 

The Internet of Things (IoT) provides new opportunities for application of citizen science to acquire 

vast amounts of weather data, as many people are getting connected to the internet (Meier et al., 

2015). As a result of these developments, there is a growing number of automated private weather 

stations (PWS) that link rainfall measurements to online platforms (Bell et al., 2015; Vos et al., 

2017). For instance, the user-friendly and affordable NetAtmo personal weather stations are widely 

distributed around the world to monitor atmospheric conditions such as temperature, humidity, air 

pressure, CO2, wind and rainfall. These smart devices are automatically linked with an online 

platform (https://weathermap.netatmo.com/) collecting and visualizing data from all operational 

stations (Vos et al., 2017). Studies have shown that crowdsourced atmospheric datasets obtained 

from NetAtmo weather stations can contribute to urban hydro-meteorological research (Meier et 

al., 2015), as urban areas are characterized by a high spatial heterogeneity of rainfall, not covered 

by the low-spatial coverage of institutional rainfall monitoring networks. Further, the NetAtmo 

rainfall time series resembled measurements from a conventional high-resolution electronic gauge 

(Vos et al., 2017). From the aforementioned works, it is evident that high-resolution precipitation 

data could improve hydrological applications even in data scarce regions. Such data can be obtained 

through citizen science monitoring, especially with the advent in technology and new innovative 

data collection techniques. 

2.5.8 Water quality 

Citizen science has been widely used to monitor water quality in lakes, streams, rivers, wells, 

ponds, and wetlands (Conrad and Hilchey, 2011). Currently, various organizations in several 

countries around the world are involved in collaborative efforts and support volunteer-based water 

quality monitoring programs (Deutsch and Ruiz-Córdova, 2015). Water quality data are essential 

to improve the management effectiveness of surface water systems (Zheng et al., 2018). The World 

Water Monitoring Day initiative (http://www.worldwatermonitoringday.org/) established by the 

America’s Clean Water Foundation (ACWF) is a worldwide educational outreach program that 

daily manually  

form 

https://weathermap.netatmo.com/
http://www.worldwatermonitoringday.org/
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uses online means to recruit and engage citizens in protecting water resources and empowering 

them to conduct basic water quality monitoring of their local water bodies (EarthEcho, 2015). A 

similar scheme is coordinated by Community Science Institute in New York, to produce data that 

inform water resource management while simultaneously educating and empowering citizens to 

become stewards of their local environment (Community Science Institute, 2017). The Florida 

Lakewatch, and Alabama Water Watch (AWW) are successful examples of long-term volunteer 

water quality monitoring programs, working with thousands of citizen scientists for over ten years 

to study fresh water ecosystem dynamics and generating information on more than 1,500 water 

bodies (Deutsch and Ruiz-Córdova, 2015; Hoyer et al., 2014; Thornhill et al., 2018). 

Although most citizen-science water quality programs collect data in the form of water samples 

(Breuer et al., 2015; Good et al., 2014), others involve in situ monitoring of parameters like 

turbidity and nutrient concentrations or ecosystem health indicators such as macroinvertebrates or 

Escherichia coli (Latimore and Steen, 2014; Scott and Frost, 2017; Thornhill et al., 2017). Various 

methods and techniques have been reported for different programs. They span from simple test kits 

to measure water quality parameters such as dissolved nitrate and orthophosphate, such as in the 

FreshWater Watch program (Shupe, 2017) or the World Water Monitoring Day initiative 

(EarthEcho, 2015). In other cases, citizens are involved in the visual assessment of water color, 

smell and surrounding conditions (Zheng et al., 2017). In the Sondu catchment of Kenya, a citizen 

science-based project engages citizen scientists in monitoring water levels and quality (Table 2.2). 

Nitrate levels are measured using simple colorimetric methods (Gräf, 2018). Secchi disks and 

turbidity tubes have been widely used in volunteer monitoring for water turbidity (Toivanen et al., 

2013), and have been successfully applied in the Sondu catchment. Gräf (2018) tested the ‘tampon 

method’ using inexpensive passive samplers to detect optical brighteners in the surface waters of 

the Sondu catchment. Here, the community wash their clothes in the streams and it was 

hypothesized that optical brighteners from detergents could be detected downstream. In urban 

areas, optical brighteners are strong indicators of misconnected drainage in surface waters 

(Chandler and Lerner, 2015). However, application of this approach in streams could be influenced 

by high concentration of suspended sediments  as demonstrated in the Sondu catchment (Gräf, 

2018), and the method could be improved especially by protecting the tampons and sampler from 

sediments to improve accuracy. 
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Table 2.2 Citizen science-based water monitoring in Sondu Catchment, Kenya. 

Parameter Water levels Optical 

brighteners 

Nitrate Turbidity 

Method Manual 

water level 

gauges at 

fixed 

locations. 

and a 

signage to 

provide 

instructions  

A tampon fixed 

at a small metal 

bar. Presence of 

optical 

brighteners 

checked with a 

UV-torch light. 

Dissolved nitrate 

measured from 

unfiltered samples 

using nitrate strips. 

Nitrate 

concentration 

estimated by 

comparing the 

resultant reaction to 

a reference chart 

with specific ranges. 

Water turbidity 

determined through a 

calibrated turbidity 

tube, which is filled 

with water until the 

marking at the bottom 

is no longer visible 

when viewed from 

above. Turbidity is 

estimated against a 

turbidity unit scale.  

Example 

    

Photos courtesy of Patrick Shepherd, Centre for International Forestry Research (CIFOR). 

The increasing appeal in participatory research, advent of internet connectivity and low-cost 

sensing equipment improved monitoring capabilities for water quality. Projects are now 

increasingly adopting modern data collection and transmission technologies and making use of 

integrated sensing systems with multi-parameter monitoring (Kotovirta et al., 2014). Applications 

such as the automatic Secchi3000 (Toivanen et al., 2013), KdUINO ((Bardaji et al., 2016) and 

Hydrocolor (Leeuw and Boss, 2018) have been used and validated to measure water turbidity with 

citizens. Overall, the recently developed monitoring systems are cost-effective, portable, offer 

continuous real-time water quality monitoring and cloud data storage possibilities, and are easy to 

use with minimal training. 
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2.5.9 Social media 

Researchers are increasingly mining volunteered geographic information such as images and 

videos shared via social media (e.g., Facebook, YouTube, Twitter and Flickr) to estimate water 

levels, flow velocities and discharges (Boursicaud et al., 2016; Fohringer et al., 2015; Le Coz et 

al., 2016; Michelsen et al., 2016). This sort of heterogeneous and complex information has, for 

instance been applied in hydrology for real-time mapping, to understand the dynamics of flood 

processes and to validate models for the prediction of flood events (Li et al., 2018; McDougall, 

2011; Smith et al., 2017). Some of the studies reported (Table 2.3) did not actively involve or 

engage with the public directly like other deliberate citizen science approaches, hence the 

participants are probably unaware of their contribution and participation in a scientific study 

(Daume et al., 2014; Michelsen et al., 2016). 

Table 2.3 Contribution of citizen science in hydrology through social media. 

Reference Location  Type of data Application 

Boursicaud et 

al., (2016) 

France Video of a flash flood event 

shared via social media 

(YouTube)  

Estimation of water level, 

surface flow velocities and 

discharges 

Le Coz et al., 

(2016) 

Argentina, 

France and 

New Zealand 

Video sent through the 

website  

Estimation of water 

level/surface flow velocities 

and discharges 

Michelsen et 

al., (2016) 

Saudi Arabia Videos and photographs 

shared on social media via 

YouTube 

Analysis of water level time 

series 

Li et al., 

(2018) 

USA Texts and pictures shared 

via Twitter 

Flood mapping 

McDougall, 

(2011) 

Australia Photographs and videos 

shared via Twitter and 

Facebook 

Mapping of flood extent 

Fohringer et 

al., (2015) 

Germany Photographs shared via 

Twitter and Flickr 

Analysis of water level and 

flood inundation mapping. 

Smith et al., 

(2017) 

UK Pictures and texts posted 

via Twitter 

Modelling 
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2.5.10 Data credibility and application of citizen science data 

Given the heterogeneity of citizen science based monitoring, most programs develop and adopt 

rigorous quality assurance/quality control measures for quality assessment to ensure the production 

of scientifically valid water data. The United States Environmental Protection Agency provides 

support to volunteer water quality monitoring programs by developing guidelines, manuals and 

toolboxes that are essential for communities (English et al., 2018). During the initiation phase of 

most projects, citizen scientists are provided with monitoring protocols, materials, equipment and 

training on water monitoring. Several recent studies have assessed the quality of the citizen science 

water quality data to account for data standards and reliability. Studies that compared volunteer 

versus professional datasets or with standard methods suggest that citizen scientists generate high 

quality data which is comparable to professional data (Aceves-Bueno et al., 2017; Canfield Jr et 

al., 2002; Hoyer et al., 2014; Loperfido et al., 2010; Nicholson et al., 2002; Storey et al., 2016). 

Fore et al. (2001) compared volunteer and professional monitoring of benthic macroinvertebrates 

as bio-indicators of water quality, reporting similar data quality. Water temperature and dissolved 

oxygen data in stream and rivers collected by scientists from the US Geological Survey and citizen 

scientists showed that both measurements are in the same range, although volunteer measurements 

underestimated dissolved oxygen levels (Safford and Peters, 2018). Aceves-Bueno et al. (2015) 

reviewed 83 citizen science studies and reported only one case of insufficient data quality 

associated with citizen science generated data. 

Some organizations use and combine citizen scientists data as part of their research activity, which 

is an indication that scientists considered these datasets to be of sufficient quality for research 

(Follett and Strezov, 2015). In the US, the IOWATER volunteer water quality monitoring program 

supplements the information used by the government for regulatory purposes (Loperfido et al., 

2010). Thornhill et al. (2018) used the FreshWater Watch datasets to explore the effect of 

increasing urbanization on the seasonal, chemical, and biological conditions of ponds and lakes. 

Elsewhere, Wang et al. (2018) used the data accrued by the Community Science Institute (CSI) to 

model stream Escherichia spp. concentrations and loadings. Koskelo et al. (2012) used rainfall data 

from the Weather Underground (WU) website (https://www.wunderground.com/) to quantify the 

spatial variability in rainfall and base flow separation for small watersheds. Lincoln et al. (2017) 

utilized > 200 rainfall reports obtained by citizen scientists in different programs to improve the 

file:///C:/Users/gh2601/AppData/Roaming/Microsoft/Word/(https:/www.wunderground.com/)
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analysis of severity and scope of the North Central Gulf Coast historic rainfall event that occurred 

in April 2014. Organizations such as the US National Oceanic and Atmospheric Administration 

and the National Hydrologic Warning Council have integrated ground observations of precipitation 

obtained from CoCoRaHS monitoring network into their work to validate radar precipitation 

estimations and that obtained from automated rain gauge networks (Kluver et al., 2015; Simpson 

et al., 2017; Smith et al., 2015; Zhang et al., 2014). There are practical applications in the 

Netherlands, where 20 amateur stations were used to quantify the heat‐island effect in urban areas 

(Wolters and Brandsma, 2012). 

2.5.11 Data transmission 

The growth in open science including the development of customizable mobile applications, 

scientific instrumentation and data storage technologies has increased the efficiency for direct and 

rapid data upload, validation and visualization of data on web-based databases (Little et al., 2016). 

Notably, these developments play a great role towards overcoming the potential for errors that 

come with manually recording and uploading data or loss of vast amounts of information produced 

(Curtis, 2018). Crowdwater (Kampf et al., 2018), Creekwatch (Kim et al., 2011), and Crowdmap 

(Ross and Potts, 2011) present mobile apps used to harness the power of citizen scientists to collect 

hydrologic data. Nowadays, citizen scientists can also collect data through images and videos with 

geo-located date and time-stamped information that can be used for further analyses. For instance 

in Creek Watch, a smartphone application allows to submit photos and qualitative stream data about 

water level, water flow rate and amount of litter along waterways (Kim et al., 2011). The 

applications are non-intrusive, cost-effective, portable and measurements are transmitted to a cloud 

database and automatically synchronized to be managed, analyzed and shared or exported. 

Additionally, the setup of the websites allows data validation, visualization, and real-time mapping 

of results (Bell et al., 2013) such as  the Weather Underground (https://www.wunderground.com/), 

UK Met Office Weather Observation Website (http://wow.metoffice.gov.uk/). These websites 

provide an open platform for citizens to share weather data online with the wider community (Vos 

et al., 2017). Similarly, cloud-based storage has now become the standard means to store data, 

which facilitated the rapid growth in citizen science. Cloud server and storage solutions are low-

cost, scalable allowing for platforms to be easily developed via application programming interfaces 

(APIs) to display large datasets in real time to end users (Chapman and Bell, 2018). 

https://www.wunderground.com/
http://wow.metoffice.gov.uk/
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2.5.12 Future developments 

Camera-based systems are increasingly used to collect environmental data because images and 

videos are more informative and intuitive than other crowdsourcing methods (Jiang et al., 2019). 

Large-Scale Particle Image Velocimetry (Tauro et al., 2017) and DischargeApp (iMoMo, 2018) 

methodologies have increased the ability to conduct streamflow measurements. However, camera 

based approaches are still limited in hydrology. Royem et al. (2012) developed a low-cost 

monitoring system based on a digital camera to measure water level, which showed good agreement 

with water levels measured traditional gauging stations. This method is simple enough to be applied 

in citizen science. Allamano et al. (2015) introduced a novel technique based on the quantitative 

detection and measuring of rainfall intensity from pictures of rainy scenes. Other studies 

demonstrated the use of in situ digital camera, wireless sensor network and other smartphone-based 

systems for real-time water quality monitoring (Goddijn-Murphy et al., 2009; Rasin and Abdullah, 

2009; Srivastava et al., 2018). Sakai et al. (2018) developed and validated ECO-Heart, a simple 

tool for a community-based water quality assessment, which was used to monitor six parameters: 

pH, heavy metals, chemical oxygen demand, transparency, ammonia nitrogen and dissolved 

oxygen. Similarly, in remote regions such as mountain streams where physical installation of staff 

level gauges or sensors or camera-based systems to monitor water level is difficult, a virtual staff 

gauge approach could be used (Seibert et al., 2019). 

2.6  Conclusions  

This review shows that it is possible to successfully engage the public in hydrological monitoring. 

Hydrological citizen science monitoring programs can generate extensive datasets with broad 

spatial and temporal coverage. Most programs recruit and train participants and through validation 

and calibration, researchers have found that citizen scientists collect data comparable to 

professional data. Effective communication strategies have to be implemented to promote 

sustainability such as games for education, making data publically available (e.g. via websites, 

public meetings with scientists, newsletters and/or social media), developing interactive webpages, 

and providing automated feedback. In most projects, the role of citizen scientists is limited to 

information and data collection. Future citizen science in hydrology could benefit from more co-

created types of projects to establish stronger ties between research and communities that lead to 

public engagement, thereby enhancing sustainability of monitoring networks. 
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An emerging area of research is the mining of volunteered geographic information from social 

media. Information shared through social media could provide highly valuable hydrological data 

that can offer direct insights in flow rate and help improve the understanding of extreme 

hydrological events. Moreover, the analysis of hydrological data from social media may support a 

better understanding of the interactions between humans and the environment for shaping future 

environmental management. Hence, future studies can benefit from crowdsourcing information of 

hydrological relevance from social media to improve the spatial coverage of the hydrological 

measurements. All these findings demonstrate the potential of citizen science networks to collect 

reliable, timely and long-term hydrological data, which is very important information for planning 

and management purposes. Possible developments are expected to draw large benefit from the rapid 

technological advancements in sensors and from the massive penetration of smartphone 

technologies, especially in low-income countries as well. 
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Appendix 2.1 Overview of citizen science application in hydrological monitoring. 

Reference Location Number of 
sites/ 
participants/ 
measurements 

Time scale Monitoring 
Focus 

Training  QA/
QC  

Data transmission Type of project  Program  

Abbott et al. (2018) France 13 sites 18 years Water quality  n.s. n.s. n.s. Contributory  Ecoflux  

Bardaji et al. (2016) Spain 2 sites n.s. Water quality  yes yes n.s. Collaborative 
 

Breuer et al. (2015) Germany 280 sites 1 day Water quality  yes yes Grab water samples 
delivered to lab 

Contributory  HydroCrowd 

Brouwer et al. (2018) Netherlands 85 sites/ 85 
participants 

n.s. Water quality  yes yes Online survey -
SurveyMonkey 
software 

Contributory Freshness of 
Water        

Canfield Jr et al. 
(2002) 

US 125 sites >10 years Water quality  yes yes Manual recording - 
data sheets 

Contributory  Florida 
LAKEWATC
H  

Cifelli et al. (2005) US >1000 
participants 

7 years   Precipitation yes yes CoCoRaHS webiste  Collaborative CoCoRaHS 

Cunha et al. (2017) Brazil 64 sites 4 months Water quality  yes yes Grab water samples  Contributory  Freshwater 
watch  

Reutebuch et al. 
(2008) 

US  >1950 sites/ 
>4,700 
participants 

>15 years Water quality  yes yes Alabama Water 
Watch server 

Collaborative Alabama 
Water Watch 

Deutsch et al. (2005) Phillipines n.s. >5 years Water quality  yes yes n.s. Collaborative 
 

Edwards et. (2018) US n.s. 7 years  Water quality  yes yes n.s. Collaborative 
 

Edwards, (2016) US 3 sites 11 years Water quality yes yes n.s. Contributory 
 

Elmore et al. (2014) US n.s. 4 months Precipitation yes yes Mobile application 
(MPING) 

Contributory 
 

Farnham et al. (2017) US 23 sites >2 years Water quality  n.s. yes Grab water samples 
delivered to lab 

Contributory  
 

Flores-Díaz et al. 
(2018) 

Mexico 30 sites >5 years Water quality yes yes n.s. Collaborative Global Water 
Watch  

Gomani et al. (2010) Tanzania 39 sites n.s. Water level & 
flow, precipitation, 
and ground water 
level 

n.s. n.s. n.s. Collaborative  Resilient 
Agro-
landscapes to 
Climate 
Change 
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Good et al. (2014) US >125 
participants/ 
685 
measurements 

1 day Precipitation yes yes Grab water samples 
delivered to the 
laboratory for analysis 

Contributory  
 

Illingworth et al. 
(2014) 

UK 13 sites >1 month Precipitation yes yes Email or Twitter  Contributory UCRaiN- the 
UK Citizen 
Rainfall 
Network  

Jollymore et al. 
 (2017) 

Canada n.s. 1 year Water quality  n.s. yes Grab water samples 
delivered to the 
laboratory for 
analysis. 

Contributory  Waterlogged 
citizen 
science 
campaign 

Koch & Stisen (2017) Denmark n.s. 2 months Precipitation n.s. n.s. n.s. Contributory 
 

Kongo et al. (2010) South Africa n.s. 2 years Stream flows & 
precipitation. 

yes yes Manual recording- 
data sheet 

Collaborative 
 

Kosgei et al. (2007) South Africa 3 sites 1 year Precipitation yes yes n.s. Collaborative 
 

Kotovirta et al. 
 (2014) 

Finland 320 sites/ 
872participants 

3 years  Water quality  yes yes Hydrocolor mobile 
application 

Contributory 
 

Leeuw and Boss 
(2018) 

USA  14 
measurements 

1 day  Water quality  yes yes Smartphone 
application 

Contributory  
 

Lévesque et al. 
 (2017) 

Canada 28 sites/ 69 
participants 

>2 years Water quality  yes yes Smartphone 
application 

Contributory Freshwater 
watch  

Little et al. (2016) Canada 40 sites 5 years Water level yes yes Telephone, fax or 
email and web portal 

Contributory 
 

Loiselle et al. (2016) Argentina, 
Brazil, 
Mexico and 
Canada 

150 sites/ 1000 
participants 

2 years Water quality  yes yes Online upload Contributory  Freshwater 
watch  

Lowry & Fienen 
(2013) 

USA  9 sites/ 150 
measurements 

>6 months  Water level none yes Simple text message Contributory  Crowdhydrol
ogy         

McGoff et al. (2017) United 
Kingdom 

76 sites 3 years Water quality yes yes Smartphone 
application 

Contributory  Fresh water 
watch 

Michelsen et al. 
(2016) 

Saudi Arabia 16 videos 1 year Water level none yes Sharing of videos and 
photographs on 
YouTube. 

Contributory 
 

Moffett & Neale 
(2015) 

New Zealand 21 sites 11 years Water quality  yes yes n.s. Contributory 
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Ochoa-Tocachi et al. 
(2018) 

Peru, Ecuador 
and Bolivia 

9 sites n.s. Precipitation and 
stream flow 

n.s. yes n.s. Contributory Initiative for 
Hydrological 
Monitoring of 
Andean 
Ecosystems  

Reges et al. (2016) USA, Puerto 
Rico, US 
Virgin 
Islands, and 
Canada  

>50 states/ 
>20,000 
participants  

>10 years Precipitation  yes yes CoCoRaHS website  Collaborative 
 

Shahady & Boniface 
(2018) 

Costa Rica 16 sites 2 years  Water quality  yes yes Manual recording -
data sheet 

Contributory 
 

Shupe (2017) Canada 81 sites 4 years Water quality yes yes Manual recording and 
smartphone app in 
online database 

Contributory Freshwater 
watch  

Starkey et al. (2017) Britain  10 sites >2 years Water level, 
precipitation and 
water quality                                                                                                                          

yes yes Web forms, 
spreadsheets, email, 
meetings, and Android 
app  

Contributory  
 

Storey and Wright-
Stow (2017) 

New Zealand  8 sites >1 year Water quality  yes yes n.s. Contributory 
 

Storey et al. (2016) New Zealand  11 sites/ 77 
participants 

>1 year  Water quality yes yes n.s. Contributory 
 

Thornhill et al. (2018) UK, France, 
Netherlands, 
US, Canada & 
Australia 

75 sites/120 
participants 

2 years Water quality yes yes n.s. Contributory Fresh water 
watch 
program 

Toivanen et al. (2013) Finland 100 
participants/114
6 measurements 

1 year Water quality  n.s. yes Smartphone 
application  

Contributory 
 

Walker et al. (2016) Ethiopia 8 sites  >1 year Precipitation, 
stream water level 
& groundwater 
levels 

yes yes Manual recording- 
data sheet 

Collaborative  AMGRAF 

Weeser et al. (2018) Kenya 13 sites/ 125 
participants/ 
1175 
measurements 

1 year Water level yes yes Simple text message Contributory 
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Wendt et al. (2018) USA 131 sites/ >50 
participants 

n.s. Water quality  yes yes n.s. Contributory 
 

Williams et al. (2016) USA 424 sites/ 248 
participants 

10 years Water quality  yes yes Direct online upload 
and grab samples 
delivered to lab 

Contributory  Trout 
Unlimited 

Wilson et al. (2018) Canada 54 sites 8 years Water quality yes yes n.s. Contributory 
 

Wiwatwattana et al. 
(2015) 

Thailand 25 participants/ 
301 
measurements 

140 days Precipitation yes yes Facebook application 
(SWUA) 

Contributory 
 

Xu et al. (2017) China 8 sites  >2 years Water quality   yes yes Direct upload to 
online database 

Contributory Freshwater 
watch 
program 

Zemadim et al. 
 (2013) 

Ethiopia  28 sites n.s. Precipitation,  
water level, 
groundwater level  

yes yes Submitted monthly 
hard copies 

Collaborative 
 

Zhang et al. (2017) China 31 sites 4 years Water quality  yes yes Smartphone app or by 
internet to online 
database 

Contributory 
 

Zheng et al. (2017) China 30 provinces/ 
219 
measurements 

>1 year Water quality  yes yes Smartphone 
application  

Contributory Freshwater 
watch 
program 

Engel & Voshell, 
(2002) 

USA 145 sites 2 years Water quality  yes yes Manual recording- 
data sheets 

Contributory Virginia-
Save-Our-
Streams 
program 

Nerbonne & 
Vondracek (2003) 

USA n.s. 2 years  Water quality  yes yes Manual recording-data 
sheets 

Contributory 
 

Barrows et al. (2018) USA 72 sites/ 117 
participants 

2 years Water quality  yes yes Smartphone app, 
manual recording- 
datasheets & grab 
water samples 
delivered to lab 

Collaborative  
 

Compas & Wade 
(2018) 

USA 2 participants/ 
>30,000 
measurements 

11 days Water quality  yes yes Smartphone 
application 

Contributory “Testing the 
Waters 

Dorset Environmental 
Science Centre (2015) 

Canada >800 sites/ 
>600 
participants 

3 years Water quality  yes yes n.s. Contributory Lake Partner 
Program 



Chapter 2 

58 

 

Fava et al. (2014) Brazil n.s. n.s. Water level n.s. n.s.  Mobile application   Contributory 
 

Alfonso et al. (2010) Netherlands 4 sites/ 4 
participants 

1 month Water level n.s. yes Simple text message  Contributory 
 

Degrossi et al. (2014) Brazil 10 participants/ 
15 
measurements 

n.s. Water level yes yes Smartphone 
application 

Contributory 
 

Turner & Richter 
(2011) 

USA, n.s. 12 years Water level yes yes Manual recording- 
data sheet 

Contributory 
 

Kim et al. (2011) USA 65 
measurements 

3 weeks Water level, flow 
rate and trash 

yes n.s. Mobile app Contributory 
 

Muenich et al. (2016) USA 206 sites/ 889 
participants 

5 years Water quality  yes yes n.s. Collaborative  
 

Vos et al. (2017) Netherlands 63 sites 4 months Precipitation n.s. yes Direct upload through 
Wi-Fi connection 

Collaborative 
 

Gallart et al. (2017) Spain 119 sites n.s. Water flow n.s. n.s. Questionnaire Contributory 
 

García & Brown 
(2009) 

Colombia 38 sites/ 30 
participants 

2 years Water quality and 
water flows 

yes yes n.s. Co-created 
 

iMoMo (2018) Tanzania  24 sites 6 years Water flows yes yes Simple text message 
and smartphone 
application 

Co-created iMoMo 
Global 
Initiative. 

EarthEcho (2015) Global 146 countries >11 years Water quality yes yes Direct upload online 
to a central database. 

Co-created World Water 
Monitoring 
Challenge 

Macknick & Enders 
(2012) 

USA 19 sites/ 70 
participants 

> 1 year Water quality  yes n.s. Grab samples Contributory  
 

Castilla et al. (2015) 
Brazil & 
China 

13 cities > 1 year Water quality  yes yes Smartphone app Contributory Fresh Water 
Watch 

Latimore & Steen 
(2014) 

USA > 500 sites n.s. Water quality  yes yes n.s. Contributory MiCorps 

Scott & Frost (2017) Canada 29 sites/111 
participants 

3 years Water quality  yes yes Smartphone 
application 

Contributory Fresh Water 
Watch 

Gräf (2018) Kenya 6 sites < 1 year water quality yes yes Simple text message Contributory 
 

Stepenuck et al. 
(2011) 

USA 6 states/ 150 
participants 

2 years Water quality  yes yes Grab samples 
delivered to lab 

collaborative 
 

*n.s.- not specified
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3. Monitoring of suspended sediments in a tropical forested landscape with citizen science 

This chapter is published in Frontiers in Water as: 

Njue, N. K., Gräf, J., Weeser, B., Rufino, M. C., Breuer, L., & Jacobs, S., 2021. Monitoring of 

suspended sediments in a tropical forested landscape with citizen science. Frontiers in Water, 3, 

56. https://doi.org/10.3389/frwa.2021.656770 

3.1  Introduction 

In the tropics, natural ecosystems and water resources are increasingly threatened by several factors 

including growing human population, climate change, deforestation, and increased cropping and 

grazing intensities (Berihun et al., 2019; Shupe, 2017; Smith et al., 2016). Consequently, many 

tropical forest ecosystems have been subject to disturbances, which vary through time and space. 

Previous studies have demonstrated the effect of land use change on soil erosion and sediment 

yield, with conversion of forest to agricultural or grazing land yielding the highest soil loss due to 

changes in soil properties such as reduced infiltration rates and water retention capacity (Owuor et 

al., 2018; Stenfert Kroese et al., 2020a). Increased surface runoff may lead to flooding and 

accelerates sediment transport processes, resulting in amplification of the sediment load in rivers 

(Owuor et al., 2018; Pacheco et al., 2014). Monitoring of sediment loads in catchments is important 

for the development of soil erosion management and control strategies, to inform policies for water 

resources management and for the validation of spatially distributed sediment delivery models 

(Walling et al., 2001; Kuhnle and Wren, 2005; Gao et al., 2007). 

Much of the recent focus in hydrogeochemical research has been on the use of models, remote 

sensing and high resolution automated monitoring systems to further improve our understanding 

of ecological systems (Baldyga et al., 2008; Esteves et al., 2019; Jacobs et al., 2018). Although 

these approaches have been widely used to inform decision making for environmental 

management, they are expensive and their application within most developing countries is still 

hampered by poor infrastructure and technical capabilities (Nardi et al., 2020; Olang and Fürst, 

2011). As a consequence, relatively few hydrogeochemical datasets exist (Zheng et al., 2017). As 

the acquisition of field data with high spatial and temporal resolution is very important for 
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sustainable water resource management and governance, this clearly raises the need to explore 

alternative cost-effective approaches for data collection (Malthus et al., 2020; Njue et al., 2019). 

Advances in technology and the rise of robust simple and cheap sensing equipment provides 

unprecedented opportunities for data collection using citizen science in hydrological sciences and 

water resources management, especially in data scarce regions (Buytaert et al., 2014; Zheng et al., 

2017). Citizen science refers to the involvement of the general public within the scientific research 

process for the generation of new scientific knowledge (Bonney et al., 2009b; Buytaert et al., 2014). 

Although citizen science is still uncommon practice in water research, we recognize that its uptake 

in low-income countries such as Kenya is gradually rising (Njue et al., 2019), especially in 

monitoring of precipitation, water levels and water quality (Gomani et al., 2010; Kongo et al., 2010; 

Walker et al., 2016; Weeser et al., 2018). As a scientific method, citizen science is acknowledged 

to play an important role in delivering valuable and robust environmental data from local to national 

scales, increasing knowledge of science and reducing monitoring costs (Bonney et al., 2009a; 

Haklay, 2015; Silvestro et al., 2012). Moreover, citizen observations can provide quality and 

detailed ground-based data for calibration and validation of satellite-based earth observation and 

high-resolution automated stations (Fritz et al., 2017; Nardi et al., 2020). Njue et al. (2019) present 

a comprehensive review on the successful implementation, contribution and significant growth in 

application of state-of-the-art citizen science approaches in hydrological monitoring in the past two 

decades. Looking ahead, citizen science could be used cost-effectively not only to fill data and 

information gaps, but also to work collaboratively with communities to generate relevant 

management-oriented knowledge. 

This study aimed to evaluate the potential of using citizen science to explore spatiotemporal 

suspended sediment dynamics using turbidity as a proxy in the Sondu-Miriu river basin in Kenya. 

The Sondu river originates in the Mau Forest Complex, which is one of Kenya’s remaining 

indigenous tropical montane forests. The Mau Forest Complex experienced a significant loss of 

25% forest cover between 1973 to 2013 through illegal logging, forest excisions, charcoal burning 

and encroachment for settlement and subsistence farming by smallholder farmers (Brandt et al., 

2018; Olang and Kundu, 2011; Otuoma et al., 2012; Swart, 2016). Previous studies have linked 

deforestation in the Mau Forest Complex, to changes in hydrological processes such as changes in 

flow regimes, soil and water quality deterioration in the catchment (Jacobs et al., 2017; Masese et 
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al., 2012; Otuoma et al., 2012; Owuor et al., 2018). Masese et al. (2012) highlight that due to the 

combined effects of human activities in the Sondu-Miriu river basin, turbidity has more than 

doubled in 30 years from a mean of 60 NTU in 1988 to 130 NTU in 2012. This could contribute to 

the accumulation of sediments in Lake Victoria at a rate of 2.3 mm yr−1 and its effect on 

eutrophication (Verschuren et al., 2002; Zhou et al., 2014). Additionally, there has been a growing 

concern amongst the local officials in the water sector and water resource users on the significant 

increase in sediment transport in the Sondu river basin, which could be linked to high levels of 

encroachment (Kinyanjui, 2009). 

Being the primary catchment area of the Sondu river, the Mau Forest Complex plays a critical role 

in the management of water resources, water quality and erosion. The Sondu river is not only 

important as a source of water for commercial (tea and forestry plantations) as well as smallholder 

agricultural and domestic use, but also for hydropower production. Improving the knowledge on 

water flows and suspended sediments dynamics in catchments with hydroelectric power plants is 

crucial (Esteves et al., 2019). Therefore, the collection of data to evaluate the spatial and temporal 

variability of sediment loads with the Sondu-Miriu river basin is needed to establish a proper 

baseline to assess alternative future management strategies. We hypothesized that citizen science 

is a cost-effective, and robust approach for data collection for sustainable water resource 

management, as it reduces the costs of suspended sediment monitoring and significantly improves 

data coverage. To our knowledge, this study presents the first analysis of community-based 

monitoring of sediment dynamics in a tropical forested catchment in East Africa. 

3.2 Materials and Methods 

3.2.1 Catchment description 

The study was carried out in the Sondu-Miriu river basin (3,450 km2) which originates in the Mau 

Forest Complex and drains into Lake Victoria at an elevation range of 1,140 to 2,900 m a.s.l. 

(Figure 3.1A). The temporal rainfall distribution in the basin is driven by the intertropical 

convergence zone, generally exhibiting a bimodal rainfall pattern. A longer rainy season occurs 

from April to July, with rainfall peaks in April and May (>250 mm per month) in the upper part of 

the catchment, and a shorter rainy season between October and December. During the dry season 

in January and February the area receives the lowest amount of rainfall (<75 mm per month).  
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Figure 3.1 Map of the study area showing (A) elevation (SRTM digital elevation model 30 m 

resolution; USGS, 2000), citizen science stations and automatic water monitoring network and (B) 

land use within the Sondu-Miriu River Basin. 
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The annual average rainfall ranges from 1,300 mm yr−1 in the lowland areas to 1,900 mm yr−1 in 

the highlands. Mean annual temperatures range from 16°C to 22°C (Stephens et al., 1992; Vuai et 

al., 2012), with a potential evapotranspiration rate of 1,400 to 1,800 per annum at the uplands and 

lower altitudes, respectively (Krhoda, 1988).  

The Sondu-Miriu river basin is characterized by diverse land use types. The upper highland zone 

is dominated by small-scale farming in the eastern part and indigenous forest and woodlands, which 

are part of the Mau Forest Complex, in the central part (Figure 3.1B). From the edge of the forest 

to the west, the land opens up to a rich upland agricultural area characterized by commercial tea 

and tree plantations. Moving downstream to the lower midland zone, a mixed land use pattern 

comprising of smallholder agriculture predominate with more settlements. In this area most of the 

natural vegetation has been replaced by exotic tree species interplanted with crops (Jaetzold and 

Schmidt, 1983; Masese et al., 2012). The lateral and longitudinal distribution of the riparian zones 

varies in terms of their structure, with severely degraded flood plains in some sites and those 

adjacent to agricultural land dominated by exotic tree species such as Eucalyptus spp. The riparian 

zones adjacent to the tea estates are well maintained with dense native vegetation forming a buffer 

up to 30 m distance (Njue et al., 2016). Farming of crops such as maize, beans and potatoes as well 

as livestock keeping by smallholder farmers plays an important role in the area for both subsistence 

and economic purposes. 

Generally, the soils are well drained, deep (>1.8 m), fine textured with humic topsoil of high 

agricultural potential (Jaetzold and Schmidt, 1983). The predominant soils are humic Nitisols in 

the upper zones and Acrisols in the middle and Regosolos in the lower zones. Mollic Andosols, 

Cambisols, Phaeozems, Planosols, Vertisols and Ferralsols are found in smaller proportions 

(Jaetzold and Schmidt, 1983; Ouma et al., 2011; Sombroek et al., 1982; Vuai et al., 2012) (Table 

3.1). 

3.2.2 Citizen science recruitment and training 

The study was designed as a ‘contributory’ citizen science monitoring program, i.e. a scientist-

directed program with citizen scientists primarily contributing to data collection (Bonney et al., 

2009a). We selected six monitoring sites for turbidity monitoring out of the existing 13 sites for 

citizen science water level monitoring described in Weeser et al. (2018) (Figure 3.1A). During 
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selection, we considered the accessibility and proximity to potential citizen scientists. Physical 

characteristics for the sites and their corresponding subcatchments are provided in Table 3.1. 

With the help of local administration and Water Resource Users Associations (WRUAs), 

sensitization meetings with the local community members were conducted at the selected sites. 

WRUAs were considered a good entry point to reach the community members as these are 

community groups formed out of local water users to promote sustainable and equitable water use 

through management and conservation of water resources (Richards and Syallow, 2018). The aim 

of the sensitization meetings was to promote the project and identify potential participants who 

would volunteer in the water quality monitoring program. To understand the local knowledge, level 

of awareness and perception of the local community on water quality and supply, sensitization 

meetings allowed interactive discussions between citizens and scientists. Besides, a conceptual 

model of a river system representation in a poster was used to help the participants understand the 

basic concepts of what a catchment is and how it generally works. Beyond contributing data for 

scientific purposes, the participants were sensitized on the importance of community-based 

monitoring in generating data to inform policy, conservation and land management at local level.  

Following the sensitization meetings, 19 citizen scientists, ~ 3 participants per site (21% female 

and 79% male), were recruited from the local community based on their interest and willingness to 

participate and contribute to the monitoring program. Even though participation was open to all 

community members, several factors may have influenced the citizen’s decision to participate in 

the project and this could explain why more men participated than women. The majority of the 

citizen scientists were between 25–34 years old (42.1%, n=8) with 21.1% (n=4) of the participants 

between 45-54 years. Respectively, 15.8% (n=3) and 10.5% (n=2) were above 55 years and below 

24 years. 31.6% (n=6) of the participants had primary education, 52.6%, (n=10) had secondary 

level of education, and 15.8% (n=3) were college educated (e.g. vocational training and University) 

(Table 3.2). 
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Table 3.1 Catchment characteristics of the monitoring subcatchments in the Sondu-Miriu river basin, Kenya. 

Station name Chemosit 1JB03 Kipsonoi 1JF06 Kiptiget 1JA02 Kuresoi Sondu 1JG05 Yurith 1JD03 

Site-ID CMT KIP KGT KUR SNU YRH 

Coordinatesa 0°28'59.628"S 
35°10'52.956"E 

0°42'30.768"S 
35°13'16.704"E 

0°33'17.358"S 
35°15'29.820"E 

0°24'4.024"S 
35°28'31.733"E 

0°23'42.426"S 
35°0'57.540"E 

0° 45' 26.820" S  
35° 7' 22.788" E 

Area [km²] 81,021 393 185 27 3,252 1569 

Elevation range 
[m.a.s.l] 

1,721-2,932 1,841-2,934 1,890-2,692 2,389-2,692 1,504-2,932 1,632-2,932 

Mean slope [°] 7.4 8.5 7.6 6.6 6.7 6.9 

Land usesb Forest cover 
(51%), rangeland 
8%), Smallholder 
agriculture 
(32%), tea 
plantation (7%), 
and tree 
plantation 2%) 

Forest cover 
(47%), rangeland 
(14%), 
smallholder 
agriculture 
(37%), tea 
plantation (1%), 
and tree 
plantation (1.3%) 

Forest cover 
65%), rangeland 
7%), smallholder 
agriculture 
(22%), tea 
plantation (4%), 
and tree 
plantation (1%) 

Forest cover 
(16%), rangeland 
(15%), 
smallholder 
agriculture 
(64%), and tree 
plantation (4.4%) 

Forest cover 
(36%), 
rangeland 13%), 
smallholder 
agriculture 
(45%), tea 
plantation 5%), 
and tree 
plantation (2%) 

Forest cover 
(48%), rangeland 
(9%), smallholder 
agriculture (33%), 
tea plantation 
(8%), and tree 
plantation (2%) 

Dominant soil 
typesc 

Humic Nitisols 
(68%) and Mollic 
Andosols (30%) 

Humic Nitisols 
(47%) and Mollic 
Andosols (49%) 

Humic Nitisols 
(100%)  

Humic Nitisols 
(98%)  

Humic Nitisols 
(46%), Eutric 
Planosols 
(12%), Rhodic 
Ferralsols 
(11%), and 
Vertic Luvisols 
(10%)  

Humic Nitisols 
(99%)  

aWGS 1984 

bSwart (2016) 

KENSOTER Geology data from the Soil and Terrain database for Kenya (KENSOTER) version 
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At each site, a 1-day training session was conducted during which the participants were informed 

about the research design, and trained on sample collection and measurement procedures, data 

recording and submission Following training, multiple test measurements were made by the team 

of participants and compared to those taken by instructors. Each citizen scientist was equipped with 

a turbidity tube, water-sampling device, and an instruction manual in simple language. To avoid 

communication barriers the trainings were carried out in Swahili. Moreover, the measurement 

process was explained in the manual using pictures and instructions written in English as well as 

Swahili. Citizen scientists were encouraged to send water level and turbidity data at least twice per 

week. To encourage sustained engagement, we implemented a reimbursement of cell phone credit 

worth US$ 0.50 monthly (equivalent to 50 text messages) to the participants to compensate the 

costs incurred by sending the text message. 

Table 3.2 Diversity in gender, age, education level and distance to the monitoring station of the 

19 trained citizen scientists. 

 Variable  Category                  % Citizen scientists 

Gender Male 78.9% 

  Female 21.1% 

 Age 24 or younger 10.5% 

  25-34 42.1% 

  35-44 10.5% 

  45-54  21.1% 

  55 or older 15.8% 

Education Level Primary school 31.6% 

  Secondary school 52.6% 

  College education  15.8% 

Distance to the station <0.5km 42.1% 

  0.5-1km 36.8% 

  1-2km 5.3% 

  >2km 15.8% 

3.2.3 Field data acquisition and transmission 

Citizens measured turbidity using a modified Wagtech turbidity tube (Total Ex-Works Wagtech 

Projects, Thatcham UK). The viewing disk of the turbidity tube was modified to a yellow 
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background colored with a black checker pattern to increase visibility. Turbidity was measured by 

filling the turbidity tube with river water, collected off the riverbank without disturbing the 

sediment, until the pattern on the disk fixed at the bottom of the tube was no longer visible when 

viewed from above. Turbidity was then estimated by reading the water level in the tube against the 

scale on the turbidity tube with values ranging from 5-500 TU (see details on calibration of turbidity 

tubes given below). In cases where the bottom was clearly visible when the turbidity was full, the 

turbidity reading was recorded as zero to indicate that the measurements were below the detection 

limit of the turbidity tube. Although Mitchell et al. (2007) advises to take the upper mark when the 

water level falls between two scale marks, this approach seems to underestimate suspended 

sediment concentrations. Instead, we used a second commonly used approach which is to estimate 

a fractional value between the two scale marks, assuming a linear scale. In addition to turbidity, 

citizen scientists took water level data by reading the value from a water level gauge installed at 

the site. 

After taking the measurements, the citizen scientists sent a text message containing the records and 

a site-specific ID using their mobile phones to the central database. The submitted data was then 

parsed by a script (using open source programming languages – Python and JavaScript) and 

interpreted to associate measurements with the specific monitoring station and parameter. Further 

information on data transmission and processing is detailed in Weeser et al. (2018). Additionally, 

the participants recorded data onto a standard form in the field. The data collection started in 

September 2017 and is still ongoing. For the present study we compiled and processed the dataset 

collected up to September 2019, covering a representative range of hydrological variations 

coinciding with seasonal changes in the Sondu-Miriu river basin. 

3.2.4 Analysis of level of engagement  

To gain a deeper understanding of the citizen scientists’ participation pattern over time we used 

several measures. These include counting the total valid data records of individual participants 

submitted over the monitoring period from September 2017 to September 2019, analyzing the 

participation of each participant per site over time, classification of activity of participants, and 

computing the corresponding Gini coefficient using the approach frequently used to determine 

inequality of income (Atkinson, 1970). The latter approach has been applied in other citizen science 

projects to evaluate participants’ contributions (Sauermann and Franzoni, 2015; Scott and Frost, 
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2017). A Gini coefficient is based on the Lorenz curve, which indicates the cumulative data 

contribution (y-axis) that is made by a cumulative share of participants (x-axis). A 45° line 

corresponds to total equality, i.e., all participants contribute the same amount of data. The Gini 

coefficient was then calculated as the ratio of the area between the 45° line and the Lorenz curve 

over the total area under the 45° line. A Gini coefficient of 0 expresses perfect equality, i.e., equal 

sampling among participants during the entire monitoring period, whereas a coefficient of 1 

expresses maximal unequal sampling effort among participants (Atkinson, 1970). 

To provide insight into individual’s micro-level participation pattern, we categorized the degree of 

participation into very active, active, moderate, and less active participation, based on the frequency 

of participation over time and total data contributions. The very active participants are defined as 

those that sampled more intensively over a longer period (at least 20 months over a minimum of 

25 consecutive months), characterized by more monthly contribution (at least 8 measurements per 

month) and a dataset exceeding 100 records. Active participants are those that contributed data 

consistently on multiple days in a month (at least 4 measurements per month) during the first 10 

months after inception and characterized by a dataset ranging from 50 to 100 records. Moderately 

active participants are those that contributed data occasionally with few very active months 

(contributed at least 2 to 4 measurements in active months) and characterized by a dataset ranging 

from 20 to 50 records. Less active participants are those whose participation was infrequent (had 

not contributed data for over 12 months continuously after their initial month of participation) and 

of low intensity (contributed 1 to 2 measurements in active months), with a dataset of < 20 records 

over the monitoring period. 

3.2.5 Calibration 

Calibration of the turbidity tubes was conducted and a relationship between turbidity and suspended 

sediments concentrations (SSC) was established from all the datasets obtained from the six citizen 

science monitoring stations and two automated monitoring stations, respectively. This was 

achieved by preparing suspensions covering a range of suspended sediment concentrations using 

fine sediments collected from different locations in the riverbed at each sampling site. We took the 

site-specific samples to account for potential differences in the physical and geochemical 

characteristics of the catchment and have a reasonable representation of the sediment transported 

in the catchment. The fine sediment material collected was first sieved to remove gravel and 
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particles larger than 0.5 mm. Then a suspension was prepared in a bucket using the fine sediment 

material and river water. Further separation was done after 100 s, corresponding to a theoretical 

grain size of > 50 µm following Stoke’s law (Equation 1) by decanting the suspension in another 

bucket. The decanted suspension was used for the calibration. The settling time was calculated 

using the equation 

            t=
18ηh

(ρₛ-ρₗ)X
2
g

                                                               (1) 

Where t is the settling time, η is the fluid viscosity [kg/ms], h is the settling depth [m], 𝝆ₗ is the 

liquid density [kg/m3], 𝝆ₛ is the particle density [kg/m3], g is the acceleration due to gravity [m/s2], 

and X is the particle diameter [m]. 

To obtain the required range of turbidity and suspended sediment concentrations, dilutions were 

made from the main suspension using clear water. The unit scale of the turbidity tube ranging from 

5 to 500 TU was used to guide the calibration process. For each stepwise dilution, the suspension 

was homogenized by stirring the suspension continuously to prevent settling of sediments, filled in 

the tubes and the tubes’ turbidity was recorded. We then calibrated the suspension in two ways. In 

the first one, 250 mL of the suspension was taken for the analysis of the suspended sediment 

concentration (mg L−1), which was determined gravimetrically, to determine the relationship 

between turbidity and SSC (Anderson and Davie, 2004; Gray et al., 2000). In a second approach, 

we measured the turbidity using the spectro::lyser installed at the two monitoring sites at KUR and 

CMT. The turbidity values recorded with the turbidity tube and spectro::lyser were calibrated 

against suspended sediment concentrations for each site using empirically derived linear regression 

models to allow for statistical prediction of these parameters. 

3.2.6 Data validation  

Two sites (KUR and CMT) were located next to automatic monitoring stations measuring turbidity 

in FTU (formazin turbidity unit) using a UV-Vis based sensor (spectro::lyser, SCAN Messtechnik, 

Vienna, Austria) and water level with a radar-based sensor (VEGAPULS WL61, VEGA Grieshaber 

KG, Schiltach, Germany) at 10-minute interval. Stenfert Kroese et al. (2020b) provide a detailed 

description of the stations. Turbidity data from the sensors were calibrated following the same 

approach as described in Section 3.2.5. These data were used to evaluate the accuracy of the citizen-
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science data using a linear regression model. For each data point in the citizen science dataset, the 

corresponding measurement at the same day and time (±10 minutes) was obtained from the 

automated stations. Following the assumption that citizen scientists would not measure after sunset, 

measurements received by the SMS server past 6 pm were omitted to control sources of variability 

between the actual time the measurement was taken and when it was submitted, as this may account 

for differences when comparing the two datasets. Additionally, measurements which were taken at 

the same time by different participants but did not match or those that did not have a valid 

measurement from the automated station were excluded. 

3.2.7 Quality control and assurance 

Our study adopted multiple quality control measures to ensure the production of valid data that can 

yield both scientific and educational outcomes as proposed by Wiggins et al. (2011). This involved 

developing simple and standardized data collection protocols and monitoring tools (manual 

containing instructions and water sampling equipment) that were essential for the process. Further, 

we trained the participants before embarking on the monitoring program and tracked their 

performance through follow-up meetings once per month. Additional quality control measures 

include replication through multiple measurements by the same participant and by having 3 or 4 

participants per site to reduce sampling error and bias, submission of data to the central database 

along with field data sheets for verification, as well as manual screening and identification of 

outliers in the dataset. Furthermore, the citizen science generated data was compared and validated 

with the data recorded by the spectro::lyser sensor of the automated stations. 

Due to the low number of cases of data replication, we filtered outliers by visually inspecting of 

the time series data and removed spurious data points. From over 1300 dataset, 80 (6%) 

measurements contained invalid data and were not included for further analysis. The invalid data 

were due to errors associated with typing, omitting of site-ID or sending the measurement to a 

wrong code e.g. submitting water level data using the code for turbidity. 

3.2.8 Statistical analyses 

The suspended sediment concentrations were tested for normality using Q-Q plots and the Shapiro-

Wilk test (p < 0.05) which revealed non-normal distribution of data. Therefore, all tests used in this 

study are non-parametric. To test for significant differences in the suspended sediment 
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concentrations among different sites, the Mann-Whitney U test was used at p < 0.05. Spearman’s 

correlation coefficients were calculated to identify the strength and direction of significant 

relationships (p < 0.05) between SSC concentrations and explanatory variables. 

3.3 Results and Discussion 

3.3.1 Relationship between turbidity and suspended sediment concentration  

To visualize the relationship between suspended sediment concentrations and the measured 

turbidity values from both turbidity tubes and automated stations measurements, the calibration 

dataset was pooled to obtain one rating curve for the turbidity tube and one for the automated 

stations. In the view of the potential loss of information through pooling of the data from the six 

subcatchments, we further compared the resulting regression statistics and found no significant 

difference between the slopes for each site-specific calibration (P>0.1). Pooling data allows to 

establish one common calibration which can be used in case turbidity tubes are used in additional 

so far not measured subcatchments. The relationship between turbidity and suspended sediment 

concentrations showed a strong linearity (Figure 3.2). The strong relationship indicates a high 

predictability of SSC from turbidity tube readings and automated stations. Studies conducted to 

evaluate the use of turbidity tubes to predict total suspended solids concentrations in streams in 

northeast Ohio revealed also a highly predictive correlation (R2=0.896) (Anderson and Davie, 

2004). Similarly, Stenfert Kroese et al., (2020b) reported a strong correlation between turbidity 

readings (FTU) and suspended sediment concentrations for the automated stations used in this 

study (R2=0.98). 
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Figure 3.2 Relationship between suspended sediment concentrations (SSC) (mg L−1) and turbidity 

measurements using (A) turbidity tubes (Tu) at the six monitoring sites and (B) automated station 

(AS) at two monitoring sites (KUR and CMT) in the Sondu-Miriu river basin, Kenya. 

3.3.2 Validation of citizen science data 

A comparison between citizen scientist collected data and measurements obtained with automated 

stations at KUR and CMT showed high correlation of 0.95 and 0.94, with a root mean square error 

(RMSE) of 40.2 mg L−1and 33.1 mg L−1, respectively (Figure 3.3). However, citizen scientists 

measurements at KUR tended to deviate from the 1:1 slope to a great extent and the suspended 

sediment concentration was found to be more likely to be underestimated at higher concentrations 

(>50 mg L−1, P<0.05), a bias observed in other citizen science datasets as well (Ho et al., 2020). 

For data comparability and quality between participants, the relative difference between suspended 

sediment data collected with the turbidity tubes by the two most active participants per site and the 

data measured by the automated station was calculated (Figure 3.4). The results show that the 

citizen scientists at KUR underestimated SSC by ~ 30% and generally overestimated low SSC 

values at CMT, but there was no significant difference in measurements between the participants 

(p > 0.05). Other studies suggest that turbidity tube readings can over- or underestimate actual 

turbidity values for particular locations due to site-specific characteristics such as particle size, 

composition of particulate matter, lighting conditions and error between different observers (Dorea 
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and Simpson, 2011; Rügner et al., 2013; Scott and Frost, 2017). We found no significant difference 

between the citizen scientists’ data and automated stations data at CMT (p > 0.05), indicating 

consistency in suspended sediment concentrations between the two methods. Scott and Frost (2017) 

reported a good relationship between turbidity measurements taken by volunteers using turbidity 

tubes and lab measurements of total suspended solids (R2 = 0.68). This is an indication that 

measurements taken by citizen scientists using turbidity tubes can provide useful information on 

the concentration of suspended sediments in rivers in the Sondu-Miriu catchment, as found 

elsewhere (Anderson and Davie, 2004). 

Our results indicate that the lower detection limit for SSC under field conditions for our turbidity 

tubes is about 25 mg L−1. Anderson and Davie (2004) reported that an accurate estimation of SSC 

in the lower ranges (10-20 mg L−1) is more difficult due to low repeatability owing to the detection 

limits of the turbidity tubes. Also, the scale on the turbidity tube, especially for larger values, is so 

rough that some detail is lost at this range. A similar observation was reported by the Forest Water 

Watch project in Toronto, Canada (Scott and Frost, 2017). Additionally, only very few SSC values 

>200 mg L−1 were recorded by the citizen scientists, thus failing to capture major sediment export 

events, a sampling bias frequently reported with citizen science approaches (Miguel-Chinchilla et 

al., 2019; Thornhill et al., 2016). We attribute this to individual preferences of citizen scientist as 

high SSCs are likely correlated with increased water levels, rainfall and ‘bad weather’. It is very 

likely that citizens simply avoid sampling under these conditions. This could have resulted in the 

underestimation of SSC from each of the monitored subcatchment by an unknown proportion 

(Dutton et al., 2018; Ziegler et al., 2014). 

Rapid developments in technology and rise of low-cost robust sensors with improved detection 

limits and resolution could be suitable for citizen science studies to complement already existing 

crowdsourcing efforts (Buytaert et al., 2014; Scott and Frost, 2017). Recently, an improved 

quantification of both turbidity and concentration of suspended particular matter by use of 

smartphone applications such as HydroColor has been successfully tested in Australia and USA to 

monitor inland waters (Leeuw and Boss, 2018; Malthus et al., 2020) and in Myanmar to monitor 

Ayeyarwady river (Thatoe Nwe Win et al., 2019). Other studies have demonstrated working 

methods using digital cameras in Wisconsin for water quality mapping (Compas and Wade, 2018). 
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Figure 3.3 Comparison of the suspended sediment concentration (mg L−1) calculated based on 

calibrated turbidity measurements collected by citizen scientist and automated stations between 

September 2017 and September 2019 for (A) KUR and (B) CMT in the Sondu-Miriu river basin, 

Kenya. The dashed line represents the 1:1 relationship. 

 

Figure 3.4 Relative difference between citizen scientists measured SSC (mg L−1) using turbidity 

tubes and the SSC (mg L−1) obtained from turbidity data recorded by an in situ UV-Vis sensor at 

the corresponding automated station for (A) KUR and (B) CMT. The grey boxplots show the 

relative difference for all participants at a given site. Participant number corresponds to the 

participant ID shown in Figure 3.6. 
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3.3.3 Participation rate 

Sustained engagement and generating the required participation levels in citizen science are of 

primary importance in contributing to data quality and should therefore be carefully considered 

(Moor et al., 2019; Scott and Frost, 2017; Serret et al., 2019). To evaluate this, we used data on the 

participation of the citizen scientists from the six monitoring sites. We noticed that the number of 

participants, of which 19 participated in one-day training meetings held at the monitoring sites, 

increased to 37 during the project. Unlike the original 19 participants, these 18 ‘new’ citizen 

scientists were not followed up intensively during the project. We assume that some of the 18 ‘new’ 

participants borrowed the tubes and received training from the original participants during their 

weekly sampling and contributed to the dataset out of intrinsic motivation. This is consistent with 

other research that reported on citizen science behaviors as a potential avenue for recruiting new 

members to the program and diffusion of knowledge, for example the Wabash Blitz volunteer 

experience (Church et al., 2019). Alternatively, the original participants changed their cellphone 

numbers during the monitoring period and were consequently considered as ‘new’ participants. 

However, since none of the ‘new’ participants showed a sudden and strong activity in the middle 

or towards the end of the study period, it is unlikely that such cases occurred as the trained 

participants consistently contributed most of the data each month. Additionally, there are those 

participants who contributed data occasionally during the training, and/or monthly sensitization 

meetings. 

The sampling effort and data contribution varied over time with noticeable spikes. Figure 3.5A 

reveals that the highest level of participation was recorded during early stages of the project with 

October 2017 having the highest number of measurements (n = 101) followed by a decline in the 

subsequent months. This could be attributed to the initial novelty when the project activity started 

and the motivation of the community to learn a new skill (Raddick et al., 2009; Rotman et al., 

2012). The monthly spikes can be explained by subsequent growing interest among participants as 

they became more experienced in the monitoring, new participants who joined later in the project 

phase or by monthly sensitization meetings undertaken by the project to encourage engagement.  
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Figure 3.5 Participation of citizen scientists in data collection and cumulative for the monitoring 

period from September 2017 to September 2019 in the Sondu basin, Kenya: (A) total number of 

measurements per month B) Lorenz curve representing inequality in data collection by all 

participants. 

All of the participants at sites KUR, CMT and KIP that contributed large numbers of readings lived 

within 1 km distance from the monitoring station and visited the river more often as they depend 

on river water for domestic use (Table 3.3). In contrast, reduced motivation over time due to limited 

ease of access and proximity to monitoring stations could be associated to the low participation rate 

thus a smaller amount of data at sites SNU, and YRH where 4 out of 6 of the participants lived 

more than 2 km away. Besides, one of the participants at SNU mentioned that monitoring water 

level was easy as the staff gauges alongside signboards were installed at designated gauging station, 

whereas the water quality measurements required bringing own equipment to the site. A reducing 

interest in long-term citizen science based research is a typical pattern found in other projects as 

well. Volunteer Lake Monitors in Minnesota and Alabama Water Watch programs reported an 

overall increase in number of dropouts after the 1-3 years of the monitoring program (Deutsch and 

Ruiz-Córdova, 2015; Klang and Heiskary, 2000). Notwithstanding, the last phase of the project 

was characterized by a more stable monitoring effort as compared to other phases with an average 

rate data contribution of 25 measurements per month over all the sites. 

As noted by Wilkinson (2008), participation follows a power law of distribution in which a small 

number of very active participants account for most of the activity. This is reflected in the Gini 

coefficient of 0.66 (Figure 3.5B). While still being relatively high and indicating the dominance of 
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a few participants providing most of the data, our Gini coefficient is somewhat lower than those 

reported for other projects such as the Toronto Forest Water Watch project and Zooinverse with 

Gini coefficients of 0.84 and 0.85, respectively (Sauermann and Franzoni, 2015; Scott and Frost, 

2017). Analyzing individual-level total data contribution, we find that the very active participants 

(11%, n = 4) and active participants (11%, n = 4) contributed 72% of the data. The remaining data 

were collected by moderately active members (19%, n = 7), and less active participants (59%, n = 

22), most of whom we presume belong to the group of new participants.  

Table 3.3 Demographics of the 19 trained citizen scientists in relation to the level of engagement 

based on the total number of valid measurements contributed over the entire monitoring period 

between September 2017 to September 2019 (Very active: >100, active: 50–100, moderately 

active: 20–50, less active: < 20). 

Variable Category Level of engagement 

    Very active Active Moderately active Less active 

Gender Male 10.5 % (n=2) 21.1% (n=4) 26.3% (n=5) 21.1% (n=4)  
Female 10.5% (n=2) 

 
5.2% (n=1) 5.2% (n=1) 

Age  24 or 

younger 

  
10.5% (n=2) 

 

 
25-34 15.8% (n=3) 10.5% (n=2) 5.2% (n=1) 10.5% (n=2)  
35-44 

  
5.2% (n=1) 5.2% (n=1)  

45-54 
 

5.2% (n=1) 10.5% (n=2) 5.2% (n=1)  
55 or older 5.2% (n=1) 5.2% (n=1) 

 
5.2% (n=1) 

Education 

Level 

Primary 

school 

15.8% (n=3) 5.2% (n=1) 5.2% (n=1) 5.2% (n=1) 

 
Secondary 

school 

5.2% (n=1) 10.5% (n=2) 26.3% (n=5) 10.5% (n=2) 

 
College 

education 

 
5.2% (n=1) 

 
10.5 % (n=2) 

Distance to 

station 

<0.5km 10.5% (n=2) 10.5% (n=2) 1 0.5%(n=2) 10.5% (n =2) 

 
0.5-1km 10.5% (n=2) 5.2% (n=1) 10.5% (n=2) 10.5% (n =2)  
1-2km 

  
5.2% (n=1) 

 

  >2km   5.2% (n=1) 5.2% (n=1) 5.2% (n=1) 

Of all the participants, four (11%) contributed data consistently for the entire monitoring period 

(25 months), indicating a long term-commitment from participants residing near to the monitoring 

locations. 35% (n = 13) of the participants dropped out of the program after 1-2 months of 

monitoring, while 30% of the participants monitored for a period of 11-25 months (Figure 3.6). 
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The greatest proportion of participants with the highest level of engagement were between 25 and 

34 years with primary education, even though most of the citizen scientists had secondary school 

education (Table 3.3). The findings resonates with other studies that observed a similar pattern in 

which younger (<35 years) and lower educated people showed active participation and long-term 

commitment in citizen science projects (Brouwer and Hessels, 2019; Weeser et al., 2021). 

Nevertheless, even occasional participants can successfully contribute to the monitoring program 

as most contributions in citizen science are attained by returning participation (Sauermann and 

Franzoni, 2015).  

 

Figure 3.6 Temporal distribution of data collected by all participants at all the monitoring sites for 

the monitoring period from September 2017 to September 2019. Level of engagement is based on 

the number of measurements (n) contributed per month. 
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3.3.4 Method of engagement 

In addition to generating relevant research data and increasing scientific knowledge, designing,  

and building a citizen science project requires the consideration of social aspects to sustain user 

motivation and achieve project goals (Domroese and Johnson, 2017; Shirk et al., 2012). The decline 

in participation rate and drop out of citizen scientists in the study could have been contributed by 

the cost of 0.01 USD involved in the transmission of data (Weeser et al., 2021). Additionally, a 

delay in the reimbursement of credit after submission of data, as this was done at the end of the 

month, could have demotivated participants thus resulting in declining participation (Wald et al., 

2016). Other studies have identified financial incentives as a significant barrier for participation in 

developing countries where citizen scientists expect to derive income from their engagement 

(Buytaert et al., 2014; Hobbs and White, 2012). Another challenge in engaging long-term 

participation could be attributed to the disconnect between the projects objectives and needs of the 

community as well as interests of the participating group (Church et al., 2019; Wald et al., 2016). 

According to Golumbic et al. (2020), identifying and addressing a community need can ease the 

challenging process of participant retention and support sustained engagement. 

To minimize barriers for participation we kept the method of sending data as simple as possible. 

As mobile phone coverage and usage become a more established method of communication in East 

Africa (Krell et al., 2020), we chose the text message service since it is easy to use, user-friendly, 

stable, and inexpensive (Weeser et al., 2018). Delivery of feedback is a fundamental element of a 

successful citizen science program (Brouwer et al., 2018). In this study we incorporated an 

automated feedback built into the central server to provide an immediate feedback to the citizen 

scientists and appreciation message of ‘Thank you’ based on the participant’s measurements. Such 

an engagement strategy has a positive influence that could keep the citizen scientists motivated as 

it acknowlegdes their contribution and indicates the level of activity (Lowry and Fienen, 2013; 

Weeser et al., 2018). Additionally, two meetings at two sites (KUR and SNU) were organized to 

communicate preliminary results to the citizen scientists and to other local community members. 

This provided a platform for interactive feedback between the researchers, citizen scientists and 

community members after which some participants would be motivated and encouraged to continue 

sending data. Majority of the volunteers who participated in the water level monitoring program in 

the same catchment reported that such meetings were powerful means to reach out to the 
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community and engage motivated volunteers (Weeser et al., 2021). Furthermore, visualization and 

communication of results through meetings or other virtual platforms such as web-based 

technologies could incentivise citizen scientists for further engagement as they can directly gain 

from participation (Buytaert et al., 2014; Golumbic et al., 2020). 

3.3.5 Spatial and temporal trends of suspended sediment concentrations 

Suspended sediment concentrations in the Sondu-Miriu river basin ranged from 25 to 496 mg L−1
 

with an average of 75 ± 56 mg L−1. The data revealed significant differences among sites (p < 0.05). 

The suspended sediment concentrations were significantly higher at SNU than at all other sites 

(109 ± 94 mg L−1) while KGT had the lowest SSC (50 ± 25 mg L−1), (p < 0.05) (Figure 3.7). The 

proportion of smallholder agriculture (r = 0.11) and catchment area (r = 0.17) were positively but 

weakly correlated with SSC concentrations (p < 0.05). There is a large body of literature that shows 

a tight relation of land use and erosion rates. Particularly, agriculture is associated with increased 

erosion rate due to arable practices, loss of soil structure and reduced forest cover (Ou et al., 2016; 

Poudel, 2016; Tanaka et al., 2016), that limit infiltration rates and soil hydraulic conductivity 

properties in the catchment (Nadal‐Romero et al., 2018; Owuor et al., 2018). Earlier studies in the 

neighboring Mara river basin found that unregulated livestock grazing and agricultural land 

conversion may have increased erosion and contributed to the higher than expected sediment yields 

from the catchment (Dutton et al., 2018). Stenfert Kroese et al. (2020b) observed that agriculture 

and unpaved tracks, which are pathways for people and livestock to the streams, in a smallholder 

catchment in the Sondu-Miriu river basin could be another driving force for the total sediment load 

into rivers, due to more overland flow. The presence of intact riparian zones, characterized by 

mixed dense indigenous vegetation, and commercial tea plantation and forest plantation practices 

around KGT may explain the low suspended sediment concentrations. In contrast, the longitudinal 

quality of the riparian zone at SNU is degraded with limited ground cover and disturbed banks due 

to cultivation of crops and plantation of woodlots with exotic tree species. Forests and riparian 

buffer zones can act as a filter, controlling and decreasing the sediment load by surface runoff 

(Mello et al., 2018). Similar effects were reported in previous studies that found forested 

watersheds to have lower suspended sediment concentrations as compared to agricultural 

landscapes (Mello et al., 2018; Stenfert Kroese et al., 2020b; Tu, 2013; Zhang et al., 2017). 

Contrasting the effect of land use, we have no clear explanation for the positive correlation with 
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catchment size, as we would have expected higher SSC with smaller catchment size, due to higher 

stream velocities, as well as larger variability and extremes of discharge.  

 

Figure 3.7 Variation in suspended sediment concentrations across the monitoring sites for the 

sampling period September 2017 to September 2019. The lower and upper lines of the boxplots 

correspond to the 1st and 3rd quantile (Q1 and Q3), respectively, while the solid horizontal line inside 

the box represents the median value (Q2). The lower and upper whiskers show the minimum and 

maximum values within 1.5 times the interquartile range, while the circle markers represent 

extreme values outside of that range. Significant differences among sites are indicated with 

different letters (P<0.05). 

Visual assessment of the hydrological time series data shows seasonal variability in both suspended 

sediment concentration and water level (Figure 3.8). YRH was omitted from the analysis as it had 

a short time series because the installation of water level gauge and monitoring of the water level 

started later in March 2018. The time series of citizen science generated water level and SSC data 

at sites KUR and CMT show similar trends with the data from the automated station in relation to 

high and low flow conditions (Figure 3.8A, C). Nevertheless, the citizen scientists did not manage 

to capture the same degree of variability in SSC concentrations, especially during the rainy season. 

Peak SSC concentrations were reached in early to mid-rainy season (in the months of April-July 
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for long rains and September to October for short rains), in some instances prior to peak flow, and 

decreased in the transition from rainy to dry season (in the months of December-March). The higher 

concentrations of suspended sediments during the rainy season and the lower concentrations in the 

dry season in this study are consistent with other rivers studied in the Mau Forest Complex (Dutton 

et al., 2018; Stenfert Kroese et al., 2020b). Also notable are the considerable high SSC even in 

times when flows were consistently lower in March and May 2019 at site CMT and KIP. This could 

be due to the time lapse between the rains and their respective effect on the concentration and water 

level (Göransson et al., 2013). Other studies have reported similar results showing that the SSC did 

not necessarily change with discharge values which is an indication that other factors besides 

rainfall such as natural and anthropogenic disturbances control the SSC in small catchments 

(Ouellet-Proulx et al., 2016; Rodríguez-Blanco et al., 2018). Stenfert Kroese et al. (2020b), in a 

study in the same catchment, reported that the impulse response between the peaks of discharge 

and sediment concentration was in general longer compared to the rainfall peak. 

Overall, citizen science project in Kenya indicate a promising new approach for recording water 

quality data in a remote tropical environment. The study also reveals that, when appropriately used, 

turbidity tubes can be an effective and inexpensive monitoring tool to estimate relative sediment 

concentrations from different catchments. The total cost for setting up and operating the entire 

citizen science based network for one year cost ~ $10,000 (including cost for the purchasing of 

sampling materials, meetings and on-site visits, and maintenance of the data server). In contrast, 

setting up an automated station at one site cost ~ $50,000, which is much more expensive as 

compared to operating a citizen-science approach. Furthermore, extra costs incur annually for 

security and regular maintenance of automated stations, despite of malfunctioning of sophisticated 

analytical instruments due to harsh environmental conditions in tropical ecosystems. 
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Figure 3.8 Time series of suspended sediment concentration and observed water level transmitted 

by citizen scientists at five sites and measured by automated stations at sites KUR and CMT in the 

Sondu-Miriu river basin over the monitoring period between September 2017 to September 2019. 
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3.4 Conclusion 

This study evaluated the potential of citizen science to monitor suspended sediment concentrations 

in a remote tropical river basin using turbidity measured with turbidity tubes as a proxy. The citizen 

science generated data showed a good relationship with the automated measurements of suspended 

sediment concentrations, which reveals that turbidity tubes can be an effective and inexpensive tool 

to estimate relative differences in suspended sediment concentrations between catchments with 

contrasting conditions. This is at least the case under low to moderate water levels. Limitations 

such as sampling biases attributed to underestimation and the precision of measurements due to 

low repeatability owing to the detection limits of the turbidity tubes were observed. 

Notwithstanding, understanding the error and bias associated with citizen science generated data 

in estimating suspended sediments, the data can be used to provide baseline information on 

concentrations and support implementation of catchment and land use best management practices. 

Where the purpose of the data is to calculate sediment yields, further investigation through 

extensive sampling and increased spatial and temporal resolution is recommended. The 

possibilities of sampling even extreme events might be even more difficult. On the one hand, 

because it is difficult to take representative water samples from the middle of stream where 

sediment loads are likely highest and, on the other hand, because the willingness of the citizens to 

voluntarily work outside under extreme weather conditions is low. 

Despite the limitations of the data collected with the turbidity tubes, the data provide good insights 

of the spatial and temporal dynamics of sediment concentrations in the Sondu-Miriu river basin. 

Our findings highlight the forest cover as a key landscape feature as low levels of suspended 

sediment concentrations were recorded in areas with high forest cover. In contrast, suspended 

sediment concentrations in the downstream subcatchment dominated with agriculture and 

rangeland was significantly higher as compared to other subcatchments upstream, indicative of the 

impacted state of the river ecosystems in the Sondu-Miriu river basin. 

Prospective future works should consider employing smartphone applications and robust sensors 

with improved detection limits and resolution that are suitable for citizen science studies in order 

to increase the precision of concentration measurements, allow for higher sampling rates and less 

subjective readings. We particularly see an advantage of those systems that will allow contact-free, 

remote measurements of the river through taking pictures or video-taping from remote places such 
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as a bridge. 

Finally, long-term participation of citizen scientist remains a challenge. While the participation and 

sampling equality rates were comparable to other citizen science projects, only 11% of the 

participants remained engaged for the full monitoring period, an indication of a high dropout rate. 

However, both long-term and short-term monitoring efforts from the participants can increase the 

spatial and temporal coverage of the overall dataset. Increased collaboration between researchers 

and the citizen scientists through interactive feedback and communication strategies could be an 

incentive to promote sustained participation. This study emphasizes the need for further empirical 

research on the social processes within the context of citizen science in low-income regions to 

understand in depth the motivations and engagement dynamics to minimize barriers and improve 

overall participation. 

Overall, the results indicate that citizen science is no panacea but is a promising new cost effective 

approach that affords a unique opportunity for monitoring hydrological and water quality data in a 

remote tropical montane rainforest environment.  
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4. Valuation of water-related ecosystem services: Implications for sustainable management 

of tropical montane forests 

This chapter has been submitted to Ecosystems and People as: 

Njue, N. K., Rufino, M. C., Breuer, L., and Jacobs, S. Valuation of water-related ecosystem 

services: Implications for sustainable management of tropical montane forests. Under review for 

Ecosystems and People. 

4.1  Introduction 

Forested watersheds provide ecosystem services in the form of provisioning, regulating, supporting 

and cultural services which are significant not just locally but also globally (MEA, 2005). Of these, 

the provisioning of water-related (hydrological) ecosystem services (WES) are of vital importance 

to society and human well-being (Brauman et al., 2007). Paired catchment studies have shown that 

forests influence the quantity, quality and timing of water supply while also performing protective 

functions like preventing erosion, reducing flood risk, storage of carbon, regulating micro-climate, 

and providing cultural services like recreation among many others (Bruijnzeel, 2004; Calder, 2002; 

Ellison et al., 2017). The capacity of the forest to provide WES is, however, dependent on 

ecosystem health and their sustainable management (Báliková et al., 2020). In spite of this, most 

world’s forest management programs seem to focus on biodiversity conservation and only 12% are 

managed with provisioning of WES as the primary objective (Báliková et al., 2020; Springgay et 

al., 2021). This fact could reflect the lack of full recognition or undervaluation of the relevance of 

WES within decision-making processes (Hohenthal et al., 2015; Springgay et al., 2019). In the light 

of the growing proportion of the population depending on natural forest resources for their 

livelihoods, amidst the effects of climate change and water scarcity estimated to affect two-thirds 

of the world’s population by 2025, maintaining healthy forested landscapes is becoming 

increasingly critical (FAO, 2013). However, reducing the trade-offs between maintaining healthy 

forested ecosystems and other land-use decisions that favour other provisioning services (such as 

food, energy and timber) presents a significant challenge (Grizzetti et al., 2016). 

This tension between objectives also applies to Kenya’s water towers, such as Mau Forest 

Complex, which are constantly threatened by conversion to other land-use types (Jebiwott et al., 
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2021). The Mau Forest Complex is the largest remaining closed-canopy indigenous tropical 

montane forest in East Africa. It is an important area that feeds major rivers and lakes in the country 

which support major economic sectors and serve as a vital source of water to over 5 million people 

living downstream (UNEP, 2008). However, despite its importance, the forest has been under 

enormous pressure for the past few decades due to anthropogenic activities coupled with climatic 

variations (Jebiwott et al., 2021; Swart, 2016). Conversion of the Mau forest to smallholder 

agriculture and pasture has been the main driver of deforestation linked to a significant loss of > 

25 % forest cover between 1973 and 2013 (Brandt et al., 2018; Swart, 2016), with a net loss in 

forest area estimated at 699 km2 during the period 1984-2020 (Jebiwott et al., 2021). As a result, 

the hydrological functioning of the forest, which is necessary for providing essential WES, has 

declined (Masese et al., 2012). This is coupled with ecosystem degradation, which has cascading 

effects on food security, water availability, human health, security, and social safety, which in turn 

undermine the resilience of the local community (Mwangi et al., 2020).  

The adverse impacts caused by changes relating to forest, water and associated ecosystem services 

are felt most at the local level, where people are highly dependent on these resources and services 

for their livelihood and wellbeing (Acharya et al., 2019; Dorji et al., 2019; Gebrehiwot et al., 2014). 

Nevertheless, local peoples’ perspectives and ecosystem service values are not always adequately 

incorporated in management decisions and conservation policies (Langat et al., 2021). This is 

despite the empirical evidence showing that successful participatory forest conservation outcomes 

are often dependent on local support (Mbeche et al., 2021; Njue et al., 2019) and the growing 

interest towards increased involvement of local communities in the conservation of the Mau forest 

(Ombogoh et al., 2022). Although previous studies conducted biophysical assessments (Jacobs et 

al., 2017), economic valuations (Langat et al., 2021) and participatory mapping (Miller et al., 2021) 

to quantify the ecological values of the Mau forest, little is known about the socio-cultural values 

attached to WES provided by the forest. Incorporating social-cultural valuation and their 

underlying factors alongside economic and biophysical quantification of ecosystem services, 

especially in regions undergoing rapid land use change and water scarcity, is, however, imperative. 

This can help unravel the complexities of socio-ecological interactions and uncover the potential 

trade-offs and synergies between different services in a spatially-explicit form (Martín-López et 

al., 2014; Stosch et al., 2017). Furthermore, this would facilitate development of effective 

conservation policies and designing of more adaptable locally-based interventions that promote 
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sustainable livelihoods and environmental sustainability (Hohenthal et al., 2015; Springgay et al., 

2019). 

Given this context, this study explored the socio-cultural values of WES provided by a tropical 

montane forest and their implications for local ecological management using a modified conceptual 

framework. Adapted from Haines-Young & Potschin (2010) and Maes et al. (2016), the framework 

links forest ecosystems to the livelihood and well-being of the society via the flow of WES (Figure 

4.1). The framework depicts that forest ecosystems provide the necessary structures and processes 

that underpin the capacity of the forest (ecosystem function) to provide WES (de Groot et al., 2010). 

WES contribute to livelihoods and well-being of the society through the benefits they provide, and 

whose importance can be valued in different terms (Haines-Young & Potschin, 2010). For example, 

forest ecosystems have the capacity to trap sediments and break down pollutants, which results in 

water purification and subsequent provisioning of clean water for domestic purposes. This benefit 

can be valued based on socio-cultural values or by evaluating people’s willingness to pay for 

conservation purposes to ensure clean water.  

The objectives of this study were to: 1) assess the perceived role and contribution of forests to the 

provisioning of WES; 2) assess the perceived importance and trends in WES provided by the forest; 

3) examine the relationship between WES prioritisation and underlying socio-demographic and 

environmental factors; and 4) evaluate the community’s willingness to pay for management 

interventions that improve the supply of WES from forests. The findings of this study will be useful 

in supporting the ongoing conservation efforts and developing suitable management strategies 

based on the needs and priorities of local communities. They also provide complementary 

information necessary for designing incentive-based schemes such as payment for ecosystem 

services. 

 



Chapter 4 

90 

 

 

Figure 4.1 Conceptual framework linking forest ecosystems with livelihood and well-being 

through the flow of water-related ecosystem services. 

4.2  Materials and methods 

4.2.1 Study area 

The study was carried out in the South-West Mau block (84,000 ha) of the Mau Forest Complex, 

located between 35°15’–35°40’E and 0°20’–0°45’S. The South West Mau is an important 

catchment area of the Sondu river that drains into Lake Victoria (Figure 4.2). Rainfall in the area 

exhibits a bimodal distribution, with total annual precipitation ranging between 1,000 mm yr−1 in 

the lowlands and 2,000 mm yr−1 in the highlands (Obati, 2007). The long rains start from April to 

July with at peak in April, and short rains occur from October to December, while January to March 

are the driest months (<75 mm per month) (Jacobs et al., 2017). The mean monthly temperatures 

range from 16°C to 22°C, with July having the lowest temperature and February and March having 

the highest maximum temperatures (Stephens et al., 1992). Potential evapotranspiration rates vary 

between 1,400 mm to 1,800 mm yr-1 in the uplands and lower altitudes, respectively (Krhoda, 

1988). The area has well-drained, fertile and deep humic Nitisols soils (>1.8 m) that are generally 

suitable for agriculture (Jacobs et al., 2017; Sombroek et al., 1982).  
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Figure 4.2 Map of the study area showing locations of the sampled households in the South-West 

Mau, Kenya. 

The area is characterized by diverse land use types constituting forest (40%), cropland (31%) and 

grassland (28%) as the dominant land cover (Kenya Water Towers Agency, 2020). The north 

eastern upper part of the area located above 2,400 m a.s.l. is dominated by small scale subsistence 

farming. This majorly involves the cultivation of food crops including maize, potatoes, beans, peas, 

cabbages, kales on farm holdings averaging 2 ha, supplemented by cash crops such as tea and 

livestock keeping. The farms are interspersed by grazing fields and small woodlots of Eucalyptus, 

or Cupressus spp majorly for timber production (Jacobs et al., 2017). The local communities in this 

area rely more heavily on the natural forest especially for grazing and fuelwood, timber, poles and 

medicinal plants owing to their close proximity. The natural forest occupies the central part of the 

catchment occurring at 1,900 m and 2400 m a.s.l. The forest has a moist vegetation type exhibiting 

a broad altitudinal zonation from West to East; with tree species primarily consisting of Aningeria 

adolfi-friedericii, Strombosia scheffleri, Tabernaemontana stapfiana, Syzygium guineense, 

Neoboutonia macrocalyx, and Olea capensis (Kinyanjui et al., 2020). Below 2,100 m a.s.l., the 
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land opens up to an area dominated by commercial tea plantations, covering approximately 20,000 

ha, and tree plantations of Eucalyptus and Cypress mainly used for tea processing. Neighbouring 

the commercial tea plantations at elevations below 1,800 m a.s.l., are smallholder farms consisting 

of a mosaic of tea farming on plots less than 1 ha, annual food crops, dairy farming, Eucalyptus 

woodlots, and conservation areas along riparian zones (Jacobs et al., 2017).  

The South-West Mau is one of the largely affected blocks of the Mau Forest Complex and has been 

increasingly threatened by, among other things, forest excisions, encroachment, overgrazing, 

illegal logging, charcoal production poaching, infrastructural development and forest fires (Kenya 

Water Towers Agency, 2020). Between 1990 and 2019, the forest cover loss was estimated at 3% 

yr-1, largely attributed to forest excisions in the year 2001, where 27.3% (22,797 ha) of the forest 

area were excised for settlement and farmland (UNEP, 2008). 

4.3  Household survey 

4.3.1 Survey design  

A semi-structured questionnaire was developed in LimeSurvey (https://www.limesurvey.org/) and 

adapted in the Offline Survey application for Android smartphones    

(https://www.offlinesurveys.com/). The survey questions addressed 15 WES based on a review of 

previous literature and organized around the cascade model (Grizzetti et al., 2016; Haines-Young 

and Potschin, 2010; Paletto et al., 2021; Springgay et al., 2019). Following the typology of 

ecosystem services classification by the Millennium Ecosystem Assessment (MEA, 2005), the 

WES were grouped into three categories including provisioning, regulating, and cultural ecosystem 

services (Appendix 4.1). Supporting services were excluded from the categories of services because 

they are considered as underlying functions that sustain the supply of services (Stosch et al., 2017). 

The term ‘water-related benefits’ was used instead of WES while conducting the survey to facilitate 

understanding of the participants and avoid education-level bias (Martín-López et al., 2012).  

The questionnaire included three main sections. The first section elicited information on socio-

demographic attributes including participants’ gender, age, education level, years of residence, 

household size, source of income, annual income, and land size. The second section explored 

perceptions of the role of forest in providing WES, as well as the perceived importance and trends 

of these services in the last 10 years. To get a general overview of the importance of forest in the 

https://www.limesurvey.org/
https://www.offlinesurveys.com/


Chapter 4 

93 

 

study area to the community, the participants were asked to indicate to what extent (to a great 

extent, somewhat, very little extent, not at all) they felt that the forest provides water-related 

benefits that contribute to livelihoods and well-being of society. Subsequently, we investigated the 

perceived role of forest in providing specific WES using statements that were developed from 

hypothesized relationships between forest and hydrological services based on previous studies on 

forest hydrology and local perceptions (Calder, 2002; Dave et al., 2017; Gebrehiwot et al., 2014; 

Wilk, 2000). The participants were asked to indicate their level of agreement with each statements 

measured on a five-point bi-polar response scale ranging from 1 = strongly disagree, 2 = disagree, 

3 = neither agree nor disagree, 4 = agree, 5 = strongly agree. They could also choose ‘I don’t know’ 

as an answer.  

Moreover, the perceptions regarding the importance of  WES provided by the forest were examined 

using a 5-point Likert scale and ranking technique, respectively (Alba-Patino et al., 2021). The 

participants were asked to rate the importance of each WES for societal well-being on a scale of 1 

(not important) to 5 (very important), and also rank the top five services they considered as most 

important for their individual well-being. For the perceived trend, they were asked to indicate how 

each WES supply had changed over the past 10 years (declining, no change, increasing, or I don’t 

know). We used observable indicators of change for each WES. Because perceived trends reflect 

the degree of vulnerability people associate with different ecosystem services, a period of 10 years 

was considered robust enough to capture meaningful environmental change (Alba-Patino et al., 

2021; Castro et al., 2016).  

In the third section, participant’s environmental behaviour was evaluated using a set of questions 

regarding their membership to an environmental conservation organization or social group, 

previous training on forest and water conservation, whether they voluntarily undertook 

conservation activities on their farms, and their willingness to pay for ecosystem for conservation 

purposes to ensure clean water. We evaluated the maximum amount of money participants’ would 

be willing to pay ranging from < 1,000; 1,000-5,000, 5,000-10,000, and >10,000 KES/month, 

(equivalent to < 10, 10-50, 50-100, and > 100 $USD/ month, respectively). Those who were not 

willing to pay were asked to state the reasons for their decision. The questionnaire’s content and 

structure are presented in Appendix 4.3. 
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4.3.2 Household selection 

A multi-stage sampling technique was used to select sample households, which were the primary 

sampling units for the study. First, the study area was stratified into three zones to capture spatial 

and context-specific information that was representative of the local environmental and socio-

economic conditions from across the study area. The zones were classified into an upper (situated 

above 2,400 m a.s.l.), middle (at 2,100 m a.s.l.), and lower part (at 1,800m a.s.l.) using geographical 

location as criteria for stratification. From each zone, one sub-location (the lowest administrative 

unit at local level) was selected on the basis of their relative proximity to the forest. In each of the 

selected sub-locations, 3-4 study villages were randomly selected in consultation with the local 

administrative officials. Finally, about 18 to 24 households were randomly selected from each 

village based on estimated total number of households provided by village elders that constituted 

the sampling frame. A sampling intensity of 15-20%  was adopted to obtain a representative sample 

of households per zone, given the relative homogeneity of households (Ketema et al., 2021). 

Overall, 217 households were sampled in 11 villages out of which 73 households were from the 

upper zone, 72 from middle zone, and 72 in the lower zone, respectively (Table 4.1). This sample 

size results in a 6% error margin with a 95% confidence level following Cochran (1977). 

Table 4.1 Characteristics of the sampled households across the three zones under study, in the 

South-West Mau.  

Zone Average 

elevation 

(m) 

Sub-

location 

Population 

Density 

(persons 

km-2)a 

No. of 

villages 

sampled  

Distance 

from the 

forest 

edge (km) 

Total No. 

of 

households 

Sample 

size 

Upper  2,400 Chemare 300 3 0-7 km  381 73 

Middle 2,100 Sotit 422 4 0-3 km  348 72 

Lower 1,800 Kipkirieny 732 4 13-15 km  464 72 

Total    11  1,193 217 

a Population density data was sourced from KNBS (2019). 
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4.3.3 Implementation 

The survey was conducted in April 2022 through face-to-face interviews. The questionnaire was 

pre-tested with 12 randomly selected households outside the sample frame to test the relevance, 

consistency and validity of the survey instrument (Babbie and Mouton, 2001). Before the survey, 

the participants were informed about the purpose of the survey and the research in general, that 

participation was voluntary and that they could withdraw participation at any time,  that they did 

not have to answer questions they did not want to answer and that all data would be stored and 

analysed anonymously. The survey was only conducted when explicit informed consent was 

obtained from the participant. The interviews lasted 45 to 60 minutes and were conducted in 

Kiswahili and, if required, questions were translated to the local language by the enumerators.  

4.4  Data analysis 

Descriptive statistics (frequency distribution, mean and standard deviation) was used to analyse the 

data.  Kruskal Wallis test in combination with the Dunn multiple comparison test was used to 

analyse differences in perceptions between the ecosystem service categories and zones. A 

prioritization matrix was used to assess the vulnerability of ecosystem services by taking into 

account the perceived importance and trends values. In doing so, we categorized WES into four 

types: very important with decreasing trend (critical), very important with increasing trend 

(important but not vulnerable), not important with decreasing trend (vulnerable but not important), 

and not important with increasing trend (less relevant) (Alba-Patino et al., 2021; Iniesta-Arandia et 

al., 2014). A binomial logit regression model was used to identify how perceptions regarding the 

importance of each WES were influenced by explanatory variables including socio-demographic 

characteristics and environmental behaviours (Appendix 4.2). The dependent variable was coded 

‘1’ if the perceived importance was > 4 and otherwise ‘0’. To build the models we considered 9 

explanatory (independent variables). The best predictive model was selected using Akaike’s 

Information Criteria (AIC), whereby the model with smallest AIC value and the smallest factor 

number was selected (Burnham and Anderson, 2004). We performed all statistical analyses using 

R software version 4.2.1. 
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4.5  Results 

4.5.1 Socio-demographic characteristics 

Overall, 55.8% (n=121) of the participants were female and 44.2% (n=96) were male with a mean 

age of 42.5 ±14.6 years. Highest education level was observed in the lower zone with 37.5% having 

completed either college or university, whereas this was 29% and 14% in the middle and upper 

zones, respectively. Participants in the upper zone have lived fewer years in the area (16.9±10.1) 

than those in the lower (30.5±17.4) and middle (31.9±18.0) zone. Land sizes were largest in the 

middle zone with an average of 4.2± 6.9 ha. About 86.3% of the participants in the upper zone have 

a low income (< $1,000) compared to 50.7% and 51.4% in the middle and upper zone, respectively. 

Overall, 88.0% (n=191) of the participants derived their main source of income from on on-farm 

activities, primarily crop production and livestock keeping. Although most of the households 

(77.0%; n=167) were voluntarily undertaking management activities on their farms and 54.4% 

(n=118) had received training/information on forest and water resources management, only 17.8% 

(n=34) were members of an environmental conservation organisation or social group (Table 4.2). 

Table 4.2 Socio-demographic and environmental characteristics of the households. For continuous 

variables mean ± standard deviation are provided, for categorical values the number of respondents 

in each category and the corresponding percentage relative to the total number of participants in 

each zone. NA values have been excluded and as a consequence, percentages do not always sum 

to 100%. The significance level is indicated as follows: * p<0.05, ** p<0.01 and *** p<0.001. 

Variable  Lower Middle Upper Pooled ꭓ2 

  (n=72) (n=72) (n=73) (n=217)  

Demographic 

Age (years)  42.0±14.3 44.8±16.4 41.1±12.8 42.5±14.6 1.28 

Gender 

 

- Female 

- Male 

41 (57.0) 

31 (43.1) 

37 (51.4) 

35 (48.6) 

43 (58.9) 

30 (41.1) 

121 (55.8) 

96 (44.2) 

0.89 

Education 

level 

 

- No formal education 

- Primary school 

- Secondary school 

- College/Polytechnic 

- University 

1 (1.4) 

20 (27.8) 

24 (33.3) 

17 (23.6) 

10 (13.9) 

6 (8.3) 

24 (33.3) 

21 (29.2) 

10 (13.9) 

11 (15.3) 

5 (6.9) 

34 (46.6) 

24 (32.9) 

8 (11.0) 

2 (2.7) 

12 (5.5) 

78 (35.9) 

69 (31.8) 

35 (16.1) 

23 (10.6) 

 

 

17.9* 
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Variable  Lower Middle Upper Pooled ꭓ2 

  (n=72) (n=72) (n=73) (n=217)  

Source of 

income 

- On-farm activities 

- Off-farm activities 

56 (77.8) 

16 (22.2) 

64 (88.9) 

8 (11.1) 

71 (97.3) 

2 (2.7) 

191 (88.0) 

26 (12.0) 

13.12** 

Annual 

income (KES) 

- <100,000 

- 100,000-300,000 

- > 300,000 

36 (51.4) 

26 (37.1) 

8 (11.4) 

36 (50.7) 

29 (40.9) 

6 (8.5) 

63 (86.3) 

9 (12.3) 

1 (1.4) 

135 (63.1) 

64 (29.9) 

15 (7.0) 

26.6*** 

Years of residence 30.5±17.4 31.9±18.0 16.9±10.1 26.4±16.9 37.50*** 

Household size 5.9±2.0 6.6±3.6 6.2± 2.5 6.2±2.8 1.41 

Land size (ha) 3.4±4.0 4.2±6.9 3.2±2.2 3.6±4.8 1.27 

Environmental behaviour 

Voluntarily undertaking conservation 

activities 

58 (80.1) 57 (79.2) 52 (71.2) 167 (77.0) 2.07 

Member of environmental conservation 

organization or social group 

11 (15.3) 7 (9.7) 16 (21.9) 34 (17.7) 4.01 

Training on forest and water resources 41 (56.9) 40 (55.7) 37 (50.7) 118 (54.4) 0.63 

 

4.6 Socio-cultural valuation of WES 

4.6.1 Perceived roles of forests in provisioning of WES  

This study shows that 87% of the participants acknowledged that the forest in the study area 

provides WES that are contributing to the society’s livelihood and general well-being to a great 

extent. Notably, forests were highly appreciated for the role they provide regulating services, 

followed by cultural services and then provisioning services. The lower zone had a higher rating 

for the role and contribution of forest to providing WES, followed by the middle and upper zones. 

However, in all three zones, the participants reported strong agreement with statements about the 

forests’ capacity to provide services like climate regulation (4.69±0.61), water provision 

(4.61±0.74), water purification (4.58±0.63), water regulation (4.54±0.66), erosion prevention 

(4.37±0.67), groundwater recharge (4.34±0.76), and religious and spiritual values (4.28±0.74), 

while food provisioning had the lowest score (2.74±1.23) (Figure 4.3). Nonetheless, there were 

only a few significant differences regarding the participants’ perceived role of forest in providing 

individual WES among the three zones. One such difference was that the participants in the lower 

zone highly attached a more important role of forest to food provisioning (p<0.001), soil fertility 
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maintenance (p=0.012), and flood protection (p=0.05) compared to other zones. This could indicate 

a higher reliance on rivers to provide food (fish), exposure to frequent flooding, and declining soil 

fertility associated with ecological factors and land use changes, making participants in the lower 

zone more aware of their vulnerability.  

 

Figure 4.3 Perception of the role of forests in providing various WES (left) and the mean score for 

each WES (right) in the South-West Mau (n=217). The Y-axis presents individual WES per zone 

(L=lower, M=middle, and U=upper zone) and X-axis denotes the proportion of participants. 
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4.6.2 Perceived importance of WES 

The perceived importance of WES varied significantly among the zones (Table 4.3). The highest 

importance was attributed to the category of regulating services with a mean value of 4.22±0.56, 

followed by provisioning services at 3.57±3.5 and then cultural services at 3.09±0.93. Furthermore, 

we noted that on overall the participants in the lower zone assigned higher importance values to 

WES (3.84±0.86), as compared to middle (3.65±0.86) and upper zone (3.39±0.87). 

Table 4.3 Perceived importance of provisioning, regulating and cultural ecosystems services across 

the zones (Mean ± SD; the different letters indicate significant differences among the zones). 

Category  of WES Lower (n=72) Middle (n=72) Upper (n=73) All (n= 217) 

Provisioning 3.77±0.71a 3.63±0.75a 3.32±0.61b 3.57±3.5 

Regulating 4.42±0.51a 4.21±0.52ab 4.03±0.58b 4.22±0.56 

Cultural 3.34±0.92a 3.11±0.86ab 2.82±0.91b 3.09±0.93 

Overall per  zone 3.84±0.86a 3.65±0.86a 3.39±0.87b   

Regarding the perceived importance of WES for societal well-being, water provisioning was 

perceived as the most important, followed by climate regulation, water purification, water 

regulation, groundwater recharge and religious and spiritual values, respectively (Figure 4.4). In 

contrast, food provisioning was assigned lowest importance. The Kruskal-Wallis test revealed that 

the importance attributed to 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, 

whereby participants from the lower zone generally perceived the WES as more important (Figure 

4.4). 
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Figure 4.4 Comparison of perceived importance of WES and trends between the three zones 

(n=217). Significant differences in perceptions of importance among zones are identified with 

different letters. If no letters are provided, there were no significant differences among zones. The 

symbols indicate whether participants in each zone perceived a generally increasing or declining 

trend for the WES, respectively. 

4.6.3 Prioritized WES 

When participants were asked to rank the top five most important services for their individual well-

being, most participants prioritised water regulation (n=202), followed by water provisioning 

(n=201), water purification (n=188), climate regulation (n=169) and ground water recharge 

(n=105). These services were also among the highly rated for societal well-being, although in a 

slightly different order of priority. This suggests that the demand for these services is consistently 

high across the three zones (Figure 4.5).  
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Figure 4.5  Scatter plots of the perceived importance (Y-axes) and trends of water-related 

ecosystem services (X-axes) based on participants’ responses across the three zones in the South 

West Mau (n=217). The quadrants indicate perceptions of WES as very important-decreasing 

(critical), very important-increasing (important but not vulnerable), not important-decreasing 

(vulnerable but not important), and not important-increasing (less relevant). The five most 

important WES are represented in different colors and ranked from the most to least important 

based on the number of times they were mentioned by participants. 

4.6.4 Linkages between importance of WES and perceived trends 

Figure 4.5 shows that all the highly prioritised WES including water provisioning, climate 

regulation, water purification, water regulation, groundwater recharge, alongside religious and 

spiritual values, soil fertility maintenance and aesthetic values were perceived with a decreasing 
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trend, making them the most critical ecosystem services that need to be addressed. The study 

further revealed that some regulating services, including erosion prevention and flood protection, 

and cultural services, such as education and knowledge systems, were perceived as very important 

with an increasing trend (important but not vulnerable). Although recreation, social relations, and 

food provisioning were considered not important, they were perceived to have a decreasing trend 

(vulnerable but not important), while sense of place was perceived as not important with an 

increasing trend (less relevant). 

However, there were clear differences in perceived importance and trends in provision of WES 

among the three zones (Figure 4.4). A key finding was that more services were considered critical 

(very important with decreasing trends) in the lower zone (n=11) compared to middle (n=7) and 

upper zone (n=7), respectively. On the other hand, aesthetics were regarded as vulnerable but not 

important and flood protection as less relevant in the upper zone. Whilst social relations were 

considered as less relevant in the middle zone, they were perceived as vulnerable but not important 

in the upper and lower zone. 

4.6.5 Socio-demographic and environmental variables on the perception of ecosystem 

services 

The logit regression analysis revealed that different variables explained participants’ perceptions 

for individual WES. Location was identified as a factor that influenced the perceptions of a broad 

array of ecosystem services (Table 4.4). Young people were more likely to perceive water 

purification as less important while older people had a slightly higher perceived importance of 

flood protection and spiritual and religious values. Men were generally more likely to perceive the 

importance of food provisioning and sense of place compared to women. Participants with formal 

education i.e. those who had attained primary education and above were more likely to perceive 

flood protection, aesthetics and climate regulation as important. Furthermore, participants with a 

higher income were more likely to have a higher perceived importance for education and 

knowledge systems, erosion prevention, flood protection, religious and spiritual values, and sense 

of place while those who depended on off-farm activities as their main source of income were less 

likely to perceive aesthetics as an important service.  
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Participants’ who were not voluntarily undertaking conservation activities on their farms reported 

a lower perceived importance of regulating services (erosion prevention, soil fertility maintenance, 

and climate regulation) and cultural services (religious and spiritual values and sense of place). 

Moreover, participants who did not receive any training or information about forest and water 

resources management would perceive sense of place and education and knowledge systems as less 

important compared to those who did. Similarly, participants who did not belong to an 

environmental or social organization had a lower perceived importance for recreation than 

members of such groups. 
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Table 4.4 Logistic regression results showing the socio-economic and environmental factors influencing the perceived importance of WESs in the 

South-West Mau. Coefficients from the model with standard errors (in parentheses) are provided. The significance level is indicated as follows: * 

p<0.05, ** p<0.01 and *** p<0.001. 

Variable F
o

o
d

 

p
ro

v
is

io
n

in
g

 

W
at

er
 

p
u

ri
fi

ca
ti

o
n

 

E
ro

si
o

n
 

p
re

v
en

ti
o
n

 

S
o

il
 f

er
ti

li
ty

 

m
ai

n
te

n
an

ce
 

F
lo

o
d

 

p
ro

te
ct

io
n

 

W
at

er
 

re
g

u
la

ti
o

n
 

G
ro

u
n

d
w

at
er

 

re
ch

ar
g

e 

C
li

m
at

e 

re
g

u
la

ti
o

n
 

R
ec

re
at

io
n

 

A
es

th
et

ic
s 

R
el

ig
io

u
s 

an
d

 

sp
ir

it
u

al
 v

al
u

es
 

S
o

ci
al

 r
el

at
io

n
s 

S
en

se
 o

f 
p

la
ce

 

E
d

u
ca

ti
o

n
 a

n
d

 

k
n

o
w

le
d

g
e 

sy
st

em
s 

Zone: Upper ­ 1.07* 
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­1.07* 
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1.69 
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2.0* 

(0.86) 
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1.18 ** 

 (0.38) 
 

0.58 

(0.33) 
     

0.80* 

(0.35) 
 

1.15*** 

(0.34) 

0.94** 

(0.33) 

Income: High 
  

 1.42 

 (0.79) 
 

1.59 * 

(0.64) 
     

0.97 

(0.68) 
 

0.73 

(0.58) 

1.72* 

(0.68) 

Source of income: off-

farm 
         

­ 1.19* 

(0.51) 
    

Training: No 
            

­ 0.93** 

(0.32) 

­ 0.94** 

(0.30) 

Conservation: No 
  

 ­ 0.82* 

(0.35) 
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(0.34) 
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(0.88) 
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(0.34) 
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(0.40) 
 

Membership: No 
        

­ 0.74* 

(0.39) 
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4.7  Willingness to pay 

The study revealed that approximately 17.5 % of households surveyed were unwilling to contribute 

towards conservation purposes. Among the 38 participants who were not willing to pay, the 

majority cited that it was the responsibility of the government to support management initiatives 

(n=24) while others could not afford to pay (n=15). Some of the households were not interested 

(n=3), did not trust the implementation and success of the payment plan (n=5), while one participant 

indicated that they were not directly affected by the changes in forest and water resources. About 

63% of households showed their willingness to pay <5,000 KES (approximately 50 $USD) for 

watershed management to improve water quality, while 29.8% of the households were willing to 

contribute amounts above 5,000 KES. The willingness to pay was higher in the lower zone (88.9%), 

followed by the middle (80.8%) and upper zone (77.8%) (Figure 4.6). 

  

Figure 4.6 Proportion of participants showing willingness to pay for WES (a) and reasons for those 

not willing to pay (b). 
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4.8 Discussion 

4.8.1 Socio-cultural values of WES provided by forests 

In recent years, an increasing emphasis has been placed on the need to incorporate socio-cultural 

valuation in the assessment of ecosystem services in order to understand nature’s contributions to 

people (de Groot et al., 2010). However, social-cultural values are still inadequately integrated into 

land-use management, policy and decision making processes (de Groot et al., 2010). The 

identification of priority and critical WES based on socio-cultural values can guide decision-

making and development of management strategies that can enhance provision of multiple services 

(Dave et al., 2017; Mahjoubi et al., 2022).  

The findings of our study show that the local community recognised and valued a wide range of 

WES provided by the South-West Mau, based on their contribution to the livelihoods and well-

being of the society. Nonetheless, regulating services were perceived as more important, followed 

by provisioning and cultural services, as was also reported for other regions (Báliková et al., 2020; 

Paletto et al., 2021). With the majority of the participants (88%) depending on-farm activities for 

subsistence, it is understandable that regulating services associated with forests were perceived 

more important, as these services are very crucial for agricultural production. Regulating services 

are however often ignored in socio-cultural assessments of ecosystem services because they are 

associated with less tangible benefits (Dave et al., 2017) and based on the assumption that rural 

people are more concerned about the provisioning services as they provide direct and immediate 

benefits (Dorji et al., 2019). However, the results of this study support the argument that rural 

people are equally capable of identifying and valuing ecosystem services with indirect benefits 

(Martín-López et al., 2014). Our findings also corroborate those of other studies conducted  in 

Thailand and India (Wilk, 2000), Ethiopia (Gebrehiwot et al., 2014), Madagascar (Dave et al., 

2017), and Italy (Paletto et al., 2021), that reported similar locally held perceptions on the role of 

forests in providing certain WES. Furthermore, the perceived role of forests corresponds to the 

general scientific studies on  the relationship between forests and delivery of hydrological services 

(Brauman et al., 2007; Bruijnzeel, 2004; Calder, 2002; Ellison et al., 2017). Ongoing efforts run by 

various organisations to conserve the South-West Mau, including capacity-building programs, 

awareness campaigns, and media coverage of water issues, may have contributed to this perception 
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by improving the local knowledge of the forest-water linkages and climate change impacts (GoK, 

2009; MoALF, 2018). 

Among the WES provided by the forest, water provision was identified as the most important 

service for the rural households, similar to a previous study in the region (Miller et al., 2021). The 

high importance of climate regulation could be related to  increasing incidences of water shortages, 

longer dry spell, unreliable rainfall, changes in planting dates, crop failures and low land 

productivity, mostly associated with changing weather patterns (MoALF, 2018). Previous studies 

that alluded that the social demand for cultural services is less in rural areas than in urban areas,  

primarily because local livelihoods are highly connected with extractive activities and subsistence 

economies, and thus they might have limited time to experience these cultural services (García-

Llorente et al., 2020). However, we found that religious and spiritual values and aesthetics were 

assigned a higher value among the cultural services provided by the forest which was consistent to 

the findings reported by Mahjoubi et al. (2022). In contrast, food provisioning obtained the lowest 

socio-cultural value. This may be related to the fact that fishing is limited or non-existent in the 

area, and although this activity was reportedly common in the past, this may indicate possible 

impacts of climate and land use changes on the aquatic ecosystem (Kapiyo et al., 2003).  

We found that the top five most important WES for individual well-being were also among the 

highest valued services perceived as very important for societal well-being across the zones, 

although in a slightly different order (Figure 4.5). The heavy and direct dependence of many 

households on streams, springs, rainfall, and wells as the main source of water for domestic and 

agricultural purposes, underscores the importance of these services to the livelihood and well-being 

of society in the area (Miller et al., 2021). More importantly, the results reveal some kind of 

interrelationship between shared community values and individually held values for specific 

ecosystem services that could be a motivating factor for environmental stewardship (Irvine et al., 

2016).  

4.8.2 Vulnerability of ecosystem services 

Figure 4.5 shows that most WES were found to be critical in the area because they were perceived 

as both  important and with a decreasing trend over the last 10 years, hence vulnerable to loss. 

Previous scientific studies in the same area have closely linked the changes in Mau forest to the 
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decreasing river discharges and groundwater recharge (Mango et al., 2010; Mati et al., 2008), 

increased erosion and frequent flooding due reduced soil water infiltration rates (Owuor et al., 

2018), and water quality deterioration due to elevated nutrient and sediment loads in streams and 

rivers (Jacobs et al., 2017; Njue et al., 2021; Stenfert Kroese et al., 2020b). Nutrient loss from 

agricultural lands and declining rainfall, along with water shortages due to increased vulnerability 

and risks related to climate change, are also major issues of concern in the area (Mwangi et al., 

2020; Stenfert Kroese et al., 2021). Consequently, these changes maybe affecting the delivery of 

cultural services such as religious and spiritual values and aesthetics. The local community in the 

region ascribe religious and spiritual values to water and water sources, whereby in some, clean 

water from springs is viewed as sacred and a symbol for purification. Flowing water such as 

waterfalls, rivers and wetlands, on the other hand, are perceived to have aesthetic values (Mahjoubi 

et al., 2022). Hence, changing visual properties such as water levels and water color due to high 

turbidity levels and the loss of features symbolizing the cultural identity could explain why these 

services were perceived to be decreasing (Mahjoubi et al., 2022; Nyingi et al., 2013). As such, the 

study emphasises the need to incorporate and prioritise critical WES in forest ecosystem 

management and land-use planning decisions. 

The perceived increasing trend in cultural services (in particular education and knowledge systems, 

sense of place and social relations) may reflect the positive impacts of the ongoing collaborative 

conservation efforts and the participation of  local community in environmental organizations and 

social groups to preserve the Mau Forest Complex (Ombogoh et al., 2022). Similarly, the increasing 

trend observed for erosion prevention and flood protection could be attributed to the reducing 

deforestation rates in the region in the recent years, reforestation programs and the adoption of best 

land management techniques at the farm level (Akanga et al., 2022; Watene et al., 2021). The latter 

is also confirmed by the findings in our study, which shows that the majority of the households 

(77%) were voluntarily engaging in conservation activities such as agroforestry on their farms. 

Recreation and food provisioning were considered as vulnerable but not important. This can be 

attributed to the significant changes in land use in the area, that might be impacting the aquatic 

systems and reducing number of features and attributes within the landscape that are valued for 

recreation (Nyingi et al., 2013). 
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4.8.3 Contrasting perceptions of WES: Does proximity to the forest matter? 

Understanding the similarities and contrasting perceptions of WES can help to visualise potential 

trade-offs and synergies between services which is essential in the management of ecosystems to 

avoid social conflicts (Zhang et al., 2021). The results indicate that despite participants across the 

three zones sharing similar perceptions of the importance of WES provided by the forest, there 

were contrasting perceptions for certain WES (as shown in Figure 4.4). The differences point to 

the heterogeneity in WES values and in the supply and demand of these services across space. 

Generally, the perceived importance of all WES as well as for specific WES (Table 4.3 & Figure 

4.4) was significantly higher in lower zone compared to other zones, despite being located farther 

away from the forest. This contradict other studies that reported that the perceived importance of 

ecosystem services decreases with distance from the forest (Mikusiński and Niedziałkowski, 2020). 

According to Muhamad et al. (2014), spatial heterogeneity within a landscape can lead to changes 

in flows of ecosystem services. Depending on the place of residence, this may have strong influence 

on local communities perceptions of ecosystem services (Miller et al., 2021). This may suggest that 

changes on WES delivery may be more pronounced in the lower catchment thus posing adverse 

effects on communities living downstream. As a result, participants are more aware of 

environmental issues, which explains why more WES were perceived as critical in this region. The 

results point to the need for incentive-based mechanisms such as payment for ecosystem services 

(PES) to promote cooperation between upstream and downstream communities and encourage 

sustainable management of forests and water resources. 

Also, the duration of residence could have influenced the perceptions of WES, as most respondents 

in the lower zone had lived in the study area longer (30.5±17.4) compared to those in the upper 

zone (16.9±10.1). The length of residence in the upper zone coincides with the period when this 

part of the forest was excised in 2001, which could mean that they had migrated to the area during 

that period. Muhamad et al. (2014), reported that people who were natives or had lived in the same 

place for a longer time were more likely to place more value to ecosystem services  provided by 

the forest than those who had migrated or lived in the area for a short time. This could be because 

residence duration in an area promotes sense of place as people tend to have a higher experience, 

local knowledge and physical connection with their environment (Shoyama and Yamagata, 2016). 
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4.8.4 Factors influencing the perceptions of WES 

Socio-cultural values of ecosystem services are site-specific and vary among the respondents  due 

to a complex set of factors including biophysical conditions (Miller et al., 2021), cultural 

characteristics, and socio-economic settings (Ketema et al., 2021). Our study revealed that 

geographical location was an important factor influencing perceptions of WES (as explained in 

section 4.8.3). As such, spatial heterogeneity of biophysical and socio-economic characteristics 

needs to be taken into account when valuing ecosystem services, as this can help in developing 

adaptive management strategies based on the needs and priorities of the local community in 

different areas.  The influence of age on perceptions of certain WES could imply that older people 

were more concerned about the impacts of land use change on water quality and flood risk, had 

greater awareness and strong religious traditions based on their long-term experience and 

knowledge (Martín-López et al., 2012; Moutouama et al., 2019).  

Our findings further revealed gender differences in the perceptions of WES, with men perceiving 

food provisioning and sense of place as more important than women. This could be attributed to 

the gender-differentiated roles in the society as men are actively involved in fishing activities and 

participatory management of forest and water resources initiatives compared to women (Martín-

López et al., 2012; Njue et al., 2021; Ombogoh et al., 2022). The participants with higher formal 

education and higher income were more likely to perceive WES, especially those with indirect 

benefits, as important (Table 4.4) (Acharya et al., 2019; Lima and Bastos, 2019). Participants who 

depended on off-farm activities as their source of income were likely to have a lower valuation for 

ecosystem services provided by nature such as aesthetics, which could be because they do not 

directly depend on this service for their income (Mahjoubi et al., 2022). Lack of training, not 

engaging in conservation activities and non-membership to an environmental conservation 

organization or social group were negatively associated with the perceptions of certain cultural 

services and regulating services (Table 4.4). This could indicate a strong association between 

environmental behaviour and perceived importance of ecosystem services, with participants 

exhibiting positive environmental behaviour more likely to recognize and place more value to 

water-related ecosystem services provided by the forest (Martín-López et al., 2012).  
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4.8.5 Potential for payment for ecosystem services 

PES has been promoted as an alternative and cost-effective approach to managing of forested 

watersheds through incentive-based mechanisms (Waruingi et al., 2022). Yet, an important factor 

determining the success of PES programs is the participants’ willingness to pay.  Because 

willingness to pay depends largely on the preferences and societal demand for ecosystem services, 

effective PES design requires careful consideration of the social perception values regarding these 

services (Bhandari et al., 2016; Waruingi et al., 2022). According to Börner et al.(2017), PES 

programs with direct local support tend to achieve better results, especially when the conservation 

targets highly valued and critical ecosystem services and is adapted to local circumstances.  

In our study, water purification was considered among the critical WES. This may indicate that the 

participants’ recognition of the forest’s capacity to generate water purification benefits, its 

vulnerability due to changing landscapes, and their dependence on surface water for domestic use, 

contributed to their willingness to pay for conservation strategies aimed at improving water quality 

(Bhandari et al., 2016; Khan et al., 2019). Nonetheless, a higher proportion of the participants were 

willing to pay less than 50 $USD/month, which may be related to participants’ financial resource 

constraints given that majority of the participants (63%) were low-income earners. This highlights 

the need to consider non-monetary payments methods such as labour when eliciting willingness to 

pay, especially in developing countries (Waruingi et al., 2022). The participants’ willingness to pay 

to conserve highly prioritised and critical WES justifies that the perceived value of WES can 

promote pro-environmental behaviours, which can support future development of PES programs 

to promote cooperation and participatory management of ecosystems in the region. 

4.9  Conclusion and management implications  

Regulating services are sometimes undervalued, as most land-use management decisions tend to 

favour provisioning services (Grizzetti et al., 2016; Mengist et al., 2020). This can be explained by 

the nature of the provisioning services being highly tangible with a significant economic returns 

that contribute to subsistence livelihoods (Dorji et al., 2019; Wilk, 2000). Spatial trade-offs were 

particularly noticeable between the upper and lower zones as there were contrasting perceptions 

for certain WES such as food provisioning, soil fertility, flood protection, groundwater recharge, 

recreation, aesthetics and religious and spiritual values.  Thus, management decisions should 
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effectively take into account the spatial synergies and trade-offs of ecosystem services to avoid 

potential conflicts among people with different priorities (Martín-López et al., 2012).  

In recent decades, collaborative engagement of local communities has gained widespread 

recognition as a cost-effective approach for integrating into hydrological monitoring, forest 

management and decision-making processes, especially in remote regions, to ensure long-term 

environmental sustainability (Njue et al., 2019). Whilst there is increasing recognition and 

inclusion of community participation in management and utilization of forest and water resources 

in the South West Mau (Ombogoh et al., 2022), the success of co-management initiatives largely 

depends on the willingness of the people to participate. This study provides valuable insights into 

the socio-cultural value of WES that can guide policy and decision-makers in designing effective 

incentive-based mechanisms such as PES programs that can promote co-management of forested 

watersheds and improve provision of ecosystem services.  

Of particular importance in this context are the five highly valued WES, which were also 

considered among the most critical WES. Since the demand for these services is expected to rise 

with population growth, and to avoid social conflicts that may arise from competing needs and 

interests, there is need to incorporate and prioritise these services in the decision making process 

regarding forest management and landscape planning. Moreover, the socio-cultural values of WES 

were context-dependent and demonstrate the need to understand the spatial heterogeneity and the 

role of socio-demographic and environmental characteristics in the socio-cultural valuation of 

WES, as this can guide in development of management interventions that are more adaptable to 

local contexts.  

As socio-cultural values by nature vary among stakeholders, values of stakeholders than local 

communities should also be taken into account in the development of management interventions. 

This is required to identify synergies and trade-offs that emerge among stakeholders with 

conflicting values. Through the identification and prioritisation of interventions that improve the 

provisioning and address the drivers of change of WES which are identified as critical, effective 

management strategies could be developed that support and are supported by stakeholders that 

depend most on forest for their well-being and livelihoods.  
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Appendix 4.1 Selected water-related ecosystem services considered in the study according to (MEA, 2005) and proxy indicators to 

monitor the trends in the supply of water related ecosystem services. 

Category WES Description Benefits Indicator of ecosystem 
services change 

 Provisioning 

Provisioning Water provisioning The forest is the major source of 
water for streams and rivers relied 
upon by the community 

Water supply for domestic 
purposes and other uses such as 
irrigation and for livestock 
 

Availability of clean water 
supply throughout the year. 
 

 Food provisioning The rivers from the forest supply 
fish for the community 

Availability of food from the 
river like fish for consumption 

Amount of fish collected 
 
 

Regulating  
 

Water purification 
 

The forest keeps the water clean Clean water for use Overall water quality in 
streams springs and other 
water sources e.g. clarity of 
water 
 

 Erosion prevention 
 

The forest protects land from 
erosion and reduces the amount of 
soil in rivers 

Erosion prevention from farms 
and reduced amount of soil in 
rivers 
 

Soil erosion 

 Soil fertility 
maintenance 

The forest maintains soil 
productivity and reduces the need 
for fertilizer use 
 

Soil fertility and increased land 
productivity 

Land productivity 

 Flood protection The forest reduces flooding during 
heavy rainfall 

Protection from floods during 
heavy rainfall 

Number of places affected 
by floods 
 

 Water regulation 
 

The forest ensures there is water in 
rivers and springs throughout the 
year 
 

Water availability in rivers and 
springs throughout the year 

Water flow in rivers and 
springs  
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 Groundwater 
recharge 
 

The forest ensures there is water in 
wells throughout the year 

Water availability in wells 
throughout the year 

Water level in the wells 
throughout the year 

 Climate regulation 
 

The forest creates a cool climate 
and brings rain 
 

Cool climate and reliable rainfall Rainfall 

Cultural Recreation The forest provide spots for water-
related outdoor activities like 
swimming by ensuring water 
supply in rivers 
 

Outdoor activities such as 
swimming, river viewing, 
relaxing near rivers 

Number of recreational 
places along rivers, lakes 
and wetlands 

 Aesthetics Because of the forest we have 
beautiful places along the rivers, 
lakes and wetlands 
 

The existence of beautiful places 
like lakes and waterfalls 

Places to enjoy environment 

 Religious and 
spiritual values 

The forest provides places for 
sacred and religious activities (like 
baptism) and materials like holy 
water 
 

Places for sacred and religious 
activities 

Number of sacred or 
religious sites 

 Social relations 
 
 

Because of the forest we have 
places like rivers, lakes and 
wetlands where people socialize 
 

Spaces for meeting with friends 
 

Number of social meeting 
places 

 Sense of place The forest creates opportunities for 
cooperatives and joint community 
activities related to water 
management 
 

Opportunities for joint 
community activities 

Number of joint community 
activities 

 Education and 
knowledge systems 

Forests provide opportunities 
where we can learn on the value of 
forests for good water resource 
management 

Learning new things about the 
value of forest in conserving 
water resources 

Number of places to learn 
about environment 
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Appendix 4.2 List of explanatory variables used in the logistic regression. 

 Variable Description Type Coding 
Dependent variable WES Perceived importance of each 

WES 
Binary 
 
 

1: if the respondent perceives WES 
as important (4/5), or otherwise 0 

Explanatory variables 
Socio-demographics ZONE Location Nominal If the respondent resides in (1: 

lower zone, 2: middle zone, 3: 
upper zone) 

 GEN Gender of the respondent Nominal If the respondent is (0: male or 1: 
female) 

 AGE Age of the respondent Continuous Number of years 
 YOR Years of residence  Continuous  Number of years the respondent has 

resided in the area 
 EDU Education level of the respondent Ordinal If the respondent has attained (0: 

No formal education, 1:Primary 
2. Secondary 
3: College/Polytechnic 
4: University) 

 HHSZ Household size  Continuous Number of family members in the 
household 

 SRC Source of income Nominal If the respondent main source of 
income is from (1: on-farm 
activities 
2. off-farm activities) 

 INCOME Income  Ordinal If the respondents annual income 
[KES] is (1: low-income 
2: middle-income 
3: high-income) 

 LNDSZ Land size Continuous The size of land the respondent 
owns in (ha) 

Environmental behaviour MMBR Membership to an environmental 
conservation organization or 
social group 

Dummy 1:if the respondent belongs to a 
conservation group, otherwise 0 
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 ADPTR Adoption of conservation 
activities  

Dummy 1: if the respondent is voluntarily 
undertaking  conservation activities 
on their farm, otherwise 0 

 TRNG Training or information about 
forest and water 

Dummy 1: if the respondent has received 
training/information about forest 
and water resources, otherwise 0 
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Appendix 4.3 Survey questionnaire 

General Information 

Section 1: Socio-demographic  

1. Respondent’s gender  

 Male 

 Female 

2. Age of respondent  

       [     ] years 

3. How long have you lived in this village? 

       [     ] years 

4. What is the highest level of education? 

 No formal education 

 Primary school 

 Secondary school 

 College/Polytechnic 

 University 

5. How many people currently live in this household? 

        [     ] persons  

6. What is the main source of income in your household?  

 On-farm activities 

Date  

Village  

Sub location  
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 Off-farm activities 

7. a) Do you own land?  

 Yes   

 No 

b) If yes, how much land do you own?   

      [    ]  (ha) 

Section 2: 

a) Role of forests in providing water-related benefits 

8. To what extent do you think/feel the forest in your region provide water-related benefits that 

contribute to local livelihoods and well-being? 

To a great extent          Somewhat        Very little extent           Not at all  

9. To what extent do you agree with the following statements on water-related benefits provided 

by the forest? 

Role of forest Strongly 
disagree 

Disagree Neither agree 
or disagree 

Agree Strongly 
agree 

I don’t 
know 

The forest is the major 
source of water for streams 
and rivers relied upon by the 
community for domestic 
uses and other purposes 

      

The rivers from the forest 
supply fish for the 
community 

      

The forest keeps the water 
clean 

      

The forest protects land 
from erosion and reduces the 
amount of soil in rivers 

      

The forest maintains soil 
productivity and reduces the 
need for fertilizer use. 

      

The forest reduces flooding 
during heavy rainfall 
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The forest ensures there is 
water in rivers and springs 
throughout the year. 

      

The forest ensures there is 
water in wells throughout 
the year. 

      

The forest creates a cool 
climate and brings rain. 

      

The forest provide spots for 
outdoor activities like 
swimming. 

      

Because of the forest we 
have beautiful places along 
the rivers, lakes and 
wetlands. 

      

The forest provides places 
for sacred and religious 
activities (like baptism) and 
materials like holy water. 

      

Because of the forest we 
have beautiful places like 
rivers, lakes and wetlands 
where people socialize 

      

The forest creates 
opportunities for 
cooperatives and joint 
community activities related 
to water management and 
conservation of water 
resources such as. Water 
Resource Users 
Associations 

      

Forests provide 
opportunities where we can 
learn on the value of forests 
for good water resource 
management 

      

b) Importance of water-related benefits provided by forests 

10. On the scale of 1-5, how would rate the importance of the following benefits from the forest to 

the community? (1= not important, 5= very important) 

 1 2 3 4 5 
Water provisioning for domestic purposes and other uses by the 
community is 

     

Food from the river like fish is       
Clean water for use by the community is      
Erosion prevention from farms and reduced amount of soil in 
rivers is 

     

Soil fertility and increased land productivity is      

Protection from floods during heavy rainfall is      
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Water availability in rivers and springs  throughout the year is      

Water availability in wells throughout  the  year is      

Cool climate and reliable rainfall is      

Outdoor activities such as swimming, river viewing, relaxing 
near rivers is   

     

The existence of beautiful places like lakes and waterfalls are      
Places for sacred and religious activities are      
Spaces for meeting with friends       

Opportunities for joint community activities are      

Learning new things about the value of forest in conserving  
water resources is  

     

11. Can you please select and rank the five most important water-related benefits delivered by the 

forest to you (from most important to least important). 

Water-related benefit 1 2 3 4 5 

Water supply      

Fishing      

Clean water      

Soil erosion control      

Soil fertility      

Flood control      

Water in rivers      

Water in wells      

Cool climate and rainfall      

Outdoor activities      

Beautiful environment      

Spiritual wellness      

Social trust with family, friends and community members      

Learning      

c) Changes in water-related benefits over the last 10 years 

12.  In your opinion, how has the following water-related benefits provided by the forest changed 

for the last 10 years?  
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Water-related benefits Declining No 
change 

Increasing  
 

I don’t 
know 

Availability of clean water throughout the 
year 

    

Amount of fish collected      
Overall water quality in streams springs and 
other water sources e.g. Clarity of water 

    

Soil erosion     

Land productivity     

Number of places affected by floods     

Water flow in rivers and springs     

Water level in the wells throughout the year.     
Rainfall      

Number of recreational places along rivers, 
lakes and wetlands. 

    

Number of places to enjoy environment.     

Number of sacred or religious sites     

Number of social meeting places     

Number of joint community activities      

Number of places to learn about environment     

Section 3: Environmental behavior and willingness to pay 

13. Are you voluntarily undertaking any forest or water conservation activities on your farm? 

 Yes 

 No 

14. a) How much would you be willing to pay to ensure clean water supply to ensure clean water 

throughout the year? (KES/per month) 

 < 1,000  

 1,000-5,000  

 > 5,000 

 none  

b) If ‘none’, what is the reason for your answer? 

 I can’t afford to pay 

 It is the responsibility of the government to conserve forest and water resources 
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 I’m not interested in forest and water conservation 

 I don’t trust the implementation and the success of the payment plan to conserve 

forest and water resources 

 The changes in forest and water resources do not directly affect me thus no impact 

on my livelihood 

 Other    

15. Are you a member of any community-based initiative, such as CFA or WRUAs? 

Yes [  ]    No [  ] 

16. Did you receive any information/training on forest and water conservation? 

Yes [  ]   No [  ] 
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