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ABSRACT

Assemblages of aquatic macroinvertebrates have spatial and temporal variations in structure in
response to environmental changes of their habitats, such as streams and rivers. Taxonomic
approaches for monitoring the ecological status of aquatic ecosystems using macroinvertebrate
assemblages face several limitations, creating a need for ataxonomic methods that are valid,
disturbance-sensitive, and cost-effective for freshwater monitoring. This study evaluated the
influence of seasonality and land-use changes on macroinvertebrate assemblage structure and water
physico-chemical parameters of headwater streams of the Sondu-Miriu River basin, Kenya.
Additionally, the study evaluated the utility of macroinvertebrate size-spectrum metrics and
abundance-biomass comparison (ABC) curves as ataxonomic methods of evaluating land-use
influence on the river’s ecological condition. Macroinvertebrate taxonomic abundance
(individuals/m?), wet weight (mg), and physico-chemical variables were measured during the wet
and dry seasons in March and September 2024, respectively, from 24 headwater streams distributed
across four land-use types: natural forest (NF), tea and tree plantations (TTP), smallholder tea
(SHT), and smallholder agriculture (SHA). Results based on water quality showed turbidity, total
suspended solids (TSS), total dissolved solids (TDS), electrical conductivity (EC), particulate
organic matter (POM), and nitrate (NO3™-N) identified streams in NF as least disturbed and in SHA
as most disturbed; TTP and SHT streams were intermediate in water quality. Taxon richness,
diversity, and Ephemeroptera, Plecoptera, and Trichoptera (EPT) indices indicated land-use
specific influences on assemblage structure. Redundancy analysis (RDA) showed that small-bodied
taxa (<8 mg wet weight) were associated with high disturbance indicators, while large-bodied taxa
(>32 mg) were associated with low disturbance indicators and sites. Slopes (A) of normalized
abundance- and biomass-based size-spectrum (a measure of trophic transfer efficiency) deviated
from theoretical steady-state conditions (A=-2.0 and -1.0, respectively), indicating that the sites
were disturbed, but the slopes did not vary significantly between land uses or seasons, suggesting
size-spectrum slopes had low sensitivity to land-use-based changes in water quality. In contrast,
size-spectrum midpoint heights (a measure of ecosystem production) differed significantly between
sites, highest at SHT and NF and lowest at SHA and TTP streams. Spectrum midpoint heights were,
therefore, more responsive to disturbance than slopes, highlighting their potential as indicators of
land-use influence on the Afrotropical streams. Although the ABC curves indicated undisturbed
conditions for all sites, Warwick’s (W) statistics revealed subtle differences among streams,
suggesting variation in local-scale ecological conditions. This study demonstrated that catchment
land use significantly influences water quality and macroinvertebrate assemblages in headwater
streams of the Sondu-Miriu River basin. Traditional metrics (%EPT and diversity indices) are
useful indicators of land use-based disturbance, while size-spectrum midpoint heights are
potentially useful ataxonomic indicators of disturbance in the studied streams. It is recommended
to integrate both community indices and functional metrics (especially midpoint height) into stream
biomonitoring as complementary method for evaluating the ecological status of headwater streams.
Management efforts should prioritize riparian buffers and nutrient/sediment control in SHA areas
of the basin, while conserving less-impacted NF sites as reference areas. Long-term and broader
spatial-scale studies are needed to validate the stability of size-spectrum metrics and ABC curves
as rapid tools for monitoring the ecological status of headwater streams in response to
anthropogenic influences.
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CHAPTER ONE

INTRODUCTION

1.1 Background information

Freshwater ecosystems such as streams and rivers are increasingly threatened by land-use
and land cover changes that alter their ecological structure and functioning (Dudgeon et
al., 2006; Reid et al., 2019). Intensifying anthropogenic pressures, especially from
agriculture and urban expansion, have led to elevated nutrient and sediment loads, reduced
water quality, and altered community structure and ecosystem functioning in tropical
freshwater systems (Gucker et al., 2009; Fugere et al., 2018; Wanderi et al., 2022; Faria et
al., 2024). Understanding how these changes influence aquatic species distribution,
abundance, and trophic dynamics is crucial for effective monitoring and management of

surface waters (Hansen and DeFries, 2007; Ramirez et al., 2008; Masese et al., 2023).

To evaluate anthropogenic and natural impacts on aquatic systems, taxonomic indices
involving benthic macroinvertebrates have often been used due to their many inherent
advantages, including sensitivity to a wide range of disturbances, site fidelity, and well-
characterized life history attributes (Birk et al., 2012; Ruaro et al., 2020; Masese et al.,
2024a). Macroinvertebrates exhibit a remarkable diversity of species, each with varying
tolerance levels to environmental stressors, making them effective indicators of land-use
effects such as water pollution, habitat degradation, altered hydrological regimes, and
climate change (Sitati ef al., 2021a, b). Presence of sensitive groups like Ephemeroptera,
Plecoptera, and Trichoptera (EPT) often signal high water quality, but they decline in

abundance under increased disturbance, while more tolerant taxa such as certain Diptera,



Oligochaeta, and molluscs tend to dominate under degraded conditions (Masese et al.,
2014a; Wijeyaratne and Bellanthudawa, 2018; Edegbene et al., 2022). Functional feeding
groups (FFGs) also show distinct responses; for example, shredders are particularly
impacted by riparian deforestation, while scrapers are vulnerable to sedimentation, and
gatherers display greater resilience to organic enrichment (Masese et al., 2014a, b; Sitati et
al., 2021a, b; Edegbene et al., 2022). Their low mobility ensures that macroinvertebrates
reflect localized environmental conditions, enabling precise site-specific assessments and
facilitating the detection of changes over time (Theodoropoulos et al., 2015). Furthermore,
their relatively long lifespans allow them to integrate and reflect cumulative impacts, while
variations in life history strategies and thermal tolerances provide additional insights into
environmental change (Fierro ef al., 2017). They are abundant, diverse, cost-effective to
sample, and particularly valuable in regions where alternative bioindicators, such as fish,
are scarce, making them an indispensable component of aquatic biomonitoring programs

(Malacarne et al., 2016; Masese et al., 2023).

Despite their widespread application in biomonitoring, macroinvertebrate-based
taxonomic indices have certain limitations. Structural measures, such as taxon richness,
diversity indices, and taxonomic composition, may not effectively detect all types of
ecological disturbances, particularly those linked to rural land-use and land cover changes
(Malacarne et al., 2016). These metrics primarily capture changes in species counts and
diversity, but may fail to reflect subtle or process-based alterations in ecosystems (Masese
et al., 2023). For instance, shifts in energy flow, organic matter quality, or the functional
roles of species within food webs might remain undetected when only structural attributes

are considered (Basset et al., 2004; Minaya ef al., 2014; Masese et al., 2023; Owade et al.,



2025). Most studies have routinely examined spatio-temporal variation in structural indices

(Dalu et al., 2017) without relating to land use and land cover change influences.

To gain a more comprehensive understanding of how natural and human-induced
disturbances affect rivers and streams, studies have integrated functional approaches
alongside structural metrics, which include analyzing the distribution of trophic groups
(Merritt and Cummins, 2006). Because they address species heterogeneity, redundancy,
and body size structure, functional approaches can uncover ecological changes that may be
overlooked by purely structural measures. Nonetheless, a key limitation is that many
functional indices are developed for specific regions or ecological contexts, restricting their
transferability without recalibration (Masese et al., 2023). Furthermore, taxonomic
methods are often constrained by the lack of comprehensive identification keys, and they
are both costly and time-consuming to implement (de Moor and Day, 2013). These
challenges have hindered consistent and effective ecological monitoring of surface waters
in East Africa (Ochieng et al., 2019; Kitaka ef al., 2024) and other tropical regions (Sundar
et al., 2020), underscoring the shortcomings of taxonomic-based approaches (Birk et al.,
2012; Basset et al., 2012). These challenges highlight the need for complementary
approaches that offer robust theoretical frameworks for understanding ecosystem processes
in aquatic systems, particularly those systems that are data-scarce and vulnerable to human
pressures (Guiét et al., 2016). The spatio-temporal variation in distribution of organismal
abundance and body size is one such ataxonomic approach, providing a valuable means to
examine the ecological responses of communities to environmental changes and
anthropogenic stressors (Basset et al., 2012; Guiét et al., 2016). Additional non-taxonomic

approaches include the use of Abundance Biomass Comparison (ABC) curves and K-



dominance curves (Warwick, 1986), which assess how abundance and biomass are
distributed among organisms within a community to help determine the disturbance status

of aquatic ecosystems.

Empirical and simulation studies have consistently shown that aquatic communities tend
to have roughly equal biomass distributed across logarithmically equal size categories of
individuals (Sheldon et al., 1972). This consistent relationship between abundance or
biomass and body size, usually represented on a log-log scale, is known as the size-
spectrum (White et al., 2008; Trebilco et al., 2013). Size-spectrum analysis is a non-
taxonomic approach that focuses on interactions among individual organisms within a
community rather than on species identity (Gilljam et al., 2011). It provides a
straightforward way to understand ecosystem functions, such as productivity and trophic
transfer efficiency, by analyzing the shape of the size-spectrum, described through metrics
like slope and intercept or midpoint height (Trebilco ef al., 2013). This analysis can also
serve as a framework for assessing the effects of disturbances and changes in ecosystem
structure and function (Kerr and Dickie, 2001; Trebilco et al., 2013; Blanchard et al., 2014)

without requiring species-level identification.

Alongside size-spectrum analysis, the ABC curve provides a useful complementary
method for assessing how communities respond to environmental change. Originally
developed by Warwick (1986), the ABC approach is commonly applied to evaluate the
effects of environmental disturbances, especially pollution, on benthic invertebrate
communities (Pagola-Carte, 2004). It works by comparing the cumulative distributions of

species abundance and biomass within a community, allowing for comparisons across



different disturbance levels and helping to determine the extent of disturbance based on
patterns observed in community structure (Warwick et al., 1987; Warwick and Clarke,
1994; Wijeyaratne and Bellanthudawa, 2018). This study examined the responsiveness of
macroinvertebrate assemblage structure to land-use changes, and evaluated the utility of
community size-spectrum (abundance and biomass) metrics and ABC curves as indicators
of ecological conditions in headwater streams affected by different land-use types in the

Sondu-Miriu River basin, Kenya.

1.2 Statement of the problem

The Sondu-Miriu River basin is the fourth largest river draining into Lake Victoria on the
Kenyan side The lake is the second largest freshwater body, by surface area, in the world
(Okungu et al., 2005:Masese et al., 2012).). The river basin is exposed to intense land-use
and land cover change (LULC) pressures resulting from widespread deforestation,
agricultural expansion, and intensification, which increases nutrient and sediment loads
into the river (Jacobs et al., 2017; 2024; Kroese et al., 2020a, b; Koech et al., 2023). The
LULC change influences have been linked to spatial and seasonal shifts in
macroinvertebrate community structure, reduced fish diversity, and compromised
ecological integrity in river systems in Kenya (Masese ef al., 2014a, b; Sitati ef al., 2021a,
b; Achieng et al., 2021). Monitoring of the ecological status of rivers and streams have
often used the spatio-temporal variation in macroinvertebrate assembalges (Leung et al.,
2012). Benthic macroinvertebrates are widely used in biomonitoring because they are
diverse, sensitive to a range of disturbances, relatively immobile, and cost-effective to

sample (Birk et al., 2012; Ruaro et al., 2020; Masese et al., 2023). They effectively indicate



land-use effects such as pollution, habitat alteration, and climate change, with sensitive
groups (e.g., Ephemeroptera, Plecoptera, Trichoptera) declining under disturbance, and
tolerant taxa (e.g., Diptera, Oligochaeta) dominating in degraded conditions (Masese et al.,
2014a; Sitati ef al., 2021a; Edegbene et al., 2022). However, traditional taxonomic indices,
while useful, mainly capture species richness and diversity and may fail to detect subtle
ecosystem changes such as shifts in energy flow or functional roles (Basset et al., 2004;
Masese et al., 2023; Owade et al., 2025). This limitation highlights the need for
complementary approaches like macroinvertebrate size-spectrum and ABC curves, which
integrate structural and functional aspects of communities and provide insights into

ecosystem processes that taxonomic measures alone may overlook.

1.3 Justification of the study

Based on the results of modelling and field studies, size-spectrum metrics have been used
to study the influence of perturbations and exploitation on diverse communities in
predominantly temperate aquatic groups, including marine fishes (Rice and Gislason 1996;
Bianchi et al., 2000), riverine fishes (Fabré ef al., 2017; McGarvey et al., 2019), plankton
communities (San Martin et al., 2006), and lotic macroinvertebrates (Jennings ef al., 2002;
Martinez et al., 2016). However, the paucity of similar studies in tropical aquatic systems,
and especially in river systems (Achieng et al., 2020), has made it difficult to evaluate the
responsiveness and utility of size-spectrum metrics in monitoring and managing tropical
freshwater ecosystems. These systems are often data-scarce (Achieng et al., 2023) and
would benefit immensely from simple and pragmatic frameworks such as size-spectrum

metrics ( see section 3 for details). This study, therefore, aimed to test the responsiveness



of size-spectrum metrics, and ABC curves as alternative and cost-effective tools for

monitoring tropical rivers and streams.

The use of ABC curves to assess disturbance effects on aquatic ecosystems is well
supported by their proven ability to detect environmental stress through shifts in
community structure (Warwick, 1986; Appiah et al., 2020). A key advantage of the ABC
approach is its internal control mechanism, which removes the requirement for external
reference sites (Warwick ef al., 2025). This feature enhances its applicability across a broad
range of ecosystems impacted by different land-use practices (Putro et al., 2015; Guerrero

etal., 2022).

Validation of size-spectrum and ABC methodapproaches has the potential to provide a
robust, cost-effective, complementary framework for evaluating the ecological integrity of
freshwater systems and can facilitate management and conservation strategies of these

ecosystems and similar data-scarce freshwater ecosystems in the tropics.

1.3 Study objectives

1.3.1 General objective

To assess spatio-temporal variation in macroinvertebrate assemblages, and the

responsiveness of body size distribution to land-use changes in headwater streams in the

Sondu-Miriu River basin in Kenya.

1.3.2 Specific objectives

1. To evaluate the spatio-temporal variation of physico-chemical variables and

macroinvertebrate assemblage structure.



ii. To determine the influence of physico-chemical variables on macroinvertebrates’

abundance per size class.

iii. To evaluate the responsiveness of macroinvertebrate abundance and biomass size-

spectrum metrics to land-use changes.

iv. To evaluate the usefulness of Abundance-Biomass Comparison (ABC) curves as

indicators of land-use change effects.

1.4 Hypotheses

Ho: There are no significant spatio-temporal variations in physico-chemical variables or
macroinvertebrate assemblage structure in the headwater streams of the Sondu-Miriu River

basin.

Ho: Physico-chemical variables have no significant influence on macroinvertebrates’

abundance per size class in the headwater streams of the Sondu-Miriu River basin.

Ho: Macroinvertebrate abundance and biomass size-spectrum metrics do not respond

significantly to land-use changes in the headwater streams of the Sondu-Miriu River basin.

Ho: Abundance-biomass comparison (ABC) curves are not useful indicators of land-use

change effects in the headwater streams of the Sondu-Miriu River basin.



CHAPTER TWO

LITERATURE REVIEW

2.1 Influence of land-use and seasonality on river physico-chemical variables

The physicochemical characteristics of streams arise from a dynamic interplay between
natural processes and human activities (Tang et al., 2020; Brauns et al., 2022; Masese et
al., 2024b). At broad spatial scales, climate plays a major role in shaping rainfall patterns,
runoff, flow volume and permanence, vegetation cover, water temperature, and
evaporation rates (Hynes, 1975; Schwarzenbach et al., 2010; Lei et al., 2014; Michalak,
2016). Geological formations and soil types also influence water chemistry through
processes like weathering, solute leaching, infiltration, and runoff (He et al., 2023).
Hydrological pathways, including both surface runoff and subsurface flow, serve as
essential channels for the transport of pollutants and the modification of water chemistry
(Jacobs et al., 2018). Elevation affects streams both directly and indirectly by influencing
climate, geology, vegetation structure, geomorphology, and flow velocity (Masese et al.,
2024c). In addition, stream size or order (e.g., Strahler order) is a key factor determining
the physical and biological characteristics of a system, including how materials originate,
move, and are distributed within it (Strahler, 1957; Vannote ef al., 1980; Wanderi et al.,

2022).

Land-use changes such as agriculture (Minaya et al., 2013; Masese et al., 2017; 2021,
Jacobs et al., 2018; Kroese et al., 2020), urban expansion (Elame et al., 2023), and
livestock grazing (Masese ef al., 2020; Iteba ef al., 2021) are major contributors to changes

in hydrology, sediment buildup, and nutrient enrichment within river systems. Additional
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human activities, including wastewater discharge, chemical pollution, dam construction,
flow regulation, and excessive water abstraction, further disturb natural flow patterns and
interfere with the downstream movement of materials (Winton ef al., 2019; 2021). At the
local scale, in-stream activities like livestock watering, laundry, and bathing can cause
short-term spikes in turbidity, nutrient levels, and organic matter (Hamid et al., 2020; Iteba
et al., 2021; Masese et al., 2024¢). Seasonal variability, particularly the distinct wet and
dry periods characteristic, adds an important temporal layer to these dynamics. In the wet
season, heavier rainfall and increased runoff accelerate the mobilization and transport of
sediments and dissolved substances, often producing marked shifts in water quality

(Masese et al., 2023).

Land-use change alters the generation, mobilization, and delivery of sediments, nutrients,
and organic matter to rivers and streams. Understanding these processes requires a
landscape-scale perspective that accounts for the types and proportions of land-use within
a catchment, together with its topographic, climatic, and riparian characteristics. Streams
draining agricultural areas often exhibit elevated concentrations of nutrients, particularly
nitrogen and phosphorus, along with higher total dissolved solids (TDS), turbidity, and
electrical conductivity (EC) (Subalusky et al., 2018; Kroese et al., 2020; Iteba et al., 2021,
Masese et al., 2021; 2024c). These patterns are mainly influenced by fertilizer use, soil
disturbance, and the loss of vegetation cover (Jacobs ef al., 2017; 2018; Nyilitya et al.,
2020). Reduced riparian shading can also increase water temperatures, which accelerates
microbial activity and the breakdown of organic matter, often resulting in oxygen depletion
(Minaya et al., 2013; Masese et al., 2020). In many instances, the conversion of forested

or natural land into agricultural fields causes significant erosion, leading to higher
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suspended sediment loads. Nutrient levels, especially nitrate, ammonium, and soluble
reactive phosphorus (SRP), tend to rise due to both fertilizer application and the leaching
of nutrients from the soil (Jacobs et al., 2018; 2024). The extent of agricultural impacts
also depends on management practices such as tillage intensity, crop rotation, and the state
of riparian buffers. Well-maintained riparian zones, for example, can trap sediments and
nutrients before they reach streams, playing a key role in reducing these impacts (Minaya

et al., 2013; Sanaullah et al., 2020; Kadeka et al., 2021).

Forested catchments, especially those found in headwater regions, are generally linked to
better water quality (Zhu et al., 2019; Sitati et al., 2021a, b; Shah ef al., 2022). Dense forest
canopies limit solar radiation, helping to keep water temperatures lower and maintain
higher levels of dissolved oxygen (Vannote et al., 1980). Streams in these areas usually
have low turbidity, minimal suspended solids, and little nutrient enrichment because of
reduced disturbance and stable soils (Jacobs et al., 2018; Shah et al., 2022). They also
receive larger amounts of coarse particulate organic matter (CPOM) and high-quality
dissolved organic matter (DOM), both essential for supporting diverse aquatic life (Masese
et al., 2014a, b; Johnson, 2017; Sitati et al., 2021b). When forests are converted to
agricultural or urban land, these important functions often decline, disrupting nutrient

cycling and reducing carbon inputs (Maitama et al., 2009; Seixas et al., 2025).

Urbanization places some of the greatest pressures on stream ecosystems and often leads
to the poorest water quality conditions. Urban streams tend to have higher temperatures,
greater electrical conductivity, and elevated nutrient concentrations, along with lower

dissolved oxygen levels (Blaszczak et al., 2019; Sitati et al., 2021a, b; Brauns et al., 2022).
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Pollutants such as heavy metals, hydrocarbons, and synthetic organic compounds
frequently enter these systems through surface runoff, leaking sewage, and stormwater
discharges (Sitati et al., 2021a; Masese et al., 2024b). The widespread presence of
impervious surfaces increases runoff and reduces infiltration, which heightens erosion and
leads to rapid, fluctuating flow patterns (Minaya et al., 2013; Mwaijengo et al., 2020).
These hydrological and chemical changes not only reduce water quality but also disturb
biological communities and impair ecosystem functions (Violin ef al., 2011; Sitati et al.,

2021a).

Livestock grazing and activities in savanna grasslands similarly affect stream physico-
chemistry, particularly in areas where large mammalian herbivores (LMH) such as cattle
and hippopotamus are present (Masese et al., 2017; Iteba et al., 2021; Wanderi et al., 2022).
Trampling, overgrazing, and unrestricted livestock access to streams increase sediment
input, turbidity, and the concentration of major ions and nutrients such as ammonium and
phosphorus (Iteba et al., 2021). Excretion and egestion by large mammalian herbivores
(LMH) directly add organic matter and nutrients to the water, often leading to localized
oxygen depletion and changes in primary production (Mallin ef al., 2006). These conditions
can encourage algal blooms and alter the base of the aquatic food web, with cascading

effects on macroinvertebrate and fish communities (Mallin et al., 2006).

Catchments with mixed land uses generally exhibit intermediate water quality, reflecting
the relative influence of each land cover type (Masese et al., 2015; Sitati et al., 2021a, b;
Wanderi et al., 2022). For example, a catchment that includes both agricultural and forested

areas may have nutrient and sediment levels higher than those in pristine forest streams but
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lower than in intensively farmed systems (Kéndler et al., 2017; Sitati et al., 2021a). The
spatial arrangement and proximity of different land uses to the stream, particularly at the
reach scale, often determine the extent and nature of their impact on water quality. In such
cases, effective riparian management becomes crucial for maintaining and moderating in-

stream conditions (Minaya et al., 2013; Sanaullah et al., 2020; Kadeka et al., 2021).

Seasonal changes also influence the relationship between land use and stream physico-
chemistry. During the wet season, rainfall and runoff enhance the movement and delivery
of sediments, nutrients, and organic matter to streams (Mufioz-Villers and McDonnell,
2012; Dewey et al.,2020). This typically results in higher concentrations of total suspended
solids (TSS), turbidity, and soluble nutrients, especially in catchments dominated by
agriculture or urban development (Chua et al., 2009; Ouma et al., 2016). In contrast, during
the dry season, streamflow is sustained mainly by groundwater and base flow, making
water quality more dependent on local geology and in-channel processes (Jacobs et al.,
2018; Masese et al., 2024c). In rural areas, human and livestock activity in streams often
increases during the dry season when alternative water sources are limited, leading to
localized declines in water quality (Yillia ef al., 2008a, b; Iteba et al., 2021). Conversely,
in the wet season, the availability of harvested rainwater reduces direct dependence on
streams for domestic and livestock use, temporarily easing pressure on these water systems

(Yillia et al., 2008a, b).
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2.2 Influence of land-use change and seasonality on macroinvertebrate

assemblage structure

Land-use change exerts a significant influence on the structural and functional,
composition, of macroinvertebrate assemblages in freshwater ecosystems (Dalu and
Masese, 2025; Owade et al., 2025). Anthropogenic pressures alter stream water quality, in-
stream habitat complexity, and food resource availability, ultimately reshaping
macroinvertebrate communities (Dudgeon ef al., 2006; Raburu et al., 2009; Lubanga et al.,
2021; Sitati et al., 2021a, b). The Ephemeroptera, Plecoptera, and Trichoptera (EPT) orders
are among the most sensitive taxa, with richness and abundance typically declining under
conditions of pollution and habitat disturbance (Masese et al., 2014a; b). However, some
EPT taxa, such as members of the Baetidae, Caenidae, and Hydropsychidae, are capable
of persisting in organically enriched or seasonally disturbed systems due to adaptive life-
history traits (Yegon ef al., 2021; Sitati et al., 2024). Other macroinvertebrate groups, such
as Coleoptera, Odonata, Diptera, and Oligochaeta, also show distinct responses to land-use
change. Coleoptera are moderately sensitive and play varied ecological roles, functioning
as shredders, predators, and other feeding types (Masese et al., 2024a). Odonata, which
rely on both aquatic and terrestrial habitats, respond strongly to alterations in riparian
vegetation and in-stream structure (Clausnitzer et al., 2012). Their numbers often rise with
disturbance, reflecting their adaptability and predatory behavior. Diptera, especially
Chironomidae, along with Oligochaeta, are tolerant to pollution and tend to dominate in
heavily disturbed environments, as they can survive in low-oxygen and organically

enriched conditions (Masese et al., 2014a).
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Land-use practices affect macroinvertebrate communities at both the catchment and reach
scales. Deforestation reduces canopy cover, raises stream temperatures, and decreases leaf
litter inputs, which directly impacts shredder guilds and taxa sensitive to temperature
changes (Masese ef al., 2014a). Agricultural activities contribute nutrients, sediments, and
agrochemicals to aquatic systems, degrading habitat quality and favoring generalist
collector-gatherers and scrapers (Lubanga et al., 2021). Urbanization introduces major
hydrological and chemical disturbances, often leading to biotic homogenization and the
dominance of tolerant taxa (Masese et al., 2021; Sitati et al., 2021a, b). Interestingly,
predator richness may increase in such settings, as seen in the higher abundance of Odonata

within disturbed habitats (Sitati e al., 2024a, b).

The impacts of land use are further influenced by seasonal dynamics. During the wet
season, macroinvertebrate abundance typically increases due to enhanced flow and
improved habitat connectivity, although nutrient and sediment levels also rise, especially
in agricultural and urban catchments (Mwaijengo et al., 2020; Masese et al., 2024b). In
contrast, the dry season is marked by reduced flow, lower oxygen availability, and higher
water temperatures, which place added stress on sensitive taxa and lower overall diversity.
These seasonal patterns underscore the importance of conducting multi-seasonal
assessments to accurately evaluate how land-use changes affect aquatic invertebrate

communities.

2.3 Macroinvertebrates as bioindicators of stream and river health

Two complementary approaches are widely used to assess stream and river conditions

through invertebrates. Taxonomic approach, identifies organisms to determine species
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richness or diversity, and supports the development of metrics such as the Index of Biotic
Integrity (IBI) (Karr and Chu, 1999). The second functional approach focuses on the
ecological roles of species (Cummins and Merritt, 2005). Taxonomic methods can be
applied qualitatively, based on the presence or absence of indicator species, or

quantitatively, measuring their abundance or diversity (Basset et al., 2008).

Benthic macroinvertebrates have long been recognized as reliable indicators of water
quality (Hynes, 1959), and their effectiveness has been confirmed in many regions. This
has led to the development of a variety of biotic indices, each adapted to local conditions.
Examples include the biological monitoring working Party (BMWP) score system in
Europe (Bonada ef al., 2006), the hilsenhoff biotic index in North America (Rosenberg and
Resh, 1993; Barbour et al., 1999), the benthic macroinvertebrate index of biotic integrity
(BM-IBI) in South America (Buss and Vitorino, 2010), the South Korean Biotic Index in
Asia (Hartmann ef al., 2010), In Australia, the stream invertebrate grade number, average
level (SIGNAL) and the Australian river assessment system (AUSRIVAS) are widely used
in (Chessman, 1995, 2003), the Macroinvertebrate Community Index in New Zealand
(Stark, 1993), and systems such as South African scoring system (SASS) and the
macroinvertebrate index of biotic integrity (M-IBI) in Africa (Dickens and Graham, 2002;

Masese et al., 2009a; Masese and Raburu, 2017; Masese et al., 2023).

Macroinvertebrates are widely regarded as key bioindicators in freshwater ecosystems due
to their varied responses to multiple short-term environmental stressors, making them
valuable for assessing stream and river health (Rosenberg and Resh, 1993; Barbour et al.,

1999; Birk et al., 2012; Ruaro et al., 2020). Their largely sedentary behavior enables spatial
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assessment of pollutants (Hellawell, 1986), and their relatively long life cycles allow
evaluation of temporal changes caused by disturbances. Their broad distribution across
streams and rivers, coupled with the ease of sampling and relatively low cost of equipment,
further supports their practicality for bio assessment (Rosenberg and Resh, 1993; Barbour
et al., 1999; Bonada et al., 2006). In the region, where fish diversity is comparatively low,
macroinvertebrates serve as the primary organisms for biomonitoring headwater streams

(Masese et al., 2023).

Although diversity, richness, biotic, and multimetric indices are widely applied in Africa,
they face limitations in assessing ecological conditions under multiple stressors (Masese ef
al., 2023). Many have not been standardized or tested beyond the regions where they were
developed (Masese et al., 2023), which restricts their broader applicability. Furthermore,
the absence of legal provisions in most African countries for incorporating biological
criteria into national surface water quality assessments hampers the development of
standardized biomonitoring protocols (Masese ef al., 2023). While indices such as SASS
and Multimetric Indices (MMIs) have been successfully applied in some regions without
modification, their unvalidated use across diverse ecosystems can introduce bias and

uncertainty in accurately reflecting ecological health (Achieng ef al., 2021).

2.4. Size-spectrum applications

Body size is a fundamental trait in ecology that correlates with metabolic rate, trophic level,
and energy transfer across food webs (Brown et al., 2004). Size-based approaches,
particularly community size-spectrum analysis, have gained prominence as tools for

understanding ecological structure and function (Bianchi et al., 2000; Basset et al., 2004;
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Marin et al., 2023). The size-spectrum, typically expressed as the relationship between the
abundance or biomass of organisms and their body size on a log-log scale, reflects the
underlying energetic and trophic dynamics within ecosystems (Sheldon et al., 1972;
Sprules and Barth, 2015). The slope of the size-spectrum is generally negative, indicating
a decrease in abundance with increasing body size. This parameter reflects the efficiency
of energy transfer from smaller to larger organisms, with steeper slopes often suggesting
reduced energy flow or the removal of top predators (Jennings and Blanchard, 2004;
Trebilco et al., 2013). The intercept or midpoint height typically corresponds to overall
community biomass or productivity and increases with higher resource availability, such
as from nutrient enrichment (Murry and Farrell, 2014). Deviations from linearity in the
size-spectrum are increasingly viewed as indicators of ecosystem stress or alteration
(Arranz et al., 2019). Size-spectrum approaches are particularly useful in ataxonomic
contexts, where detailed species identification is challenging. They bypass taxonomic
resolution and allow for standardized comparisons across ecosystems and stressors
(Petchey and Belgrano, 2010). This makes them powerful complementary tools to
traditional biomonitoring, especially in regions like the Afrotropics, where taxonomic

expertise and resources may be limited.

Size-spectrum offer several benefits: they are ataxonomic, cost-effective, scalable, and
rooted in robust theoretical frameworks such as metabolic theory (Brown et al., 2004).
They integrate information from individuals to whole communities, reflecting ecosystem-
level processes such as energy flux, productivity, and disturbance responses (Woodward
et al., 2005; Martinez et al., 2016). Despite their promise, challenges remain.

Methodological inconsistencies in data binning, variable sensitivity across taxa, and
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limited mechanistic understanding of cumulative stressor effects constrain broader

application (Riseng et al., 2011).

2.5. Influence of land-use and seasonality on macroinvertebrate size-spectrum

Changes in forest cover significantly affect the macroinvertebrate size-spectrum by
modifying the quantity and quality of available food resources. A reduction in
allochthonous inputs (e.g., leaf litter) resulting from deforestation leads to lower biomass
of large detritivores and steeper size-spectrum slopes (Martinez ef al., 2016; Estévez et al.,
2020). Conversely, intact riparian zones maintain diverse feeding guilds and wider size
distributions through consistent detrital inputs and stabilized temperature regimes (Gregory
et al., 1991; Sweeney, 1993). Macroinvertebrate communities may show compensatory
changes in size structure; for instance, omnivores can adjust their density without altering
body size, whereas detritivores may display body size reductions through taxonomic
replacement (Estévez et al., 2020). These variations influence trophic transfer efficiency

and can impact the resilience of stream food webs.

Land-use changes associated with agriculture, urbanization, and mining strongly modify
stream ecosystems through elevated nutrient inputs, sedimentation, pesticide runoff,
hydrological alterations, flow regime changes, and habitat fragmentation (Walsh et al.,
2005; Jacobs et al., 2018; Sitati et al., 2021a, b; Oltramare et al., 2023). Such disturbances
affect macroinvertebrate community structure, frequently decreasing size diversity and
shifting biomass toward smaller taxa (Martinez et al., 2016). Rising nutrient inputs can
raise the intercept, or midpoint, of the size-spectrum, signifying increased primary

productivity and higher consumer biomass (Achieng et al., 2020). In subtropical streams,
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urbanization has been associated with steeper size-spectrum slopes, which reflect the
decline of larger taxa and shifts in trophic transfer (Benejam et al., 2018). Progress in size-
based indicators, including size diversity, together with image-based high-throughput
methods, is promoting broader use of size-spectrum approaches in macroinvertebrate

monitoring programs.

Mining activities significantly alter the size distribution of macroinvertebrates. Streams
that are heavily affected often become dominated by small, metal-tolerant species and lose
many of their large predators, resulting in shallower slopes that resemble those found in
detritivore-dominated communities (Pomeranz et al., 2019). These structural changes can
be difficult to identify using traditional taxonomic methods but are clearly revealed through
size-spectrum analysis. Recent studies in stream environments have linked seasonal shifts
in size-spectrum to variations in water temperature and flow patterns (McGarvey et al.,
2019). In contrast, research in transitional systems such as Mediterranean and Black Sea
lagoons has shown little seasonal variation, with size distributions and functional guilds

remaining fairly stable throughout the year (Barbone ef al., 2012; Gjoni et al., 2019).

Size-spectrum are becoming reliable indicators of macroinvertebrate community structure.
They serve as a valuable complement to traditional taxonomic assessments and can offer
early warnings of human-induced impacts, including those linked to land-use change. As
environmental stressors become increasingly complex, incorporating size-based
approaches into regular macroinvertebrate monitoring, especially in regions with limited
data, provides a promising path for improving the assessment and management of streams

and rivers.
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2.6 Abundance-Biomass Comparison (ABC) curve

The Abundance Biomass Comparison (ABC) method, first introduced by Warwick (1986)
and further developed by Clarke and Warwick (2001), is a graphical approach for detecting
and interpreting environmental disturbance in aquatic ecosystems. It uses K-dominance
plots to compare ranked cumulative abundance and biomass curves, revealing shifts in
community structure and ecological condition. The method is grounded in r/k selection
theory, which links species life-history strategies to environmental stability. In undisturbed
systems, communities are generally dominated by k-selected species, large-bodied, slow-
growing, and long-lived, resulting in the biomass curve lying above the abundance curve
(Sprules & Munawar, 1986; Xu et al., 2021). Disturbed systems, in contrast, are often
dominated by r-selected species, small-bodied, fast-growing, and opportunistic, producing
an abundance curve above the biomass curve (Warwick and Clarke, 1994; Sabbeel and
Vanreusel, 2015). Moderately disturbed systems often show intersecting or closely aligned
curves (Wijeyaratne and Bellanthudawa, 2018). The degree and direction of curve
separation can be quantified using Clarke’s Warwick (W) statistic, which ranges from +1
(undisturbed) to -1 (heavily disturbed), with values near zero indicating intermediate

disturbance (Yemane et al., 2005).

The ABC method has been applied across diverse aquatic systems. In coastal lagoons such
as the Ebri¢ Lagoon, it has detected disturbance gradients linked to agricultural runoff,
untreated sewage, and industrial effluents (Appiah et al., 2020). In Mediterranean rivers,
ABC curves have reflected the impacts of urban sewage, agricultural waste, and industrial

emissions (Guerrero et al., 2022). Studies in Brazilian streams have differentiated rural
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from urban disturbance patterns, revealing nutrient enrichment effects invisible to simple
visual inspection (Mise et al., 2018). Other applications include hyporheic zones (Di
Lorenzo et al., 2022), wetlands (Wijeyaratne & Bellanthudawa, 2018), and aquaculture-

impacted estuaries (Tran et al., 2018; Putro et al., 2015; Table 1).

Several features make the ABC method particularly suitable for tropical headwater
streams. Its internal control design compares abundance and biomass distributions within
the same sample, removing the need for pristine reference sites (Tweedley et al., 2015; Das
et al., 2021). The method is also adaptable to varying taxonomic resolutions; although
originally developed for species-level data, family, or genus-level analyses can yield
similar results, offering cost savings in resource-limited settings (Guerrero et al., 2022).
Its proven application in tropical systems such as Sudanese mangroves and Brazilian

reservoirs supports its transferability (Sabbeel and Vanreusel, 2015).

However, interpretation requires ecological context. Dominance by large-bodied or exotic
species can mask disturbance signals, while natural stressors such as organic matter inputs
or hydrodynamic variability can mimic pollution effects (Yemane et al., 2005). Sampling
effort must be sufficient to capture dominant biomass species but avoid over representing
rare, large individuals (Dauer et al., 1993). Combining ABC outputs with knowledge of
local species ecology, statistical indices, and complementary tools such as size-spectrum

improves reliability and ecological relevance (Mise ef al., 2018; Di Lorenzo et al., 2022).
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Table 1: Global applications of the abundance-biomass Comparison (ABC) methods,

highlighting ecosystem types, primary stressors, taxa studied, and key findings from various

aquatic environments.

Ecosystem / Main Taxa Studied Key Findings References
Location Stressors
Ebrié Lagoon, Agricultural  Benthic Biomass curves above Appiah et al,
Cote d’Ivoire  runoff, macrofauna abundance curves in 2020

untreated low-disturbance

sewage, zones; reversed

industrial pattern in heavily

effluents impacted areas
Mediterranean Urban Macroinvertebrates ABC curves reflected Guerrero et al.,
rivers sewage, disturbance gradients; 2022

agricultural intersecting curves in

waste, moderately disturbed

industrial sites

emissions
Brazilian Nutrient Macroinvertebrates Rural streams showed Mise et al.,
streams and enrichment, higher biomass 2018
reservoirs rural VS. dominance; urban

urban land- streams had

use abundance curves

above biomass curves

Hyporheic Flow Benthic Detected shifts in Di Lorenzo et
zones, Italy regulation, invertebrates community structure al., 2022

sedimentation not evident through

traditional indices

Wetlands, Sri  Agricultural ~ Aquatic Patterns revealed Wijeyaratne
Lanka runoff, invertebrates subtle impacts of and

organic nutrient enrichment Bellanthudawa,

enrichment 2018
Aquaculture-  Organic Benthic Biomass dominance Tran et al.,
impacted loading from macrofauna in less impacted sites; 2018; Putro et
estuaries, aquaculture abundance dominance «al., 2015
Vietnam & in impacted sites
Indonesia
Sudanese Organic Benthic fauna Demonstrated Sabbee/  and
mangroves loading, sensitivity of ABC to Vanreusel,

habitat tropical mangrove 2015

alteration disturbances

The ABC approach represent robust, theory-driven indicators for assessing ecological

disturbance. Its incorporation into Afrotropical headwater stream monitoring can yield
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nuanced insights into shifts in community structure, particularly in contexts where pristine
reference conditions are absent. When applied alongside complementary metrics and
interpreted within appropriate ecological contexts, these tools can enhance the accuracy

and depth of freshwater bioassessment.
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CHAPTER THREE
METHODOLOGY

3.1. The Study Area

The study was conducted in 24 headwater streams in the Chemosit sub-basin, which forms
part of the 3451 km? Sondu-Miriu River Basin (SMRB), Kenya (Figure 1), during the wet
season (March 2024) and the dry season (September 2024). The headwater streams
originate from a key Afromontane Forest, the South-West block within the greater Mau
Forest Complex, an important water tower in Kenya (UNEP 2008). Four dominant land-
use types characterize the catchment and riparian zones: Natural Forest (NF), Smallholder
Agriculture (SHA), Smallholder Tea (SHT), and Tea and Tree plantations (TTP) (Jacobs
et al., 2018a). The rainfall regime is bimodal, with long rains from April to July and short
rains from October to December (Koech ef al., 2023). The study area receives an average
annual rainfall of approximately 1,752 mm (Jacobs ef al., 2018). Temperatures range from
approximately 16 °C in the headwaters to 24 °C in the lower elevations. The Chemosit sub-
basin is part of the upper Sondu-Miriu catchment, where streams are mostly first- to third-
order according to Strahler’s classification (1957). The area has a population density of
about 300 persons/km? and faces increasing pressures from land-use and land-cover
change, including deforestation, agricultural expansion, and grazing, which contribute to
elevated sediment and nutrient loads in streams (Weeser et al., 2018; Jacobs et al., 2017,
Kroese et al., 2020a, b). Geologically, the upper areas are dominated by phonolitic

nephelinites interspersed with Tertiary tuffs (Jennings, 1971), while the lower areas are
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mainly characterized by phonolites (Binge, 1962). The predominant soils are humic

Nitisols (ISRIC, 2007).

Legend
= Town

River
|:| Main catchment
4 Sampling sites
® NF
© SHT
e TTP

SHA

e
Land use Wetland Smallholder agriculture Tea plantation | | Infrastructure
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Figure 1: Location of the study area in the south-west Mau region, Kenya, showing: (a) the
map of Kenya; (b) the Sondu-Miriu River basin; and (c) land-use distribution in the Chemosit
sub-basin, which forms part of the Sondu-Miriu River Basin (SMRB), derived from Landsat
imagery (2013; swart, 2016).: NF = natural forest, SHT = smallholder tea, TTP = tea and tree

plantations, and SHA = smallholder agriculture.

3.2 Study design

To capture the influence of land-use effects on river macroinvertebrate assemblage
structure and physico-chemical characteristics, the Chemosit sub-basin was divided into
four groups of study sites, each corresponding to the four land-use types in the basin as:
natural forest (NF), smallholder tea (SHT), smallholder agriculture (SHA), and tea and tree
plantations (TTP) (Figure 1, Plate 1). The studied headwater streams drained each of the
four land-use types, with six individual streams selected per land-use, giving a total of 24
streams sites. The characteristics of each of the four land-use types forming sampling sites

are summarized in Table 2.
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Table 2: Summary of the characteristics of land-use categories and streams in headwater in the Sondu-Miriu River basin sampled

in this study. Stream locations are as shown on Figure 1 and Plate 1.

Land- Stream Stream- Elevation Location(Latitude, Land-use features

use sites order (m.a.s.l.)  Longitude)

NF 1 5 2173 0.46404° S, 35.30833° E Streams  draining  catchments in
2 5 2227 0.54660° S, 35.38455° E predominantly natural forest; reference
3 5 2229 0.54541° S, 35.38452° E sites
4 5 2105 0.58323° S, 35.39364° E
5 5 2073 0.57090° S, 35.39258° E
6 5 1967 0.56153° S, 35.34323° E

SHA 7 3 2368 0.38461° S, 35.47060° E Streams in areas with smallholder
8 3 2428 0.40105° S, 35.47644° E agriculture of small farms of up to 2 ha
9 3 2579 0.31801° S, 35.53888° E and mixed subsistence farming (maize,
10 3 2441 0.38171°S, 35.53128°E beans, cabbage, and potatoes). Riparian
11 3 2395 0.42727° S, 35.53336°E  zones are often degraded.
12 3 1564 0.34556° S, 35.61846° E

SHT 13 4 2040 0.54570° S, 35.36689° E Streams draining smallholder tea
14 4 1821 0.53096° S, 35.21884° E catchments. Riparian zones are often
15 4 2127 0.59103° S, 35.31897° E degraded due to water fetching and
16 4 2174 0.58755°S,35.36027°E  animal watering points.
17 4 2127 0.55485° S, 35.25880° E
18 4 2007 0.54507° S, 35.20312° E

TTP 19 4 1883 0.55530° S, 35.25875° E Streams in catchments with commercial
20 4 1973 0.57436° S, 35.27696° E tea and tree plantations, approximately
21 4 1778 0.48052° S, 35.21682° E 20,000 ha. In this catchment, the
22 4 1882 0.49627° S, 35.25323° E commercial tea is alternated with
23 4 1901 0.45235° S, 35.25602° E eucalyptus and cypress.
24 4 2125 0.45928° S, 35.25260° E
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Plate 1: Land-use types in the headwater stream of the Sondu-Miriu River basin: (a) stream
flowing through smallholder tea (SHT), (b) stream flowing through disturbed smallholder
agriculture (SHT), (c) commercial tea and tree plantations (TTP) with blocks of eucalyptus

plantations and dense riparian woodlands, (d) stream flowing through natural forest (NF).

3.3 Field sampling

For dissolved nutrients, water samples were collected using a bucket from the deepest and
fastest-flowing part of the stream (the thalweg) and subsequently filtered using GF/F filters
(Whatman, 0.70 um pore size, 47 mm in diameter). Similarly, pre-weighed GF/F filters
were used to filter known volumes of water samples for determination of total suspended
solids (TSS) and particulate organic matter (POM). Filtered water samples were stored in

500 ml High-density polyethylene (HDPE bottles and placed in a cooler box (4 °C) and
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transported to the laboratory, where they were analyzed for soluble reactive phosphorus
(SRP), ammonium (NH4+-N), nitrate (NO3™-N), and nitrite (NO2-N). Unfiltered water
samples were also collected from the sampling sites and stored in 150 ml HDPE bottles for
analysis of total phosphorous (TP). Water physical quality parameters, including
temperature, dissolved oxygen (DO), pH, electrical conductivity (EC), and total dissolved
solids (TDS), were measured directly in the field using a multi-probe water quality meter
(Multi 3420, WTW GmbH, Weilheim, Germany). Turbidity was also measured on-site
with a portable meter (HACH LANGE GmbH, Berlin, Germany). All measurements were
taken in triplicate along a 100-meter stream reach at each sampling site prior to collecting
macroinvertebrate samples. Stream width was recorded at 10 transects spaced 10 meters
apart along the study reach. At each transect, water depth was measured at a minimum of
five evenly spaced points across the stream channel using a 1-meter ruler. Flow velocity
was then measured at the same points using a Transparent Velocity Head Rod (TVHR,
Water Research Commission, 2017). Using the velocity-area technique, stream discharge

(m*/s) was then determined (Wetzel and Likens, 2000).

At each of the four land-use sites, macroinvertebrate sampling was carried out along a
randomly selected longitudinal stretch or stream reach of about 100 m using a semi-
quantitative kick-net sampling method (Dickens and Graham, 2002). Along the 100 m
stream reach of the six streams per site, the following biotopes were identified and sampled
to obtain four replicate samples per biotope: gravel, sand and mud (GSM; standing water
in pools and backwaters), stones (bedrock, boulders, cobbles, and pebbles) in and out of
the current; marginal vegetation (submerged and emergent marginal vegetation); and leaf

packs or coarse particulate organic matter (Dickens and Graham, 2002; Masese et al.,
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2024a). The sampling method involved disturbing the riverbed (approximately 1 m?)
upstream while holding a South African Scoring System (SASS) kick net (500-um mesh
size) in place for about 60 seconds per biotope, allowing dislodged macroinvertebrates to
be carried into the net by the water currents (Dickens and Graham, 2002). Large substrate
types such as boulders and cobbles were hand-picked and washed into the net. To minimize
the effects of physical disturbance while kicking-sampling and thus trigger
macroinvertebrate drift, sampling of the four biotopes started at the downstream end of the
identified study reach and progressed upstream (Dickens and Graham, 2002; Masese et al.,
2023). Macroinvertebrates were sorted in the field and preserved in labelled vials (site,
stream number, replicate number, date) using 75 % ethyl ethanol and stored in a cooler box

for transportation to the laboratory for further processing.

3.4 Laboratory analysis

Macroinvertebrate samples were identified to the lowest taxonomic level possible (mainly
genus), using taxonomic keys (Fry et al., 2021; de Moor et al., 2003a, b; Stals and de Moor,
2007) and counted. Subsequently, their wet mass was measured using an analytical balance
(Sartorius Secura 124-1S; 0.001 g). The concentration of SRP in the water samples was
determined using the ascorbic acid method (APHA, 2005), while TP was measured
following acid persulfate digestion and analyzed using the same method. The NH4"-N was
analyzed using the salicylate-isocyanurate method (APHA, 2005). Nitrite (NO>™-N) and
nitrate (NO3™-N) were both measured colorimetrically following the APHA (2005)
protocols, with NO3™-N determined after the cadmium reduction method. For TSS and

POM, GEF/F filters with embedded sediments were oven-dried at 60 °C for 48 hours to
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achieve a constant weight. The filters were then weighed to determine TSS gravimetrically
(APHA, 2005). The TSS concentration (mg L") was calculated using the equation (APHA,

2005):
7SS = (22) #10° ..o Equation 1

Where, A is the combined mass of the filter and dried residue (g), B is the mass of the clean
dry filter (g), and V is the volume of water filtered (L). Subsequently, the filters were
combusted at 450 °C for 4 hours in a muffle furnace to remove organic matter. The filters
were then weighed again, and POM was calculated as the difference between TSS and the

ash-free dry mass. The concentration of POM (mg L) was obtained using (APHA, 2005):
POM = (%) * 100, ... Equation 2

Where B is the dry mass of the filter (g), C is the mass of the ashed filter (g), and V is the

volume of the sample filtered (L).
3.5 Size-spectrum analysis

Size-spectrum can be defined as the variation of a community attribute with body size (Rice
and Gislason, 1996). To model the abundance (individuals per square meter, ind./m?) and
biomass (milligrams per square meter, mg/m?) size-spectrum of macroinvertebrate
communities at each site, macroinvertebrate replicate samples were pooled and individuals
assigned to logarithmic size-classes based on body wet mass (in mg) (Sheldon et al., 1972;
Edward et al., 2017). Logarithmic binning was used because it maintains consistent

resolution across the size range, allowing equitable comparison of the distribution of small-
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and large-bodied organisms (Blanco et al., 1994; Sprules and Barth, 2016). A total of 13
size classes were defined, ranging from <2 mg (the smallest size class) to 4096-8192 mg
(the largest size class). Macroinvertebrate abundance and biomass per size-class were first
normalized by dividing each biomass or abundance in the size- class by the width of the
size-class interval in order to minimize the bias associated with logarithmically increasing
size-class width or weights (White ef al., 2008). Normalized abundance and biomass values

were then loga-transformed and regressed against the log:-centered midpoints of the

respective size classes using least-squares linear regression to give the normalized
abundance and normalized biomass size-spectrum. This double-logarithmic approach is
widely used in aquatic food web studies to quantify the slope (1) and intercept of the size-
spectrum (White et al., 2008; Sprules and Barth, 2016), which describes the relationship

between size and either biomass or abundance as:

Loga(y)=aLoga(X) +beeeeiiiiiii Equation 3

where: x = body size (mg), y = normalized biomass or abundance, a = slope (1), b =

intercept.

In size-spectrum analysis, slope and intercept are often statistically correlated, which
complicates the interpretation of each parameter independently. To address this, the
correlation was reduced by using a midpoint height (“H”) defined as the normalized
abundance or biomass at the center of the spectrum - instead of the traditional y-intercept
(Daan et al., 2005). Midpoint height serves as a robust proxy for total community
production or richness, and facilitates unbiased comparisons of community structure across

spatial and temporal scales (Daan et al., 2005).
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Modelling and field studies have determined the normalized size-spectrum slope (A) of
communities at equilibrium (undisturbed) to approximate -1.0 and -2.0 for normalized
biomass- and abundance-based size-spectrum, respectively (White et al., 2008; Sprules and
Barth, 2016). The steepening of the size-spectrum slope (A ) ( being more negative) in time
or space has been hypothesized to reflect relative dominance of small-bodied organisms
due to greater size-dependent mortality leading to a lower trophic transfer efficiency in the
ecosystem while Shallower As are taken to represent communities with larger-sized
individuals (Rice and Gislason, 1996). Intercepts or midpoint heights of the size-spectrum
are taken to reflect productivity of the community, with lower intercepts/midpoint heights
taken to reflect an overall reduction in the food-web capacity or productivity of a

community (Guiét et al., 2016).

Abundance Biomass Comparison (ABC) curves were constructed by superimposing k-
dominance curves of abundance and biomass on the same plot. A k-dominance curve
shows the cumulative abundance or biomass of species as a function of their rank (Clark
and Warwick, 2001). To construct the k-dominance curves, all identified genera were first
arranged in descending order based on their relative importance, which was determined
from their abundance and biomass values separately (Lambshead and Platt, 1985; Clark
and Warwick, 2001; Warwick et al., 2008). The genus contributing the most individuals or
biomass occupied the top rank, followed sequentially by those with lesser contributions.
For each genus in the ranked list, the proportional dominance was calculated as the
percentage share of the total abundance or total biomass of the assemblage. These
proportional values were then cumulatively summed, beginning with the most dominant

genus and progressing through the ranks, to yield the cumulative proportional dominance,
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or “k-dominance,” for each genus rank (Warwick et al., 2008). The resulting data for
biomass and abundance were plotted on the same plot with genus rank (k) along the
horizontal axis, represented on a logarithmic scale to compress lower-ranked genera, and
cumulative proportional abundance or biomass (expressed as percentages from 0% to
100%) along the vertical axis (Lambshead et al., 1983; Clarke, 1990). The relative
positions of the two curves were then examined to assess community disturbance levels.
This method follows the approach described by Warwick (1986), where curve separation
provides insight into the dominance structure and the ecological status of the community.
The ecological status of each site was interpreted based on the relative positions of the
biomass and abundance curves as; i) Undisturbed condition: The biomass curve lies
entirely above the abundance curve, suggesting dominance by a few large-bodied genera,
i1) Moderately disturbed condition: The biomass and abundance curves intersect or run
closely together, indicating an intermediate level of disturbance, and iii) Grossly disturbed
condition: The abundance curve lies entirely above the biomass curve, typically indicating
dominance by small-bodied macroinvertebrates (Warwick, 1986). To quantify the
difference between the abundance and biomass curves, Warwick’s W-statistic (Warwick,

1986) was calculated using the formula:

W = (Z (Bi — Ai)) + (50 * (S — 1)) ........................ Equation 4
Where:
* Bi = cumulative percentage biomass for genus i

 A; = cumulative percentage abundance for genus i
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* S = total number of genus

A positive W-statistic indicates the biomass curve is above the abundance curve reflecting
unstressed community while, a negative W-statistic indicates the abundance curve is above
the biomass curve reflecting a stressed community. A W-statistic near zero value obtains
when the curves overlap or intersect, indicating a moderately disturbed community

(Warwick, 1986).

3.7 Data treatment and statistical analyses

Physico-chemical stream variables were first tested for normality of distribution using the
Kolmogorov-Smirnov test and for homogeneity of variances using Levene’s test (Zar,
2010). As variables violated the assumptions of normality, land-use comparisons were
conducted using the non-parametric Kruskal-Wallis analysis of variance (ANOVA) test,
followed by Dunn’s post hoc test for pairwise differences among means (Zar, 2010) to
evaluates the effects of land use on water physical-chemico parameters. Generalized linear
models (two-way ANOV A) were used to evaluate the effects of land-use, season, and their
interaction on water physico-chemical variables. All variables were logio(x+1)-
transformed to meet model assumptions. Macroinvertebrate order-level relative
abundances were calculated per site and season, summarized by land-use, and plotted to

visualize dominant assemblage patterns.

To evaluate the macroinvertebrate community structure across sites and land-use types,
several community structural indices were calculated. These included: taxon richness,

Simpson's index of diversity (1-D), and Shannon-Weiner diversity index (H', Magurran,



36

2013). The percentage of Ephemeroptera + Plecoptera + Trichoptera individuals in a
sample (%EPT index) was calculated for each site as an indicator of disturbance, with a
higher index reflecting a low disturbance regime (Barbour et al., 1996). The EPT orders
are considered to be among the most sensitive among macroinvertebrates to different forms

of disturbance in streams and rivers (Barbour ef al., 1999).

Detrended Correspondence Analysis (DCA) was first conducted to determine the
appropriate ordination method for analyzing the relationship between macroinvertebrate
assemblage structure and physico-chemical variables. The DCA produced short gradient
lengths (<3 SD units), indicating linear species—environment relationships. Based on these
results, Redundancy Analysis (RDA) was selected as the most suitable method to examine
the associations between macroinvertebrate communities and physico-chemical
parameters during the wet and dry seasons (Ter Braak, 1986). Sequential generalized linear
modeling (GLM; Zar, 2010) was used to evaluate the contribution of predictor variables,
including body size, season, land-use, and water physico-chemical variables, to
macroinvertebrate abundance and biomass per size class. Model performance was assessed
using mean square error (MSE) and the coefficient of determination (R?) (Neter et al.,
1996). Multi-collinearity among water quality variables was examined using the Variance
Inflation Factor (VIF) (Zurr et al., 2007). Only variables with VIF values less than 5,
considered the threshold for low collinearity, were retained in the model. Water quality
variables were entered into the model as a single block in the final step before testing

interaction terms.

Analysis of covariance (ANCOVA) was applied to assess the effects of land use,

seasonality, and their interactions on the slope and midpoint height of the normalized
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abundance and biomass size spectrum, as well as Warwick’s W-statistics. Linear regression
analyses were conducted to examine the relationships between size-spectra metrics (slope
and midpoint height) and log-transformed water physico-chemical variables and
community structural indices. All statistical analyses and figure plots were carried out in

R version 4.5.1 (R Core Team, 2025) using the vegan package (Oksanen et al., 2013).
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CHAPTER FOUR

RESULTS

4.1 Variation of physico-chemical variables of streams between land-use and

seasons

Both land-use type and seasonality influenced the physico-chemical properties of the
studied streams (Table 3). Turbidity, TDS, EC, POM, and NOs™-N varied significantly
among streams in different land-use types. Smallholder agriculture (SHA) generally
showed higher values of the physico-chemical variables in both wet and dry seasons. In
contrast, natural forest (NF) stream sites recorded relatively lower values for most
variables, including turbidity, EC, TDS, and TSS, considered indices of water pollution in
the study area (Table 3). Total suspended solids (TSS) exhibited substantial variability
across land-uses and seasons (p <0.05). In the wet season, TSS concentrations were highest
in SHA streams (103.80 +24.03 mg/L), followed by NF streams (86.50 = 6.85 mg/L), and
lowest in SHT streams (60.50+3.66 mg/L). In the dry season, TSS values were
consistently lower across all land uses but remained significantly elevated in SHA streams
(28.46 = 6.15 mg/L), compared to TTP (14.93 +3.88 mg/L), SHT (13.86 + 0.44 mg/L), and
the lowest in NF (8.35 £ 0.45 mg/L). This sharp seasonal contrast underscores the influence
of rainfall and land-use practices on sediment loading, with SHA consistently contributing

the highest suspended solids load across both hydrological periods.

Similar to TSS, the concentrations of POM were highest at SHA streams (wet:
98.10 £ 15.20; dry: 16.82+2.71 mg/L) and lowest in SHT streams during the wet season

(58.96 + 6.26 mg/L) and NF streams during the dry season (6.09 &+ 0.40 mg/L).
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Table 3: Mean (£SD) variation of physico-chemical variables in the different land-use
categories in the Sondu-Miriu River basin. Turb = turbidity, Temp = temperature, Natural
Forest (NF), Smallholder Agriculture (SHA), Smallholder Tea (SHT), and Tea and Tree
Plantation (TTP). The rest of the abbreviations and acronyms for variables are described in

the text. H = Kruskal-Wallis ANOVA test statistic.

Variables Season NF SHA SHT TTP H p-value
Turb (NTU) Wet 10.0+£3.9 52.4+=34.2° 16.4+23.82° 24.1+31.6% 9.69 0.020*
Dry 8.75+0.37° 53.00+10.30%  24.17+7.19®  22.11+747% 1151  0.009*
Temp (°C) Wet 17.2+0.49° 17.40+0.942 18.93+0.462 17.52+0.282 5.83 0.120
Dry 16.02+0.54*  16.35+0.42° 17.47+0.532 17.12+0.412 5.09 0.166
DO (mg/l) Wet 7.51+0.132 6.61+0.452 7.17+0.132 7.55+0.11* 6.89 0.076
Dry 7.65+0.16° 7.08+0.18° 7.37+0.182 7.69+0.112 7.29 0.063
DO saturation (%) Wet 97.85+0.84*  89.65+5.56° 96.20+1.91° 103.67+4.92*  3.74 0.291
Dry 98.45+1.16*  96.87+1.40° 96.52+1.89° 97.80+0.912 0.38 0.945
TDS (mg/l) Wet 27.9520.43>  58.30+14.30*  37.00+1.48%*  47.67+£3.52** 1334 0.004*
Dry 28.50+0.56°  67.00+7.142 38.83=2.33%  47.17+4.03% 18.51  0.0003*
pH Wet 7.07+0.16 7.36+0.472 6.46+0.15° 7.19+0.70? 6.44 0.092
Dry 7.43+0.53° 7.71+0.452 6.58+0.14° 7.77+0.682 6.37 0.095
EC (uS/cm) Wet 27.8520.46° 58.10+14.40*  36.88+1.53%®  47.53£3.57®* 1343 0.004*
Dry 28.55+0.53¢  65.10+7.16° 36.78=3.16%  47.23+3.97* 16.82  0.0008*
TSS (mg/l) Wet 91.8+0.46° 140.70+24.30* 80.38=9.482 134.50+£26.400  4.97 0.174
Dry 13.73=0.97°  48.89+7.88* 21.18=5.54%  30.17+6.61*  11.61  0.009*
POM (mg/1) Wet 75.67=7.58% 98.10+15.20*  58.96=6.26° 75.82+5.61*  8.21 0.042*
Dry 6.09:0.40° 16.82+2.712 8.68+1.73b 10.95+1.88° 12.03  0.007*
TP (mg/1) Wet 0.07+0.022 0.22+0.062 0.21+0.10° 0.14+0.042 443 0.218
Dry 0.02+0.001*  0.04=0.012 0.03+0.0032 0.03+0.012 5.86 0.119
SRP (ug/1) Wet 0.03=0.003*  0.05=0.032 0.07+0.06° 0.02+0.012 0.39 0.942
Dry 0.02+0.001*  0.02=0.0032 0.02+0.0022 0.02+0.0032 4.57 0.206
NH4*-N (ug/l) Wet 2.66+0.23° 1.83=0.64° 3.52+1.022 2.72+0.832 2.04 0.564
Dry 0.01+0.0022  0.02=0.006" 0.01+0.001° 0.01+0.0012 6.98 0.072
NOy»-N (mg/l) Wet 0.93+0.582 1.21=0.19° 0.84+0.422 0.62+0.322 5.94 0.115
Dry 0.03+0.012 0.02=0.0042 0.03+0.012 0.08+0.042 3.37 0.338
NO;-N (mg/l) Wet 0.42+0.09°  0.82+0.12° 1.52+0.65% 3.31+0.892 6.33 0.001*
Dry 0.04£0.01°  0.03=0.01° 0.07+0.01° 0.19+0.042 6.98 0.001*
Depth (m) Wet 0.17£0.01°  0.36+0.04° 0.34+0.05% 0.24+0.06® 9.15 0.027
Dry 0.16+0.02°  0.21+0.02%® 0.31+0.04° 0.20+0.05% 6.40 0.094
Width (m) Wet 5.52+1.09¢ 4.02=1.16° 4.10+1.652 3.95+1.032 L.56 0.668
Dry 5.35+2.70° 3.17+1.87° 3.93+4.272 3.63+1.822 3.05 0.383
Discharge (m%s)  Wet 0.29+1.822 0.12+0.152 0.20+0.27° 0.12+0.132 1.41 0.702
Dry 0.05+0.02° 0.08+0.062 0.06+0.09° 0.05+0.062 3.05 0.623

NB: Groups with different superscripts differ significantly, as determined by Dunn post

hoc tests. * indicate significant differences among land-uses at p < 0.05.

During the wet season, the NF streams also recorded high POM concentration
(75.67 +7.58 mg/L) that did not differ from the highest value reported in SHA streams.

Concentrations of NO3-N were highest in the TTP streams during both seasons (wet:
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3.31+0.89 mg/L; dry: 0.19+0.04 mg/L), likely due to intensive fertilizer application in
commercial tea plantations. In contrast, lower values were recorded in NF streams during
the wet season (0.42 +0.09 mg/L) and in SHA during the dry season (0.03 +0.01 mg/L,
Table 2). The EC, often an indicator of water pollution when elevated (increases in
dissolved ions), was highest at the SHA streams (wet: 58.10+£14.40 uS/cm; dry: 65.10+7.16
uS/cm) and lowest in the NF streams (wet: 27.85+£0.46 uS/cm; dry: 28.55+0.53 uS/cm),

with the SHT and TTP streams showing intermediate values (Table 3).

Following GLM (two-way ANOVA) analysis, a significant effects of land use were
observed for several variables, including Turbidity, TSS, POM, and NO3--N, as also noted
in (Table 3). Seasonal variation also significantly affected Temperature (F = 6.72, p =
0.012), TSS (F=11.35, p <0.001), POM (F = 11.62, p < 0.001), Discharge (F = 6.72, p =
0.012), TP (F = 12.47, p <0.001), NH4+-N (F = 15.44, p < 0.001), NO2--N (F =20.33, p
<0.001), and NO3 -N (F =26.01, p < 0.001). A significant interaction between land use
and season was detected for NO3--N (F = 6.80, p = 0.001), indicating that seasonal shifts

in NOs™-N concentrations varied depending on land use type.

4.2 Macroinvertebrate community composition

Macroinvertebrate assemblage composition based on relative abundance varied across
land-use, with few taxa dominating assemblage composition (Figure 2). In NF land-use,
the most sensitive orders to water pollution and disturbance - Trichoptera, Ephemeroptera,
and Plecoptera - recorded high relative abundances (mean £ SD%) in both seasons (wet:
274+44, 252+4.6, and 154 £+ 4.4; dry: 30.3+£2.6, 22.1£3.6, and 22.5 + 4.5,

respectively) potentially reflecting relatively good water quality at the forested streams that
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were less influenced by human activities during both dry and wet seasons. In contrast,
Hirudinea, Spongillida, and Platyhelminthes were the least represented orders at all land-
use sites. The SHA land-use showed higher relative seasonal abundance of Ephemeroptera
and Diptera (wet: 38.5+ 7.1 and 29.9+ 12.1; dry: 28.1 £4.8 and 34.4 + 8.9, respectively),

while Plecoptera, Spongillida, and Hirudinea contributed lower percentages.

In SHT land-use, Ephemeroptera and Trichoptera orders recorded high relative seasonal
abundance (mean £ SD%: wet: 29.9+7.9 and 27.0+5.1; dry: 23.6+ 6.9 and 26.0 +4.9),
whereas Hirudinea, Spongillida, and Nematomorpha were among the least abundant
(Figure 2). Plecoptera had lower relative abundance at SHT and SHA land-use sites. The
TTP land-use showed relatively high proportions of Trichoptera, Ephemeroptera, and
Plecoptera, (mean = SD %: wet: 30.6 £8.7,24.5+ 8.3, and 23.2+6.7; dry: 29.9£5.9, 10.5
+ 3.1 and 17.1£3.0%) closely resembling the structure of the NF land-use, while
Nematomorpha and Hirudinea remained low in both seasons (Figure 2). Groups like

Diptera and Coleoptera showed relatively high abundance at all land-use sites.
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Figure 2: Mean seasonal relative abundance (%) of macroinvertebrate taxa across four land-
use streams in the Sondu-Miriu River basin during wet and dry seasons: Natural Forest (NF),
Smallholder Agriculture (SHA), Smallholder Tea (SHT), and Tea and Tree Plantation (TTP).

Error bars represent standard error of the mean.

Structural community indices, including taxon richness, Simpson’s index of diversity (1-
D), and the Shannon-Weiner diversity index (H'), varied across land-uses and seasons
(Table 4). During the wet season, differences among land uses were not statistically
significant (p > 0.05). Nevertheless, SHA land-use recorded the lowest values for taxon
richness, H' and %EPT whereas, NF and TTP exhibited comparatively higher values for

these metrics. In the dry season, significant variation was observed in the indices among
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land-uses. Taxon richness was highest in SHT land-use (50.2 + 8.8) and lowest in SHA
land-use (30.0 £ 6.5) while, Simpson’s index of diversity (1 - D) was lowest in SHA land-
use (0.78+0.12), while NF, TTP, and SHT land-uses had similar higher values
(0.88+0.03, 0.88 £ 0.05, and 0.88 +0.05, respectively). Similarly, the H' varied among
land-uses during the dry season, with NF, SHT, and TTP land-use showing similar
diversity values (2.60 = 0.31, 2.45 £ 0.38, and 2.48 + 0.45, respectively), while SHA land-
use had the lowest (2.08 + 0.42) value. The %EPT index showed no significant differences
across land-uses (p >0.05; Table 4). However, mean values indicated some variation in
EPT contribution to macroinvertebrate composition across land-uses, including changes in
community responses to disturbance, especially during the wet season. During this period,
the highest and comparable %EPT index values were recorded at the TTP and NF land-
uses (71.2 £ 13.6 and 69.9 £ 8.2, respectively), while the lowest value was observed in the

SHA land-use (60.2 +26.5), indicating poorer water quality.
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Table 4: Community structural indices, and percentage of Ephemeroptera, Plecoptera, and
Trichoptera (% EPT, mean = SD) of macroinvertebrate assemblages across four land-uses in
the headwater streams of Sondu-Miriu River basin: Natural Forest (NF), Smallholder
Agriculture (SHA), Smallholder Tea (SHT), and Tea and Tree Plantation (TTP), during wet

and dry seasons.

Metrics Season NF SHA SHT TTP F-value P-value
Taxon richness (S) Wet 41.0+x11.3 37.0+£153 415+ 14.1 442+£12.5 0.29 0.830
Dry 48.0+10.5= 30.0+6.5¢ 50.2£8.8 422+6.3  7.24 0.002%*
Simpson index (1-D) Wet 0.88+0.03 0.75+0.17 0.84£0.10 0.84£0.08 1.46 0.257
Dry 0.88+0.03 0.78+0.12 0.88 £0.05 0.87x0.04 3.06 0.052
Shannon index (H') Wet 260031 2.07x0.64 2.45+0.38 2.48x0.45 1.51 0.243
Dry 2.69+020: 2080420 2.76+£035 2.62+0.232 537 0.007*
%EPT index Wet 69.9+8.2 60.2+26.5 63.6 278 71.2+13.6 0.61 0.618

Dry 61.8+152 523+178 569=+21.5 58.0%+83 0.40 0.752

NB: Groups with different superscripts differ significantly, as determined by Tukey post
hoc tests. Asterisks indicate significant differences among land-uses at p < 0.05

4.3 Variation of macroinvertebrate biomass and abundance with size-class

Macroinvertebrate size distribution differed among land-uses and between seasons,
displaying unimodal patterns in abundance and multimodal patterns in biomass in some
land-uses (Figure 3). In the wet season, SHA land-use exhibited the highest abundance in
the smallest size class (<2 mg), reaching approximately 900 individuals in this class (Figure
3a). In contrast, the other land-uses showed relatively low abundances in the smaller size
classes (< 8 mg) of < 370 individuals per size class. The TTP land-use had peak
macroinvertebrate abundance in the 4-8 mg size class (420 individuals) which then reduced
progressively in the larger size classes (Figure 3a). During the dry season, the abundance-
size distribution showed a peak at between 4 and 16 mg for all land-uses, indicating a
predominance of small-sized individuals at the land-uses compared to the wet season

(Figure 3b). Except for the SHA land-use, the dry season abundance of individuals was
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Figure 3: Seasonal distribution of macroinvertebrate abundance and biomass (mg) across
body size classes among the stream sites in the headwater stream in the Sondu-Miriu River
basin; Natural Forest (NF), Smallholder Agriculture (SHA), Smallholder Tea (SHT), and Tea
and Tree Plantation (TTP).

more than twice the wet season abundance for the 2-64 mg size classes. The SHA land-use
recorded the lowest modal abundance of below 550 individuals in the small size classes
(<2 mg, Figure 3b). In contrast, other land-uses exhibited higher modal abundances ranging
from 600 individuals in the 2-4 mg size class and 700 individuals in the 4-8 mg size class
for the streams in the NF and TTP land-uses, respectively (Figure 3b). Biomass distribution
tended to be multimodal in nature compared to the abundance distribution. However, the

wet season showed a mostly unimodal distribution in most land-uses, except for the NF

land-use sites, which were bimodal (Figure 3¢ and 3d). During the dry season, the land-



46

uses had a largely bimodal distribution of sizes, except for the SHT land-use that had a

unimodal biomass peaking at between 250 and 500 mg.

Sequential GLM revealed macroinvertebrates' body size (mg) alone accounted for 51% of
the variation in macroinvertebrate abundance per size class (MSE = 0.25) (Table 5),
underscoring its strong predictive role in size-spectrum structure. Adding season as a factor
slightly improved the model, increasing the explained variance to 53% (MSE = 0.24; p <
0.001), indicating some influence of temporal variability on abundance distributions.
Incorporating land-use produced a modest improvement, maintaining R? at 53% (MSE =
0.23; p = 0.029), highlighting the role of anthropogenic factors in shaping size-based
macroinvertebrate community patterns. Addition of water physico-chemical variables
(Table 4) resulted in a slight gain in explained variance (R? = 54%, MSE = 0.23; p = 0.495).
The inclusion of interaction effects between body size (mg), season, and land-use provided
minimal but insignificant further improvement (R? = 54%, MSE = 0.23; p = 0.162) (Table
5). Similarly, sequential GLM results for biomass per size class (Table 5), showed that
macroinvertebrate body size alone accounted for 24% of the variation in biomass
distribution across size classes (MSE = 1.10), indicating a moderate but significant
influence on size structure. Adding season as a predictor led to a slight improvement,
increasing the explained variance to 26% (MSE = 1.07; p < 0.001), suggesting some
temporal shifts in biomass allocation. The inclusion of land-use further enhanced the
model, raising the R? to 28% (MSE = 1.04; p < 0.001). Incorporating water physico-
chemical variables (VIF < 5) improved the model fit modestly (R? = 31%, MSE = 0.99; p
= 0.002). Finally, interaction terms between body size and both season and land-use

brought the total explained variance to 35% (MSE = 0.95; p < 0.001). The remaining 46%
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and 65% of the variation in abundance and biomass per size class, respectively, are likely
attributable to unexplained ecological processes (e.g., habitat heterogeneity, species

interactions) or limitations of the model.

Table 5: Results of sequential generalized linear modeling (GLM) analysis on
macroinvertebrate abundance per size class across all stream sites and seasons. All variables

were entered sequentially into the model. MSE = Mean square error, R*=coefficient of

determination.
Abundance Biomass
Steps Variables added R? (%) MSE p- R? MSE p-
value (%) value
1 Body size (mg) 51 0.25 0.001 24 1.10  0.001
2+ Season 53 0.24 0.001 26 1.07  0.001
3 +Land use 53 0.23  0.029 28 1.04 0.001
4+ Physico-chemical variables (VIF <5) 54 0.23 0.495 31 0.99 0.002
5 + Interactions (Body size X Season X 54 023 0.162 35 0.95 0.001
Land use)

4.4 Relationship between macroinvertebrate abundance and physico-chemical

variables

Redundancy analysis (RDA) revealed distinct associations between macroinvertebrate
abundance in the size classes and physico-chemical variables across the wet and dry
seasons (Figure 4). During the wet season (Figure 4a), the SHA and SHT streams were
strongly aligned with elevated levels of SRP, turbidity, EC, and TDS, while TTP streams
were associated with high NO3™-N concentrations and turbidity. These factors were closely
associated with higher abundances of smaller macroinvertebrate size classes (<8 mg).
Conversely, stream sites in NF land-use were weakly associated with these factors and

tended to be located toward the origin or opposite direction of nutrients, EC, and turbidity
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vectors. The POM showed a moderate association with NF and SHT land-uses, suggesting
a possible detrital influence on macroinvertebrate communities. Larger size classes (>32
mg) appeared opposite the nutrient vectors, indicating reduced abundance in nutrient-

enriched or eutrophic streams.

In the dry season, the SHA and SHT land-uses were again associated with higher
concentrations of POM, TSS, turbidity, EC, and TDS (Figure 4b), indicating physico-
chemical disturbance during low-flow conditions. These land uses showed increased
representation of small size classes (<8 mg). In contrast, NF land-use was located away
from most disturbance vectors and showed weak or negative associations with SRP and
NOs™-N. Larger macroinvertebrate size classes (>32 mg) were again positioned furthest
from these factors or located near the plot center, reflecting moderate or generalist

responses across environmental gradients.
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Figure 4: Redundancy Analysis (RDA) showing the relationships between
macroinvertebrates abundance per size class and water physicochemical variables during the
(a) wet and (b) dry seasons across the stream sites; Natural Forest (NF), Smallholder

Agriculture (SHA), Smallholder Tea (SHT), and Tea and Tree Plantation (TTP).

4.5 Abundance and biomass size-spectrum patterns

The relationship between the slopes and midpoint heights of the size-spectrum was weak
or marginal during the wet and dry seasons for both NASS (wet: r=0.12, p = 0.58; dry: r
=0.40, p=0.06) and NBSS (wet: r=0.01, p=0.96; dry: r = 0.21, p = 0.33). This allowed
for the use of the two metrics (slope and midpoint heights) as independent measures of

land-use effects on stream condition. Size-spectrum slopes and midpoint heights varied
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for the plots are already described in the text.
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across land-use types and seasons, indicating spatio-temporal differences in community
size structure and energy transfer efficiency (Figure 5 and 6; Appendix 1). The normalized
abundance size-spectrum (NASS) and normalized biomass size-spectrum (NBSS) slopes
were consistently negative across all land-uses in both wet and dry seasons (Figure 5,
Appendix 1). All mean slopes were less steep than the expected equilibrium value of -2.0
for NASS and -1.0 for NBSS Appendix 1), indicating a greater representation of large-

bodied macroinvertebrates per size class than predicted from theory.

4.5.1. Variation of size-spectrum slopes with land-use and season

During the wet season; the shallowest (least negative) slopes were observed in the NF,
TTP, and SHT land-uses for both NASS (-1.37+0.14, -1.41+0.12, and -1.42+0.08,
respectively), and NBSS (-0.37+£0.13, -0.40+£0.12, and -0.42 +0.09, respectively). In
contrast, the steepest slopes occurred in SHA land-use for both NASS and NBSS
(1.48+£0.19, and -0.49=+0.19, respectively; Figure 5 and 6). These differences in
macroinvertebrate size-spectrum slopes may indicate variations in energy transfer

efficiency associated with size-distributions and linked to land-use intensity.

During the dry season, the steepest slopes were observed in SHA and TTP land-uses for
both NASS (-1.48+0.16 and -1.49 +0.05, respectively) and NBSS (-0.47+0.15 and -
0.48 +0.04, respectively) (Figure 5 and 6, Appendix 1), indicating a dominance of small-
sized macroinvertebrates, likely contributed by Ephemeroptera (family: Baetidae, Figure
2). In contrast, NF and SHT land-uses displayed shallower slopes in both NASS (-

1.43+0.09 and -1.40£0.15, respectively) and NBSS (-0.44 £0.08 and -0.42+0.15,
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respectively) (Figure 5 and 6), which suggest presence of larger macroinvertebrates per

size class, depicting a more efficient trophic transfer at these sites during this season.

The ANCOVA analysis indicated no significant effects of land-use on slopes based on both
NASS (F=0.92, df = 3, p = 0.44) and NBSS (F = 0.89, df = 3, p = 0.46). Similarly, there
was no significant effect of season on slopes based on both NASS (F =0.72,df=1,p =
0.40) and NBSS (F =0.77,df =1, p = 0.39) analysis. The interaction between land-use and
season had no significant effect on slope in either spectrum: NASS (F = 0.40, p = 0.76) or

NBSS (F = 0.54, p = 0.66) (Table 7).

Table 6: The ANCOVA results testing the effects of land-use change, season, and their
interaction on macroinvertebrates biomass and abundance size-spectrum slopes in

headwater streams in the Sondu-Miriu River basin, Kenya.

Biomass Abundance
Factor DF F p F p
Land use 3 0.89 0.456 0.92 0.440
Season 1 0.77 0.387 0.72 0.402
Land use x Season 0.54 0.656 0.40 0.756

4.5.2. Variation of size-spectrum midpoint heights with land-use and season

During the wet season; higher midpoint heights (mean + SD) were observed in SHT land-
use for both NASS and NBSS (-0.37+1.09 and 4.44 £0.31, respectively), suggesting
greater relative abundance and biomass in this land-use, possibly due to increased nutrient
(SRP) availability (Table 3). Lower values of midpoint heights were recorded in TTP (-

1.63 £0.48) for NASS and in SHA (4.19+0.79) for NBSS (Figure 5 and 6, Appendix 1).
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During the dry season; midpoint heights were higher in SHT land-use (0.02+0.94) in
NASS and NF land-use (5.40 £0.43) in NBSS. These results indicate ecosystem richness,
as NF and SHT also exhibited higher taxon richness (Table 4). Lower midpoint heights
were recorded in SHA land-use for both NASS and NBSS (-1.13 £0.63 and 4.41 + 0.43,
respectively), further showing synchrony in the estimation of system production by the two
size-spectrum midpoint height (Figure 6). The SHT land-use showed the highest variability
in midpoint height among seasons being +1.09 (SD) in the wet season and £0.94 (SD) in

the dry season for NASS, indicating greater ecological heterogeneity in these systems

(Figure 6).
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Figure 6: Boxplots showing the distribution of macroinvertebrates normalized abundance
size-spectra (a) slopes and (c¢) midpoint heights, and normalized biomass size-spectra (b)
slopes and (d) midpoint heights across land-use types: Natural Forest (NF), Smallholder
Agriculture (SHA), Smallholder Tea (SHT), and Tea and Tree Plantation (TTP), during the
wet and dry seasons.
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The relationship between NASS and NBSS midpoint heights showed a significant positive
correlation (r = 0.72, p = 0.001), suggesting congruence between abundance and biomass

per size class across land-use sites in the study area.

The ANCOVA showed a significant difference effect of land-use on midpoint heights for
both NASS (F =5.53, df =3, p=10.003) and NBSS (F =2.94, df = 3, p = 0.045). Similarly,
season had a significant effect on midpoint height values for NASS (F =5.68, df=1,p =
0.022) and NBSS (F = 20.63, df = 1, p < 0.001). The interaction between land-use and
season showed no significant effect on midpoint heights in both NASS (F =0.59, p = 0.63)

and NBSS (F = 1.72, p = 0.18) analyses (Table 8).

Table 7: The ANCOVA results testing the effects of land-use change, season, and their
interaction on macroinvertebrates biomass and abundance size-spectrum midpoint-

heights in headwater streams in the Sondu-Miriu River Basin, Kenya.

Biomass Abundance
Factor DF F p F p
Land use 3 2.94 0.045 5.53 0.003
Season 1 20.63 0.001 5.68 0.022
Land use x Season 1.73 0.177 0.59 0.627

There was a strong positive correlation between the slopes of NASS and NBSS across land-
use sites (r = 0.98, p < 0.001), Similarly, the midpoint height showed a strong positive
relationship with community structural patterns (R*=0.72, p =0.001) (Figure 7) indicating

consistent prediction of community structural patterns by both metrics.
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land use types. Each point represents a stream. Coefficient of determination (r2) and

significance level (p = 0.01).

4.5.3. Size-spectrum metric sensitivity and performance

Overall, NF land-use streams consistently exhibited the most favourable size-spectrum:
shallower slopes and the highest NBSS midpoints (Figure 5), indicating communities with
well-represented large-bodied macroinvertebrates. The SHT land-use streams
demonstrated high variability but generally favourable values, suggesting intermediate
disturbance, while the TTP streams showed moderate values across all metrics, indicative

of partially altered systems. In contrast, the SHA streams consistently exhibited the steepest
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slopes and lowest midpoint heights for both NASS and NBSS (Figure 5), indicating

simplified, stress-prone macroinvertebrate communities.

Table 8: Summary performance of slopes and midpoint heights as metrics of effects
of land-use change on macroinvertebrate communities in headwater streams in the

Sondu-Miriu River Basin, Kenya.

Metric Responsiveness to Responsiveness Statistical Indicator
Land-use to Seasonality Significance Suitability
NASS Slope Low Low No Low
NBSS Slope Low Low No Low
NASS Midpoint High Moderate Yes High
NBSS Midpoint High High Yes High

The ANCOVA tests confirmed that land-use had a significant effect on NASS midpoints
(p <0.001) and NBSS midpoints (p = <0.05). Seasonal effects were also significant for
NBSS midpoints (p < 0.001). These results highlight that midpoint height was a more
responsive and ecologically informative indicator of environmental disturbance compared

to slope, which remained statistically stable across conditions (summarized in Table 9).

4.7 Relationship between size-spectrum metrics and community predictors

The relationships between slope and midpoint height from normalized abundance size-
spectrum (NASS) and normalized biomass size-spectrum (NBSS) with selected water
physico-chemical variables and community indices that showed statistically significant
relationships (p < 0.05) are presented in Figure. 8. The slopes were negatively correlated
with TDS and EC in both NASS (R?=0.18, p =0.04 and R?=0.19, p = 0.03, respectively)
and NBSS, (R* =0.19, p = 0.04 and R? = 0.19, p = 0.03, respectively) (Figure 8a-f and

Figure 8g-1), indicative of their responsiveness to polluted water and reflecting reduced
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efficient transfer of energy to higher trophic levels. There was a significantly positive
relationship for both Simpson diversity and Shannon diversity index with slopes in NASS
(R?=0.17,p=0.043 and R? = 0.17, p = 0.046) and marginally significant in NBSS (R? =
0.16, p=0.05 and R>=0.16, p = 0.056), respectively (Figure 8a-f and 8g-1), implying that
shallower slopes, indicative of increased efficient transfer of energy, was associated with

reduced dominance and increased diversity of macroinvertebrates.

The midpoint height exhibited a significantly positive relationship with SRP and taxon
richness in NASS (R? = 0.34, p = 0.003 and R? = 0.20, p = 0.03), respectively. The NBSS
showed significantly positive relationship with taxon richness (R? = 0.50, p < 0.001) and
non-significant positive relationship with SRP (Figure 8a-f and 8g-1). This indicates that
increased nutrient availability leads to greater overall biomass or ecosystem carrying
capacity, which tends to support a higher number of different taxa, as observed in NF and

SHT land-uses during the dry season and in TTP during the wet season (Table 4).
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Figure 8: Regression analysis of water physico-chemical variables and community

structural indices with slopes and midpoint height of normalized abundance size-

spectra (NASS,

e-f) and normalized biomass size-spectra (NBSS, g-1) for

macroinvertebrates in the headwater streams in the Sondu-Miriu River Basin.

4.8 Abundance-biomass comparison (ABC) curves

Across all four land-uses, the Biomass Curve remained consistently above the Abundance

Curve, indicating ecological conditions typical of undisturbed systems (Figure 9). This

pattern likely reflects communities dominated by K-selected species, large-bodied, slow-

growing organisms that contribute substantially to biomass without numerical dominance.
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The Warwick’s (W) statistics reveal subtle differences among land-uses, suggesting
variation in local-scale ecological condition despite the overall health status. During the
wet season, W-statistics were all positive, indicating undisturbed stream conditions (Figure
9). The TTP land-use recorded the highest W-statistic (0.27 + 0.08), followed closely by
NF (0.25 £ 0.05). The SHA land-use recorded the lowest W-statistic (0.15 £ 0.10), with
SHT land-use having an intermediate value (0.18 £ 0.13). In the dry season, all W-statistics
were positive, with the highest value recorded in TTP land-use (0.18 + 0.04, Figure 9 and
10). The SHT and SHA had the lowest values (0.15 £ 0.08; 0.16 £ 0.07, respectively).
These values were generally lower than those recorded in the wet season, particularly for

NF and TTP land-uses, possibly due to reduced dilution from lower flow (Figure 9 and 10).

A two-way ANOVA analysis revealed a significant effect of season on W-statistic (F
=4.75; p = 0.04), with higher values recorded during the wet than in the dry season.
However, land-use showed no significant effect on the W-statistic (F =1.86; p=0.15). The

interaction between land-use and season was also not significant (F = 1.05; p = 0.38).
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Figure 9: Abundance-Biomass Comparison (ABC) curves for macroinvertebrates in
headwater streams in the Sondu-Miriu River basin during wet and the dry seasons across
different land-uses types: natural forest (NF), smallholder agriculture (SHA), smallholder tea
(SHT), and tea and tree plantation (TTP).
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Figure 10:Boxplots showing the distribution of Warwick’s (W) statistics in headwater
stream in the Sondu-Miriu River basin across land-use types: Natural Forest (NF),
Smallholder Agriculture (SHA), Smallholder Tea (SHT), and Tea and Tree
Plantation (TTP), during the wet and dry seasons.
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CHAPTER FIVE

DISCUSSION

This study aimed to evaluate the responsiveness of macroinvertebrate assemblages to water
quality changes attributed to different land-use activities, and if size-spectrum metrics and
Abundance Biomass Comparison (ABC) curves can track water quality differences at
seasonal and intra-basin scales. Size-spectrum metrics and ABC curves, if responsive to
perturbations, can then be used as a simple deterministic framework for monitoring and
managing river basins. Land-use exerted a strong influence on stream water quality, with
natural forest streams that acted as reference sites maintaining the lowest levels of nutrients
and suspended solids, while smallholder agriculture streams showed pronounced physico-
chemical degradation. These gradients were reflected in macroinvertebrate assemblages,
where forested streams hosted more diverse and sensitive taxa, in contrast to agriculturally
impacted sites dominated by pollution-tolerant, small-bodied taxa. The changes in water
quality and assemblage structure were also reflected in size-spectrum metrics used as
indicators of ecological condition. Although the slopes remained statistically invariant
across land-uses and seasons, midpoint heights varied significantly, effectively capturing

differences in food web capacity or ecosystem productivity caused by land-uses changes.

5.1 Variation of water physico-chemical variables between sites

To characterize the water quality of the streams of the Sondu-Miriu River basin, physico-
chemical variables showed results that were consistent with their traditional application in
evaluating water quality changes in streams and rivers influenced by anthropogenic

activities including land-use types (Minaya et al., 2014; Masese et al., 2017; Jacobs et al.,
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2018b). The physico-chemical variables of the streams showed consistent deterioration
along a gradient of increasing anthropogenic influence spanning the relatively undisturbed
natural forest (NF) land-use to the more intensively used smallholder agriculture (SHA)
sites land-use. Streams draining NF land-use exhibited low values of physico-chemical
indicator variables (turbidity, EC, POM, NO3;™-N TDS, DO) consistent with ecologically
good water quality (Jacobs et al., 2017; Kroese et al., 2020a, b; Masese et al., 2024c) as
opposed to the SHA land-use that displayed highly elevated values of these variables,
suggesting reduced water quality. The smallholder agricultural activities within the SHA
land-use likely enhanced erosion and reduced land cover resulting into increased sediment
load, nutrient and organic matter/fertilizer inputs into the streams leading to poor water
quality as measured by the variables (Defersha et al., 2012; Jacobs et al., 2018a, b; Kroese
et al., 2020a, b; Iteba et al., 2021; Masese et al., 2021). Smallholder tea (SHT) and TTP
streams appear to be intermediate in water quality, with the higher NO3™-N concentrations
observed in TTP land-use streams likely due to the intensive use of inorganic fertilizers for
top-dressing prevalent in commercial tea plantations (Jacobs ef al 2018b; Nyilitya et al.,
2020). Although, the evaluation of land-use influence using physico-chemical water
properties is robust, it does not account for species-specific interactions, and are costly for
continuous monitoring (Bonada et al., 2006; Masese et al., 2024b). Furthermore, these
variables only provide a snapshot of water quality during sampling or measurement, as
most of the variables respond rapidly to changes in flow conditions, such as rainfall events

(Jacobs et al., 2018b; Jacobs and Breuer, 2024).
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5.2 Macroinvertebrate assemblage structure

Although we found no significant differences in macroinvertebrate structural indices
between land-uses during the wet season, there were high taxa richness (S) and diversity
indices (H’ and 1-D) at the NF and TTP land-uses, while SHA land-use streams registered
low values thereby validating the findings from physico-chemical assessment as being the
most impacted streams. Additionally, the distribution of the pollution-sensitive EPT taxa
across land-uses, showed higher %EPT values in NF and TTP land-uses during both
seasons while, lower values were noted in SHA and SHT land-uses, thereby further
validating the findings of physico-chemical analysis. The uniformity in structural indices
between land-uses during the wet season likely reflects a homogenizing effect of elevated
water levels and increased discharge, which can redistribute macroinvertebrate taxa and
mask localized disturbances. The limited discriminatory power of diversity metrics under
such hydrological conditions has been noted previously (Masese et al., 2014b; 2023) and
may also result from taxa replacement, where sensitive taxa in reference land-use sites are
substituted by tolerant ones in disturbed sites. In contrast, clearer patterns in assemblage
structure as noted during the dry season, is attributable to lower flow conditions that
concentrate or reduce pollutants inputs due to reduced surface runoff and connectivity
between groundwater and streams enhance their ecological effects, and increase the
sensitivity of aquatic communities to land-use-specific stressors (M’Erimba et al., 2014;

Zhang et al., 2012; Masese et al., 2023).

The Simpson diversity index indicated stronger taxa dominance in the lower water quality

SHA land-use, reflecting communities dominated by a few pollution-tolerant taxa. The
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dominance of Ephemeroptera in SHA land-use is likely due to the prevalence of taxonomic
and functional groups that are more tolerant to sedimentation and organic pollution such
as collectors (filterers and gatherers) and predators (Masese and Raburu, 2017; Owade et
al., 2025). Indeed, even among the EPT orders, some families such as Baetidae, Caenidae
and Hydropsychidae, are tolerant to organic pollution and can proliferate in impacted sites
(Masese et al., 2023). Dominance of Diptera during the dry season, particularly tolerant
groups like Chironomidae, reflects their ability to persist under conditions of high turbidity
and reduced DO conditions commonly observed in agricultural streams during dry periods
(Yegon et al.,2021). These patterns are likely influenced by intensive agricultural activities
in poorly managed areas, where runoff and habitat disturbance simplify stream habitats and
favor tolerant species (Masese et al., 2014a, Sitati et al., 2021a). Similarly, the Shannon-
Wiener diversity index revealed comparable diversity in the NF, SHT, and TTP land-uses
during the dry season, with notably lower values in the SHA land-use, reinforcing the

notion of stress-induced shifts in community structure.

5.3 Size-spectrum patterns

Macroinvertebrate biomass distribution as a function of body size was more multimodal
during the dry season, especially in the NF land-use. This distribution pattern likely reflects
the expression of different trophic levels during this season and is compatible with the high
diversity recorded for the less disturbed land-use sites. The multimodal distribution appears
to support Sheldon’s biomass spectrum, with a slope equal to zero (Sheldon et al., 1972),
thereby validating site comparisons using biomass-size spectra derived in this study (also

see Sprules and Birth, 2015). The SHA land-use were dominated by small-sized
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individuals, mostly collector-gatherer taxa in the Chironomidae, Simuliidae, and
Oligochaeta groups while, NF and TTP land-uses recorded larger sized individuals- the
large-bodied shredders such as freshwater Potamonautes (crabs) and Tipula (crane flies).
The high turbidity levels in the SHA land-use likely precluded grazers/scrapers in favor of
collector-gatherers, while larger macroinvertebrates are often more vulnerable to
environmental stress due to their greater energy requirements and broader habitat needs
(Woodward et al., 2012; Pomeranz et al., 2019) precluding them from the degraded land-

use sites.

The decoupling between ecosystem capacity or production (estimated by midpoint height)
and trophic transfer efficiency (estimated by slope), found in this study, suggests that they
represent different community processes as anticipated from simulation and empirical
studies (Kerr and Dickie, 2001). The abundance and biomass size-spectra slopes were all
greater than the theoretical equilibrium value of -2.0 and -1.0, respectively, indicating
deviation from steady state (Sprules and Barth, 2015; Guiet ef al., 2016; Edward et al.,
2017). There were quantitative differences between land-use slopes. For example, SHA
land-use consistently showed steeper slopes suggesting perturbation-dependent effects on
the size structure of the macroinvertebrates and potential low trophic transfer efficiency
compared with the more pristine NF land-use, along with the TTP and SHT land-uses
which were subject to moderate levels of perturbation had shallower slopes indicating
dominance of larger sized macroinvertebrates reflecting possible higher trophic transfer
efficiency (Benejam et al., 2018; Murry and Farrell, 2014). However, the absence of
statistically significant variation in slopes across land-uses or seasons suggests that size-

spectrum slopes may not be strongly responsive to environmental variability in these
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streams. This lack of statistical responsiveness could imply that other factors, beyond those
captured by slope, are influencing macroinvertebrate assemblage structure and trophic
transfer efficiency in the Sondu-Miriu River basin. Possible explanations include the
limited spatial scale of sampling (Blanchard et al., 2009), life-history trait differences due
to the fish-based foundation of size-spectrum theory (Rice and Gislason, 1996), and
characteristics of river ecosystems such as rapid material throughput, multiple refugia or

allochthonous food subsidies that may stabilize the size-spectrum (Guiet et al., 2016).

Lack of spatio-temporal variation in the slope metric may also imply that although
agriculture is having an impact on the ecological condition of streams and rivers in the
region, their impact is still within tolerable limits for most taxa, and sampling across a
gradient of other land-use types, such as urban land-use, may uncover a stronger impact on
the size-distribution of macroinvertebrates. Indeed, the %EPT metric recorded consistently
high values (>50%), considered a threshold for highly impacted streams. Similarly, the
diversity indices varied minimally, suggesting that the level of impact among the land-uses
was comparable to some degree. These findings should be confirmed (or falsified) by
similar studies in other tropical headwater streams and in larger basins impacted by
different types and levels of impacts. The adoption of size-spectrum models that
incorporates life history-traits of the benthic macroinvertebrates will likely capture more
of the factors that affect size-distribution and trophic transfers in river systems (Hartvig et

al., 2011).

In contrast to the slopes, the midpoint heights significantly varied with land-use and
seasons and hence appeared more sensitive to changes in stream conditions. Prior research

suggests that size-spectrum heights reflects system productivity (Kerr and Dickie, 2001;
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Daan et al., 2005) contributed by species richness, biomass and primary carbon sources,
attributes that are sensitive to environmental perturbations (Guiet et al., 2016). The largest
midpoint heights were recorded at land-uses with the highest taxon richness during the dry
season (SHT and NF), while in the wet season, increased nutrient (e.g. SRP) and organic
matter concentrations likely contributed to higher productivity, particularly at SHA and
SHT land-uses, suggesting the utility of spectrum heights in discriminating trophic
conditions as found for the Laurentian Great Lakes (Evans et al., 2022). The
responsiveness of midpoints heights to environmental variability in the streams is a
significant finding as few studies have demonstrated this for freshwater systems (Evans et
al., 2022). Instead, other theories, such as the metabolic theory of ecology (MTE, Brown
et al., 2004), the dynamic energy budget theory (DEB, Kooijman, 2010) and the riverine
ecosystem synthesis model (RES, Thorp et al., 2006), among others, have been advanced
to explain assemblage structure and functioning of riverine ecosystems. More studies
testing the responsiveness of size-spectrum metrics to environmental changes in tropical
streams are required to add to the theories accounting for ecosystem functioning and

monitoring of these systems.

5.4 Abundance-Biomass Comparison (ABC) curves

The W-statistic values derived from the ABC plots quantitatively supported the separation
of the biomass from the abundance curves with the biomass curve consistently being above
the abundance one at all sites and seasons. Across all the four land-uses and seasons, the
W-statistic remained positive, indicating undisturbed stream conditions also depicted by

the more elevated biomass curves. Higher positive W-statistic values in TTP and NF land-
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uses, indicated minimal environmental stress at these sites, while slightly lower positive
values in SHA and SHT land-use suggested marginally less optimal conditions but still
within the undisturbed classification. Similar patterns of higher W-statistic from ABC
curves for less impacted sites and slightly reduced values under moderate pressures have
been reported for e.g. wetlands (Wijeyaratne and Bellanthudawa, 2018), and rivers (Clarke
and Warwick, 2001; Mise et al., 2018). The seasonal decline in W-statistics observed in
NF and TTP land-use in the dry season concurs with the findings of the physico-chemical
variables as aligned to reduced flow and dilution during low-water periods, which can lead
to subtle increases in stress or altered habitat structure. Comparable seasonal variability in
W-statistics, with changes linked to hydrological conditions and nutrient dynamics, has

been documented in other aquatic systems (Villanueva and Ibarra, 2016; Yan et al., 2022).

These W-statistic patterns are consistent with the water quality results, which indicated
comparable physico-chemical variables across sites. However, ABC curves of
macroinvertebrate assemblages may require higher environmental perturbation levels to be

sensitive to land-use effects and be useful for monitoring stream status.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The results of physico-chemical analysis showed a clear influence of catchment land-use
activities on stream water quality. Consequently, 1) the smallholder agriculture (SHA)
land-use exhibited greater perturbation compared to the natural forest (NF) and tea and tree
plantation (TTP) land-uses, with smallholder tea (SHT) showing an intermediate level of
perturbation. 2) These conclusions are supported by macroinvertebrate assemblage
structure, especially the %EPT and community structural indices. 3) Further impacts of
land-use change on the ecological condition of the studied streams were captured by the
community size-spectrum metrics, especially the midpoint heights, that reflect ecological
processes governing food-web capacity or community production. 4) Results show
uniformity in community spectral slope, indicating they are less useful indicators of
disturbances in the streams. However, midpoint height, an estimator of food-web capacity
or ecosystem productivity, varied between land-uses and appeared to be more elevated in
less impacted sites. Although the study was conducted within a limited spatial and temporal
scope, and therefore potentially captured a snapshot of the ecosystem condition, the
findings are quite promising in terms of the utility of size-spectrum metrics being able to
detect and respond to low levels of disturbance within a rural river setting. Future long-
term studies along a gradient of low to high disturbance (e.g., urban land-use) and stream
sizes may uncover the utility of macroinvertebrate size-spectrum metrics as indicators of

ecological conditions in streams and rivers.
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More comprehensive data, including gradient of perturbation (e.g., urban, mining, etc.) and
large spatial scales spanning different hydrologic and climatic conditions will also be
required to evaluate the stability and utility of the community spectra and ABC curves as
proxies for perturbation. Most community size-spectra studies have concentrated on
fishing effects at larger spatial scales. Differences caused by river ecosystem dynamics
including allochthonous food subsidies, benthos-pelagic coupling of communities,
different life-history traits, among other attributes, may require different formulation of
community size-spectrum models to cater for species interactions and the analysis of
spectral patterns at variable gradients of perturbations and variable spatio-temporal scales.
These differences may also require the application of ABC curves at different levels of
land-uses including urban types to determine the critical threshold perturbations for their
application. Nonetheless, the results of this study provide a pioneering attempt to generate
simple quantitative frameworks for monitoring and managing data-scarce tropical river

basins based on macroinvertebrate assemblages.

6.2 RECOMMENDATIONS

Following the results of this study, the following recommendations are provided:

1. Given the observed spatial and temporal differences in water physico-chemical
conditions and macroinvertebrate assemblage structure, future monitoring programs in
headwater streams should be designed to capture both seasonal and site-specific variability
at longer scales. Regular assessment during both wet and dry seasons is essential to identify

short-term fluctuations and long-term trends.
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2. Management interventions for headwater streams should focus on land-use practices that
degrade water quality, particularly in smallholder agriculture areas (SHA) that have been
found to have greater effects on water quality variables and assemblage structure. The
management interventions may include promotion of riparian buffer zones (especially
around SHA sites) and reducing nutrient and sediment inputs through effective watershed

management.

3. Given that water physico-chemical conditions were found to influence the distribution
of macroinvertebrates; ataxic community size class distributions can serve as indicators of
ecological condition in headwater streams. Conservation strategies should therefore
prioritize maintaining optimal physico-chemical conditions that sustain a balanced
distribution of community size classes. This can be achieved through measures such as
reducing agricultural runoff, regulating pesticide use, and preserving natural flow regimes.
By safeguarding these conditions, managers can help maintain a functional and resilient

aquatic food web, as reflected in the structure of ataxic size classes.

4. The sensitivity of midpoint heights of the size-spectra to land-use differences highlights
its potential as a diagnostic indicator of disturbance from land-use change, reflecting shifts
in community structure and resource allocation. This makes it useful in tropical stream
monitoring, where resources can be scarce. It is recommended that more studies of
midpoint height variability be replicated in different basins to validate the stability of their
responsiveness to riparian use effects on stream quality. The results of these studies will

support the use of midpoint heights as proxies for disturbance in streams.
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5. Conservation measures should prioritize protecting less disturbed sites, such as natural
forest (NF) and tree and tea plantation (TTP) areas, as reference conditions, while
implementing targeted rehabilitation in more impacted smallholder agriculture zones as

found in this study.



101

REFERENCES

Achieng, A. O., Arhonditsis, G. B., Mandrak, N., Febria, C., Opaa, B., Coffey, T. J.,
Masese, F. O., & Irvine, K. (2023). Monitoring biodiversity loss in rapidly changing
Afrotropical ecosystems: An emerging imperative for governance and research.
Philosophical Transactions of the Royal Society B: Biological Sciences, 378(1877),
20220271. https://doi.org/10.1098/rstb.2022.0271

Achieng, A. O., Masese, F. O., & Kaunda-Arara, B. (2020). Fish assemblages and size-
spectra variation among rivers of Lake Victoria Basin, Kenya. Ecological

Indicators, 117, 106745. https://doi.org/10.1016/j.ecolind.2020.106745

Achieng, A. O., Masese, F. O., Coffey, T. J., Raburu, P. O., Agembe, S. W., Febria, C. M.,
& Kaunda-Arara, B. (2021). Assessment of the ecological health of Afrotropical
rivers using fish assemblages: A case study of selected rivers in the Lake Victoria
Basin, Kenya. Frontiers in Water, 2, 620704.
https://doi.org/10.3389/frwa.2020.620704

American Public Health Association (APHA), American Water Works Association
(AWWA), & Water Environment Federation (WEF). (2005). Standard methods for
the examination of water and wastewater (21st ed.). American Public Health

Association.

Appiah, Y. S., Konan, Y. A., Etilé, R. N, Gogbé, Z. M., & Kouamélan, E. P. (2020).
Detecting environmental stress of tropical lagoon using abundance-biomass curve
of benthic macroinvertebrate assemblages (Ebri¢ lagoon, Cote d'Ivoire, West

Africa). Journal of Applied Life Sciences International, 23(10), 13-25.

Arranz, 1., Brucet, S., Bartrons, M., Garcia-Comas, C., & Benejam, L. (2021). Fish size
spectra are affected by nutrient concentration and relative abundance of non-native
species across streams of the NE Iberian Peninsula. Science of the Total

Environment, 795, 148792. https://doi.org/10.1016/j.scitotenv.2021.148792



https://doi.org/10.1098/rstb.2022.0271
https://doi.org/10.1016/j.ecolind.2020.106745
https://doi.org/10.3389/frwa.2020.620704
https://doi.org/10.1016/j.scitotenv.2021.148792

75

Arranz, 1., Hsieh, C. H., Mehner, T., & Brucet, S. (2019). Systematic deviations from linear
size spectra of lake fish communities are correlated with predator—prey interactions

and lake-use intensity. Oikos, 128(1), 33—44. https://doi.org/10.1111/0ik.05355

Aschalew, L., & Moog, O. (2015). Benthic macroinvertebrates based new biotic score
“ETHbios” for assessing ecological conditions of highland streams and rivers in

Ethiopia. Limnologica, 52, 11-19.

Barbone, E., Rosati, 1., Reizopoulou, S., & Basset, A. (2012). Linking classification
boundaries to sources of natural variability in transitional waters: A case study of
benthic  macroinvertebrates.  Ecological  Indicators, 12(1), 105-122.
https://doi.org/10.1016/j.ecolind.2011.03.022

Barbour, M. T., Gerritsen, J., Griffith, G. E., Frydenborg, R., McCarron, E., White, J. S.,
& Bastian, M. L. (1996). A framework for biological criteria for Florida streams

using benthic macroinvertebrates. Journal of the North American Benthological

Society, 15(2), 185-211. https://doi.org/10.2307/1467948

Barbour, M. T., Gerritsen, J., Snyder, B. D., & Stribling, J. B. (1999). Rapid bioassessment
protocols for use in wadeable streams and rivers: Periphyton, benthic

macroinvertebrates and fish (2nd ed.). U.S. Environmental Protection Agency,

Office of Water. EPA 841-B-99-002.

Basset, A. (1993). Resource-mediated effects of stream pollution on food absorption of
Asellus  aquaticus  (L.)  populations.  Oecologia,  93(3), 315-321.
https://doi.org/10.1007/BF00317624

Basset, A., Barbone, E., Borja, A., Brucet, S., Pinna, M., Quintana, X. D., Simboura, N.,
& Moussa Ayache, F. (2012). A benthic macroinvertebrate size spectra index for
implementing the Water Framework Directive in coastal lagoons in Mediterranean

and Black Sea ecoregions. Ecological Indicators, 12(1), 72-83.


https://doi.org/10.1111/oik.05355
https://doi.org/10.2307/1467948
https://doi.org/10.1007/BF00317624

76

Basset, A., Pinna, M., Sabetta, L., Sangiorgio, F., & Abbiati, M. (2008a). Biodiversity
conservation in Mediterranean and Black Sea lagoons: A trait-oriented approach to

benthic invertebrate guilds. Aquatic Conservation: Marine and Freshwater

Ecosystems, 18(S1), S4-S15. https://doi.org/10.1002/agc.956

Basset, A., Sangiorgio, F., & Pinna, M. (2004). Monitoring with benthic
macroinvertebrates: Advantages and disadvantages of body size descriptors.

Aquatic Conservation: Marine and Freshwater Ecosystems, 14(S1), S43—S58.

Benejam, L., Tobes, 1., & Brucet, S. (2018). Size spectra and other size-related variables
of river fish communities: Systematic changes along the altitudinal gradient on
pristine  Andean streams. Ecological  Indicators, 90, 366-378.
https://doi.org/10.1016/j.ecolind.2018.03.012

Bianchi, G., Gislason, H., Graham, K., Hill, L., Jin, X., Koranteng, K., Manickchand-
Heileman, S., Paya, 1., Sainsbury, K., Sanchez, F., & Zwanenburg, K. (2000).
Impact of fishing on size composition and diversity of demersal fish communities.
ICES Journal of Marine Science, 57(3), 558-571.
https://doi.org/10.1006/jmsc.2000.0727

Binge, F. W. (1962). Geology of the Kericho area (Report No. 50). Ministry of Commerce,

Industry and Communications, Geological Survey of Kenya.

Birk, S., Bonne, W., Borja, A., Brucet, S., Courrat, A., Poikane, S., & Hering, D. (2012).
Three hundred ways to assess Europe's surface waters: An almost complete
overview of biological methods to implement the Water Framework Directive.

Ecological Indicators, 18, 31-41.

Blanchard, J. L., Andersen, K. H., Scott, F., Hintzen, N. T., Piet, G., & Jennings, S. (2014).
Evaluating targets and trade-offs among fisheries and conservation objectives
using a multispecies size spectrum model. Journal of Applied Ecology, 51(3), 612—
622. https://doi.org/10.1111/1365-2664.12238



https://doi.org/10.1002/aqc.956
https://doi.org/10.1016/j.ecolind.2018.03.012
https://doi.org/10.1006/jmsc.2000.0727
https://doi.org/10.1111/1365-2664.12238

77

Blanchard, J. L., Jennings, S., Law, R., Castle, M. D., McCloghrie, P., Rochet, M. J., &
Benoit, E. (2009). How does abundance scale with body size in coupled size-
structured food webs? Journal of Animal Ecology, 78(2), 270-280.
https://doi.org/10.1111/].1365-2656.2008.01466.x

Blanco, J. M., Echevarria, F., & Garcia, C. M. (1994). Dealing with size-spectra: Some
conceptual and mathematical problems. Scientia Marina, 58(1-2), 17-29.

Blaszczak, J. R., Delesantro, J. M., Urban, D. L., Doyle, M. W., & Bernhardt, E. S. (2019).
Scoured or suffocated: Urban stream ecosystems oscillate between hydrologic and

dissolved oxygen extremes. Limnology and Oceanography, 64(3), 877-894.
https://doi.org/10.1002/Ino.11081

Bonada, N., Prat, N., Resh, V. H., & Statzner, B. (2006). Developments in aquatic insect
biomonitoring: A comparative analysis of recent approaches. Annual Review of
Entomology, 51, 495-523.
https://doi.org/10.1146/annurev.ento.51.110104.151124

Brauns, M., Allen, D. C., Boéchat, I. G., Cross, W. F., Ferreira, V., Graeber, D., ... &
Giicker, B. (2022). 4 global synthesis of human impacts on the multifunctionality
of streams and rivers. Global Change Biology, 28(16), 4783-4793.
https://doi.org/10.1111/gcb.16210

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. (2004). Toward a
metabolic theory of  ecology. Ecology, 85(7), 1771-1789.
https://doi.org/10.1890/03-9000

Buss, D. F., & Vitorino, A. S. (2010). Rapid bioassessment protocols using benthic
macroinvertebrates in Brazil: Evaluation of taxonomic sufficiency. Journal of the

North American Benthological Society, 29(2), 562-571.

Chessman, B. C. (1995). Rapid assessment of rivers using macroinvertebrates: A
procedure based on habitat-specific sampling, family level identification and a

biotic index. Australian Journal of Ecology, 20(1), 122—129.


https://doi.org/10.1111/j.1365-2656.2008.01466.x
https://doi.org/10.1002/lno.11081
https://doi.org/10.1146/annurev.ento.51.110104.151124
https://doi.org/10.1111/gcb.16210
https://doi.org/10.1890/03-9000

78

Chua, L. H. C,, Lo, E. Y. M., Shuy, E. B., & Tan, S. B. K. (2009). Nutrients and suspended
solids in dry weather and storm flows from a tropical catchment with various

proportions of rural and urban land-use. Journal of Environmental Management,

90(11), 3635-3642. https://doi.org/10.1016/].jenvman.2009.07.001

Clarke, K. R. (1990). Comparisons of dominance curves. Journal of Experimental Marine
Biology and Ecology, 138(1), 143-157. https://doi.org/10.1016/0022-
0981(90)90181-B

Clarke, K. R., & Warwick, R. M. (2001). Change in marine communities: An approach to
statistical analysis and interpretation (2nd ed.). PRIMER-E Ltd.

Clausnitzer, V., Dijkstra, K. D. B., Koch, R., Boudot, J. P., Darwall, W. R., Kipping, J., ...
& Suhling, F. (2012). Focus on African freshwaters: Hotspots of dragonfly

diversity and conservation concern. Frontiers in Ecology and the Environment,

10(3), 129-134.

Collins, S. M., Kohler, T. J., Thomas, S. A., Flecker, A. S., Kratzer, E. B., & Tronstad, L.
M. (2016). The importance of terrestrial subsidies in stream food webs varies along

a stream size gradient. Oikos, 125(5), 674—685. https://doi.org/10.1111/01k.02713

Cummins, K. W., Merritt, R. W., & Andrade, P. C. (2005). The use of invertebrate
functional groups to characterize ecosystem attributes in selected streams and

rivers in south Brazil. Studies on Neotropical Fauna and Environment, 40(1), 69—

&9.

Daan, N., Gislason, H., Pope, J. G., & Rice, J. C. (2005). Changes in the North Sea fish
community: Evidence of indirect effects of fishing? ICES Journal of Marine
Science, 62(2), 177-188. https://doi.org/10.1016/j.icesjms.2004.08.020

Dalu, T., & Masese, F. O. (Eds.). (2025). Afrotropical streams and rivers: Structure,

ecological processes and management. Elsevier.


https://doi.org/10.1016/j.jenvman.2009.07.001
https://doi.org/10.1111/oik.02713
https://doi.org/10.1016/j.icesjms.2004.08.020

79

Dalu, T., Wasserman, R. J., Tonkin, J. D., Alexander, M. E., Dalu, M. T. B., Motitsoe, S.
N., Manungo, K. 1., Bepe, O., & Dube, T. (2017). Assessing drivers of benthic
macroinvertebrate community structure in African highland streams: An

exploration using multivariate analysis. Science of the Total Environment, 601,

1340-1348.

Das, G. L., Kumar, P., & Garg, A. (2021). Assessment of marine environment by ABC
(abundance biomass comparison) analysis—A case study on western offshore area

of Arabian Sea. World Journal of Advanced Engineering Technology and Sciences,
2(1), 69-81.

Dauer, D. M. (1993). Biological criteria, environmental health and estuarine

macrobenthic community structure. Marine Pollution Bulletin, 26(5), 249-257.

De Moor, F. C., & Day, J. A. (2013). Aquatic biodiversity in the Mediterranean region of
South Africa. Hydrobiologia, 719(1), 237-268. https://doi.org/10.1007/s10750-
013-1488-7

de Moor, 1. J., Day, J. A., & de Moor, F. C. (2003a). Guides to the freshwater invertebrates
of Southern Africa. Volume 7: Insecta I: Ephemeroptera, Odonata and Plecoptera
(WRC Report No. TT 207/03). Water Research Commission.
https://doi.org/10.2989/AJAS.2009.34.2.12.89

de Moor, 1. J., Day, J. A., & de Moor, F. C. (2003b). Guides to the freshwater invertebrates
of Southern Africa. Volume 8: Insecta II: Hemiptera, Megaloptera, Neuroptera,
Trichoptera and Lepidoptera (WRC Report No. TT 214/03). Water Research

Commission.

Defersha, M. B., & Melesse, A. M. (2012). Field-scale investigation of the effect of land-
use on sediment yield and runoff using runoff plot data and models in the Mara

River Basin, Kenya. Catena, 89(1), 54—64.


https://doi.org/10.1007/s10750-013-1488-7
https://doi.org/10.1007/s10750-013-1488-7
https://doi.org/10.2989/AJAS.2009.34.2.12.89

80

Dewey, J., Hatten, J., Choi, B., Mangum, C., & Ouyang, Y. (2020). Climate drivers and
sources of sediment and organic matter fluxes in intermittent rivers and ephemeral
streams (IRES) of a subtropical watershed, USA. Climate, 8(10), 117.
https://doi.org/10.3390/cli8100117

Di Lorenzo, T., Fiasca, B., Di Cicco, M., Vaccarelli, 1., Tabilio Di Camillo, A., Crisante,
S., & Galassi, D. M. P. (2022). Effectiveness of biomass/abundance comparison

(ABC) models in assessing the response of hyporheic assemblages to ammonium

contamination. Water, 14(18), 2934. https://doi.org/10.3390/w14182934

Dickens, C. W., & Graham, P. M. (2002). The South African Scoring System (SASS)
version 5 rapid bioassessment method for rivers. African Journal of Aquatic

Science, 27(1), 1-10.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. 1., Knowler, D. J., Lévéque,
C., & Sullivan, C. A. (2006). Freshwater biodiversity: Importance, threats, status,

and  conservation  challenges.  Biological = Reviews, 81(2), 163-182.
https://doi.org/10.1017/S1464793105006950

Edegbene, A. O., Akamagwuna, F. C., Odume, O. N., Arimoro, F. O., Edegbene Ovie, T.
T., Akumabor, E. C., Ogidiaka, E., Kaine, E. A., & Nwaka, K. H. (2022). 4
macroinvertebrate-based multimetric index for assessing ecological condition of

forested stream sites draining Nigerian urbanizing landscapes. Sustainability,

14(18), 11289. https://doi.org/10.3390/sul41811289

Edwards, A. M., Robinson, J. P. W., Plank, M. J., Baum, J. K., & Blanchard, J. L. (2017).
Testing and recommending methods for fitting size spectra to data. Methods in

Ecology and Evolution, 7(5), 544—-556. https://doi.org/10.1111/2041-210X.12641

Elame, E. (2023). Sustainable cities and domestic wastewater treatment: The case of
Africa. In E. Elame (Ed.), The sustainable city in Africa facing the challenge of
liquid sanitation (pp. 1-31). ISTE Ltd.


https://doi.org/10.3390/cli8100117
https://doi.org/10.3390/w14182934
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.3390/su141811289
https://doi.org/10.1111/2041-210X.12641

81

Estévez, E., Larrafiaga, A., Alonso, C., & Barquin, J. (2020). Effects of changes in food
resources due to variations in forest cover on stream macroinvertebrate community
size structure. Aquatic Sciences, 82(2), 1-13. https://doi.org/10.1007/s00027-020-
0682-1

Evans, T. M., Feiner, Z. S., Rudstam, L. G., Mason, D. M., Watkins, J. M., Reavie, E. D.,
Scofield, A. E., Burlakova, L. E., Karatayev, A. Y., & Sprules, W. G. (2022). Size
spectra analysis of a decade of Laurentian Great Lakes data. Canadian Journal of
Fisheries and Aquatic Sciences, 79, 183—194. https://doi.org/10.1139/cjfas-2020-
0144

Fabré, N. N., Castello, L., Isaac, V. J., & Batista, V. S. (2017). Fishing and drought effects
on fish assemblages of the central Amazon Basin. Fisheries Research, 188, 157—

165. https://doi.org/10.1016/;.fishres.2016.12.015

Faria, A. P. J., Ligeiro, R., Calvao, L. B., & others. (2024). Land-use types determine
environmental heterogeneity and aquatic insect diversity in Amazonian streams.

Hydrobiologia, 851, 281-298. https://doi.org/10.1007/s10750-023-05190-x

Fierro, P., Bertran, C., Tapia, J., Hauenstein, E., Pefia-Cortés, F., Vergara, C., Cerna, C., &
Vargas-Chacoff, L. (2017). Effects of local land-use on riparian vegetation, water
quality, and the functional organization of macroinvertebrate assemblages. Science
of the Total Environment, 609, 724-734.
https://doi.org/10.1016/j.scitotenv.2017.07.197

Fry, C., Stals, R., & James, H. (2021). A4 field guide to freshwater macroinvertebrates of

southern Africa. Jacana Media.

Fugere, V., Jacobsen, D., Finestone, E. H., & Chapman, L. J. (2018). Ecosystem structure
and function of Afrotropical streams with contrasting land-use. Freshwater

Biology, 63(12), 1498-1513.


https://doi.org/10.1007/s00027-020-0682-1
https://doi.org/10.1007/s00027-020-0682-1
https://doi.org/10.1139/cjfas-2020-0144
https://doi.org/10.1139/cjfas-2020-0144
https://doi.org/10.1016/j.fishres.2016.12.015
https://doi.org/10.1007/s10750-023-05190-x

82

Gilljam, D., Thierry, A., Edwards, F. K., Figueroa, D., Ibbotson, A. T., Jones, J. L.,
Lauridsen, R. B., Petchey, O. L., Woodward, G., & Ebenman, B. (2011). Seeing
double: Size-based and taxonomic views of food web structure. Advances in

Ecological Research, 45, 67—133.

Gjoni, V., Cozzoli, F., Rosati, ., & Basset, A. (2017). Size—density relationships: A cross-
community approach to benthic macroinvertebrates in Mediterranean and Black
Sea lagoons. Estuaries and Coasts, 40(4), 1142—1158.
https://doi.org/10.1007/s12237-016-0192-9

Gregory, S. V., Swanson, F. J., McKee, W. A., & Cummins, K. W. (1991). An ecosystem
perspective of riparian zones. BioScience, 41(8), 540-551.

Guecker, B., Boechat, I. G., & Giani, A. (2009). Impacts of agricultural land-use on
ecosystem structure and whole-stream metabolism of tropical Cerrado streams.

Freshwater Biology, 54(10), 2069-2085.

Guerrero, F., Madrid-Vinuesa, F., Gilbert, J. D., Jiménez-Melero, R., del Arco, A., & Parra,
G. (2022). Testing the suitability of the abundance biomass comparison
bioassessment method in a Mediterranean river. Journal of Water and Land
Development, 2022(Special Issue), 49-55.
https://doi.org/10.24425/jw1d.2022.143720

Guiét, J., Poggiale, J.-C., & Maury, O. (2016). Modelling the community size-spectrum.:
Recent developments and new directions. Ecological Modelling, 337, 4-14.
https://doi.org/10.1016/j.ecolmodel.2016.05.015

Hamid, A., Bhat, S. U., & Jehangir, A. (2020). Local determinants influencing stream
water quality. Applied Water Science, 10(1), 1-16.

Hansen, A. J., & DeFries, R. (2007). Ecological mechanisms linking protected areas to
surrounding lands. Ecological Applications, 17(4), 974-988.

Hartmann, T., Toz, E., & Brandon, M. (2010). Just a game? Unjustified virtual violence
produces guilt in empathetic players. Media Psychology, 13(4), 339-363.


https://doi.org/10.1016/j.ecolmodel.2016.05.015

&3

Hartvig, M., Andersen, K. H., & Beyer, J. E. (2011). Food web framework for size-
structured populations. Journal of Theoretical Biology, 272(1), 113-122.
https://doi.org/10.1016/].jtbi.2010.12.006

He, X., Zhou, H., Wan, J., Guo, Y., & Zhao, H. (2023). The effects of rainfall on
groundwater hydrogeochemistry and chemical weathering. Environmental Science

and Pollution Research, 30(5), 12152—12168.

Hellawell, J. M. (1986). Biological indicators of freshwater pollution and environmental
management. In K. Mellanby (Ed.), Pollution Monitoring Series. Elsevier.
https://doi.org/10.5772/34373

Hynes, H. B. N. (1975). The stream and its valley. Verhandlungen der Internationale
Vereinigung fiir Theoretische und Angewandte Limnologie, 19, 1-15.

Hynes, W. (1959). The problem of the mastoid segment after tympanoplasty. The Journal
of Laryngology & Otology, 73(8), 532-535.

ISRIC. (2007). Soil and terrain database for Kenya (KENSOTER), version 2.0, scale
1:1,000,000 (pp. 8-10). ISRIC-World Soil Information.

Iteba, J. O., Hein, T., Singer, G. A., & Masese, F. O. (2021). Livestock as vectors of organic
matter and nutrient loading in aquatic ecosystems in African savannas. PLoS ONE,

16(9), €0257076. https://doi.org/10.1371/journal.pone.0257076

Jacobs, S. R., & Breuer, L. (2024). The state of nitrogen in rivers and streams across sub-
Saharan Africa. Science of the Total Environment, 954, 176611.
https://doi.org/10.1016/].scitotenv.2024.17661 1

Jacobs, S. R., Breuer, L., Butterbach-Bahl, K., Pelster, D. E., & Rufino, M. C. (2017).
Land-use affects total dissolved nitrogen and nitrate concentrations in tropical
montane streams in Kenya. Science of the Total Environment, 603, 519-532.

https://doi.org/10.1016/j.scitotenv.2017.06.081



https://doi.org/10.1016/j.jtbi.2010.12.006
https://doi.org/10.5772/34373
https://doi.org/10.1371/journal.pone.0257076
https://doi.org/10.1016/j.scitotenv.2024.176611
https://doi.org/10.1016/j.scitotenv.2017.06.081

84

Jacobs, S. R., Timbe, E., Weeser, B., Rufino, M. C., Butterbach-Bahl, K., & Breuer, L.
(2018a). Assessment of hydrological pathways in East African montane catchments
under different land-use. Hydrology and Earth System Sciences, 22, 4981-5000.
https://doi.org/10.5194/hess-22-4981-2018

Jacobs, S. R., Weeser, B., Guzha, A. C., Rufino, M. C., Butterbach-Bahl, K., Windhorst,
D., & Breuer, L. (2018b). Using high-resolution data to assess land-use impact on

nitrate dynamics in East African tropical montane catchments. Water Resources

Research, 54(3), 1812—1830.

Jennings, D. J. (1971). Geology of the Molo area (Report No. 86). Geological Survey of
Kenya.

Jennings, S., & Blanchard, J. L. (2004). Fish abundance with no fishing: Predictions based
on macroecological theory. Journal of Animal Ecology, 73, 632—642.

Jennings, S., Greenstreet, S. P. R, Hill, L., Piet, G. J., Pinnegar, J. K., & Warr, K. J. (2002).
Long-term trends in the trophic structure of the North Sea fish community:
Evidence from stable-isotope analysis, size-spectra and community metrics.

Marine Biology, 141, 1085-1097.

Johnson, E. R. (2017). Particulate organic matter (POM) composition in stream runoff
following large storm events: Role of POM sources, particle size, and event

characteristics [Master’s thesis, University of Delaware].

Kadeka, E. C., Masese, F. O., Lusega, D. M., Sitati, A., Kondowe, B. N., & Chirwa, E. R.
(2021). No difference in instream decomposition among upland agricultural and

forested streams in Kenya. Frontiers in Environmental Science, 9, 794525.

https://doi.org/10.3389/fenvs.2021.794525

Kéndler, M., Blechinger, K., Seidler, C., Pavlu, V., Sanda, M., Dostal, T., Krasa, J., Vitvar,
T., & Stich, M. (2017). Impact of land-use on water quality in the upper Nisa
catchment in the Czech Republic and in Germany. Science of the Total

Environment, 586, 1316—1325. https://doi.org/10.1016/j.scitotenv.2017.02.069



https://doi.org/10.5194/hess-22-4981-2018
https://doi.org/10.3389/fenvs.2021.794525
https://doi.org/10.1016/j.scitotenv.2017.02.069

85

Karr, J. R., & Chu, E. W. (1999). Restoring life in running waters: Better biological

monitoring. Island Press.

Kerr, S. R., & Dickie, L. M. (2001). The biomass spectrum: A predator—prey theory of

aquatic production. Columbia University Press.

Kitaka, N., Omondi, L. A., Mureithi, P. W., Bauer, A., Melcher, A., & Ssanyu, G. A.
(2024). A critical review of biomonitoring in East African rivers: Fostering
community-based collaboration for environmental change observation. Frontiers

in Water, 6, Article 136094 1. https://doi.org/10.3389/frwa.2024.1360941

Koech, N. C., Kitheka, J. U., & Otieno, H. (2022). Influence of sub-basins with dominant
land covers on spatial and temporal variations of water balance components in the

Sondu Miriu River Basin, Kenya. International Journal of Scientific Research,

11(9), 2319-7064. https://www.ijsr.net

Kooijman, S. A. L. M. (2010). Dynamic energy and mass budgets in biological systems
(3rd ed.). Cambridge University Press.

Kroese, S. J., Batista, P. V. G., Jacobs, S. R., Breuer, L., Quinton, J. N., & Rufino, M. C.
(2020a). Agricultural land is the main source of stream sediments after conversion
of an African montane forest. Scientific Reports, 10(1), 14827.
https://doi.org/10.1038/s41598-020-71849-w

Kroese, S. J., Jacobs, S. R., Tych, W., Breuer, L., Quinton, J. N., & Rufino, M. C. (2020b).
Tropical montane forest conversion is a critical driver for sediment supply in East

African catchments. Water Resources Research, 56(10), e2020WR027495.

Lambshead, P. J. D., & Platt, H. M. (1985). Structural patterns of marine benthic
assemblages and their relationship with empirical statistical models. In P. E. Gibbs
(Ed.), Proceedings of the 19th European Marine Biology Symposium (pp. 371—
380). Cambridge University Press.


https://doi.org/10.3389/frwa.2024.1360941
https://www.ijsr.net/
https://doi.org/10.1038/s41598-020-71849-w

86

Lambshead, P. J. D., Platt, H. M., & Shaw, K. M. (1983). The detection of differences
among assemblages of marine benthic species based on an assessment of

dominance and diversity. Journal of Natural History, 17, 859—-874.

Lane, C. R., Leibowitz, S. G., Autrey, B. C., LeDuc, S. D., & Alexander, L. C. (2018).
Hydrological, physical, and chemical functions and connectivity of non-floodplain
wetlands to downstream waters: A review. JAWRA Journal of the American Water

Resources Association, 54(2), 346-371.

Lei, H., Yang, D., & Huang, M. (2014). Impacts of climate change and vegetation
dynamics on runoff in the mountainous region of the Haihe River basin in the past

five decades. Journal of Hydrology, 511, 786—799.

Leung, A. S. L., Li, A. O. Y., & Dudgeon, D. (2012). Scales of spatiotemporal variation in
macroinvertebrate assemblage structure in monsoonal streams: The importance of
season. Freshwater Biology, 57(1), 218-231. https://doi.org/10.1111/1.1365-
2427.2011.02707.x

Lubanga, H. L., Manyala, J. O., Sitati, A., Yegon, M. J., & Masese, F. O. (2021). Spatial
variability in water quality and macroinvertebrate assemblages across a disturbance
gradient in the Mara River Basin, Kenya. Ecohydrology & Hydrobiology, 21(4),
718-730. https://doi.org/10.1016/j.ecohyd.2021.07.003

Magurran, A. E. (2013). Measuring biological diversity. John Wiley & Sons.

Maitama, J. M., Mugatha, S. M., Reid, R. S., Gachimbi, L. N., Majule, A., Lyaruu, H.,
Pomery, D., Mathai, S., & Mugisha, S. (2009). The linkages between land-use
change, land degradation and biodiversity across East Aftrica. African Journal of

Environmental Science and Technology, 3(10), 310-325.

Malacarne, T. J., Baumgartner, M. T., Moretto, Y., & Gubiani, E. A. (2016). Effects of
land use on the composition and structure of aquatic invertebrate community and

leaf breakdown process in Neotropical streams. River Research and Applications.

https://doi.org/10.1002/rra.3031


https://doi.org/10.1111/j.1365-2427.2011.02707.x
https://doi.org/10.1111/j.1365-2427.2011.02707.x
https://doi.org/10.1016/j.ecohyd.2021.07.003

87

Malacarne, T. J., Machado, N. R., & Moretto, Y. (2023). Influence of land use on the
structure and functional diversity of aquatic insects in Neotropical streams.

Hydrobiologia, 851(2), 265-280. https://doi.org/10.1007/s10750-023-05207-5

Mallin, M. A., Johnson, V. L., Ensign, S. H., & MacPherson, T. (2006). Factors
contributing to hypoxia in rivers, lakes, and streams. Limnology and
Oceanography, SI(1, Part 2), 690-701.
https://doi.org/10.4319/10.2006.51.1 part_2.0690

Marin, V., Arranz, L., Grenouillet, G., & Cucherousset, J. (2023). Fish size spectrum as a
complementary biomonitoring approach of freshwater ecosystems. Ecological

Indicators, 146, 109833. https://doi.org/10.1016/j.ecolind.2022.109833

Martinez, A., Larrafiaga, A., Miguélez, A., Yvon-Durocher, G., & Pozo, J. (2016). Land-
use change affects macroinvertebrate community size spectrum in streams: The
case of Pinus radiata plantations. Freshwater Biology, 61, 69-79.
https://doi.org/10.1111/fwb.12680

Masese, F. O., & Dalu, T. (2024). African streams and rivers: An introduction. In T. Dalu
& F. O. Masese (Eds.), Afrotropical streams and rivers: Structure, ecological

processes and management. Elsevier.

Masese, F. O., & Raburu, P. O. (2017). Improving the performance of the EPT index to
accommodate multiple stressors in Afrotropical streams. African Journal of

Aquatic Science, 42,219-233. https://doi.org/10.2989/16085914.2017.1392282

Masese, F. O., Abrantes, K. G., Gettel, G. M., Bouillon, S., Irvine, K., & McClain, M. E.
(2015). Are large herbivores vectors of terrestrial subsidies for riverine food webs?

Ecosystems, 18, 686—706. https://doi.org/10.1007/s10021-015-9851-y

Masese, F. O., Achieng, A. O., O’Brien, G. C., & McClain, M. E. (2021).
Macroinvertebrate taxa display increased fidelity to preferred biotopes among
disturbed sites in a hydrologically variable tropical river. Hydrobiologia, 848, 321—
343. https://doi.org/10.1007/s10750-020-04375-5



https://doi.org/10.1007/s10750-023-05207-5
https://doi.org/10.4319/lo.2006.51.1_part_2.0690
https://doi.org/10.1016/j.ecolind.2022.109833
https://doi.org/10.1111/fwb.12680
https://doi.org/10.2989/16085914.2017.1392282
https://doi.org/10.1007/s10021-015-9851-y
https://doi.org/10.1007/s10750-020-04375-5

88

Masese, F. O., Iteba, J. O., Wanderi, E. W., Ngodhe, O. W., Mpopetsi, P. P., & Dalu, T.
(2024c¢). Advances in biomonitoring of streams and rivers. In T. Dalu & F. O.
Masese (Eds.), Afrotropical streams and rivers: Structure, ecological processes

and management. Elsevier.

Masese, F. O., Kiplagat, M. J., Gonzalez-Quijano, C. R., Subalusky, A. L., Dutton, C. L.,
Post, D. M., & Singer, G. A. (2020). Hippopotamuses are distinct from domestic
livestock in their resource subsidies to and effects on aquatic ecosystems.

Proceedings of the Royal Society B, 287(1926), 20193000.

Masese, F. O., Kitaka, N., Kipkemboi, J., Gettel, G. M., Irvine, K., & McClain, M. E.
(2014a). Macroinvertebrate functional feeding groups in Kenyan highland streams:
Evidence for a diverse shredder guild. Freshwater Science, 33(2), 435-450.
https://doi.org/10.1086/675681

Masese, F. O., Kitaka, N., Kipkemboi, J., Gettel, G. M., Irvine, K., & McClain, M. E.
(2014b). Litter processing and shredder distribution as indicators of riparian and
catchment influences on ecological health of tropical streams. Ecological

Indicators, 46, 23-37. https://doi.org/10.1016/j.ecolind.2014.05.035

M’Erimba, C. M., Mathooko, J. M., & Ouma, K. O. (2014). Macroinvertebrate
distributions in relation to human and animal-induced physical disturbance of the
sediment surface in two Kenyan tropical Rift Valley streams. African Journal of

Aquatic Science, 39(3), 337-346. https://doi.0org/10.2989/16085914.2014.937371

Masese, F. O., Owade, C. A. A., Sitati, A., Yegon, M., Wanderi, E. W., Kimeli, J., & Fry,
C. (2024a). Macroinvertebrates. In T. Dalu & F. O. Masese (Eds.), Afrotropical

streams and rivers: Structure, ecological processes and management. Elsevier.

Masese, F. O., Raburu, P. O., & Muchiri, M. (2009a). A preliminary benthic
macroinvertebrate index of biotic integrity (B-IBI) for monitoring the Moiben
River, Lake Victoria Basin, Kenya. African Journal of Aquatic Science, 34(1), 1—
14. https://doi.org/10.2989/AJAS.2009.34.1.1.733



https://doi.org/10.1086/675681
https://doi.org/10.1016/j.ecolind.2014.05.035
https://doi.org/10.2989/AJAS.2009.34.1.1.733

89

Masese, F. O., Raburu, P. O., Mwasi, B. N., & Etiégni, L. (2012). Effects of deforestation
on water resources: Integrating science and community perspectives in the Sondu-

Miriu River Basin, Kenya. In M. A. Burley (Ed.), New advances and contributions

to forestry research (pp. 1-18). IntechOpen. https://doi.org/10.5772/28657

Masese, F. O., Salcedo-Borda, J. S., Gettel, G. M., Irvine, K., & McClain, M. E. (2017).
Influence of catchment land use and seasonality on dissolved organic matter

composition and ecosystem metabolism in headwater streams of a Kenyan river.

Biogeochemistry, 132(1), 1-22. https://doi.org/10.1007/s10533-016-0274-1

Masese, F. O., Wanderi, E. W., Gettel, G. M., & Singer, G. A. (2024c). Organic matter
dynamics. In T. Dalu & F. O. Masese (Eds.), Afrotropical streams and rivers:

Structure, ecological processes and management. Elsevier.

Masese, F. O., Wanderi, E. W., Jacobs, S., Breuer, L., & Rufino, M. (2024b). The
physicochemical environment. In T. Dalu & F. O. Masese (Eds.), Afrotropical

streams and rivers: Structure, ecological processes and management. Elsevier.

Masese, F. O., Wanderi, E. W., Nyakeya, K., Achieng, A. O., Fouchy, K., & McClain, M.
E. (2023). Bioassessment of multiple stressors in Afrotropical rivers: Evaluating
the performance of a macroinvertebrate-based index of biotic integrity, diversity,

and regional biotic indices. Frontiers in Environmental Science, 11, 1015623.

https://doi.org/10.3389/fenvs.2023.1015623

Maurice, P. A., Cabaniss, S. E., Drummond, J., & Ito, E. (2002). Hydrogeochemical
controls on the variations in chemical characteristics of natural organic matter at a

small freshwater wetland. Chemical Geology, 187(1-2), 59-77.

McGarvey, D. J., Woods, T. E., & Kirk, A. (2019). Modeling the size spectrum for
macroinvertebrates and fishes in stream ecosystems. Journal of Visualized

Experiments, 149. https://doi.org/10.3791/59504


https://doi.org/10.5772/28657
https://doi.org/10.1007/s10533-016-0274-1
https://doi.org/10.3389/fenvs.2023.1015623

90

Merritt, R. W., & Cummins, K. W. (2006). Trophic relationships of macroinvertebrates. In
F. R. Hauer & G. A. Lamberti (Eds.), Methods in stream ecology (2nd ed., pp. 585—
610). Academic Press.

Michalak, A. M. (2016). Study role of climate change in extreme threats to water quality.
Nature, 535(7612), 349-350. https://doi.org/10.1038/535349a

Minaya, V., McClain, M. E., Moog, O., Omengo, F., & Singer, G. A. (2013). Scale-
dependent effects of rural activities on benthic macroinvertebrates and physico-

chemical characteristics in headwater streams of the Mara River, Kenya. Ecological

Indicators, 32, 116—-122. https://doi.org/10.1016/j.ecolind.2013.03.009

Mise, F. T., Message, H. J., Pagotto, J. P. A., & Goulart, E. (2018). Environmental
assessment in tropical streams by using abundance-biomass curves and W index in
fish  assemblages.  Zoologia, ¢2018029.  https://doi.org/10.1590/1678-
47662018029

Murry, B. A., & Farrell, J. M. (2014). Resistance of the size structure of the fish community
to ecological perturbations in a large river ecosystem. Freshwater Biology, 59(1),

155-167. https://doi.org/10.1111/fwb.12255

Mwaijengo, G. N., Msigwa, A., Njau, K. N., Brendonck, L., & Vanschoenwinkel, B.
(2020). Where does land use matter most? Contrasting land-use effects on river

quality at different spatial scales. Science of the Total Environment, 715, 134825.
https://doi.org/10.1016/].scitotenv.2019.134825

Neter, J., Kutner, M. H., Nachtsheim, C. J., & Wasserman, W. (1996). Applied linear

statistical models (4th ed.). Irwin.

Neutel, A. M., Heesterbeek, J. A. P., van de Koppel, J., Hoenderboom, G., Vos, A.,
Kaldeway, C., & de Ruiter, P. C. (2007). Reconciling complexity with stability in
naturally  assembling  food  webs.  Nature,  449(7162), 599-602.
https://doi.org/10.1038/nature06154



https://doi.org/10.1111/fwb.12255
https://doi.org/10.1016/j.scitotenv.2019.134825
https://doi.org/10.1038/nature06154

91

Nyilitya, B., Mureithi, S., & Boeckx, P. (2020). Land-use controls Kenyan riverine nitrate
discharge into Lake Victoria: Evidence from Nyando, Nzoia and Sondu Miriu river
catchments. FEastern African  Geographical Review, 40(2), 170-192.
https://doi.org/10.1080/10256016.2020.1724999

Ochieng, H., Okot-Okumu, J., & Odong, R. (2019). Taxonomic challenges associated with
identification guides of benthic macroinvertebrates for biomonitoring freshwater
bodies in East Africa: A review. African Journal of Aquatic Science, 44(2), 113—
126. https://doi.org/10.2989/16085914.2019.1605282

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B., et al.
(2013). vegan: Community ecology package (Version 2.9) [R package].
https://CRAN.R-project.org/package=vegan

Okungu, J. O., Njoka, S., Abuodha, J. O. Z., & Hecky, R. E. (2005). An introduction to
Lake Victoria catchment, water quality, physical limnology and ecosystem status

(Kenyan sector). Frontiers Media SA.

Oltramare, C., Weiss, F. T., Staudacher, P., Kibirango, O., Atuhaire, A., & Stamm, C.
(2023). Pesticides monitoring in surface water of a subsistence agricultural

catchment in Uganda using passive samplers. Environmental Science and Pollution

Research, 30(4), 10312—-10328. https://doi.org/10.1007/s11356-022-24774-0

Ouma, S. O., Ngeranwa, J. N., Juma, K. K., & Mburu, D. N. (2016). Seasonal variation of
the physicochemical and bacteriological quality of water from five rural catchment

areas of Lake Victoria Basin in Kenya. Journal of Environmental Analytical

Chemistry, 3(1), Article 170. https://doi.org/10.4172/2380-2391.1000170

Owade, C. A., Kaiser, H., Simiyu, G. M., Owuor, G., Sicharani, E., Gettel, G. M., &
Masese, F. O. (2025). Macroinvertebrate functional responses to human
disturbance and flow cessation in Afromontane—savannah rivers. Ecohydrology &
Hydrobiology. Advance online publication.
https://doi.org/10.1016/j.ecohyd.2024.100649



https://doi.org/10.1080/10256016.2020.1724999
https://cran.r-project.org/package=vegan
https://doi.org/10.4172/2380-2391.1000170
https://doi.org/10.1016/j.ecohyd.2024.100649

92

Pagola-Carte, S. (2004). ABC method and biomass size spectra: What about
macrozoobenthic biomass on hard substrata? Hydrobiologia, 527(1), 163—176.
https://doi.org/10.1023/B:HYDR.0000043199.12496.2D

Petchey, O. L., & Belgrano, A. (2010). Body-size distributions and size spectra: Universal
indicators of ecological status?  Biology Letters, 6(4), 434-437.
https://doi.org/10.1098/rsbl.2010.0240

Pomeranz, J. P., Warburton, H. J., & Harding, J. S. (2019). Anthropogenic mining alters
macroinvertebrate size spectra in streams. Freshwater Biology, 64(1), 8§1-92.

https://doi.org/10.1111/fwb.13201

Pope, J. G., & Knights, B. J. (1982). Comparison of length distributions of combined
catches of all demersal fishes in surveys in the North Sea and at Faroe Bank. In

Multispecies approaches to fisheries management advice (Vol. 59, pp. 116—118).
ICES.

Putro, S. P., Widowati, W., & Suhartana, S. (2015). Assessment level of severity of
environmental disturbance caused by aquaculture activities using abundance-
biomass curves of macrobenthic assemblages. International Journal of

Environmental Science and Development, 6(3), 178-181.
https://doi.org/10.7763/1JESD.2015.V6.585

R Core Team. (2025). R: A language and environment for statistical computing (Version
4.5.1) [Computer software]. R Foundation for Statistical Computing.

https://www.R-project.org/

Raburu, P. O., Masese, F. O., & Mulanda, C. A. (2009). Macroinvertebrate index of biotic
integrity (M-IBI) for monitoring rivers in the upper catchment of Lake Victoria
Basin, Kenya. Aquatic Ecosystem Health & Management, 12(2), 197-205.
https://doi.org/10.1080/14634980902907953



https://doi.org/10.1098/rsbl.2010.0240
https://doi.org/10.1111/fwb.13201
https://www.r-project.org/
https://doi.org/10.1080/14634980902907953

93

Raburu, P. O., Masese, F. O., & Okeyo-Owuor, J. B. (2009b). Macroinvertebrate-based
index of biotic integrity (M-IBI) for monitoring the Nyando River, Lake Victoria
Basin, Kenya. Scientific Research and Essays, 4(12), 1468—1477.

Ramirez, A., Pringle, C. M., & Wantzen, K. M. (2008). Tropical stream conservation. In
Tropical stream ecology (pp. 285-304). Academic Press.

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, P. T., et al.
(2019). Emerging threats and persistent conservation challenges for freshwater
biodiversity. Biological Reviews, 94(3), 849-873.
https://doi.org/10.1111/brv.12480

Rice, J. C., & Gislason, H. (1996). Patterns of change in the size spectra of numbers and
diversity of the North Sea fish assemblage, as reflected in surveys and models. ICES
Journal of Marine Science, 53(6), 1214-1225.
https://doi.org/10.1006/jmsc.1996.0146

Riseng, C. M., Wiley, M. J., Black, R. W., & Munn, M. D. (2011). Impacts of agricultural
land use on biological integrity: A causal analysis. Ecological Applications, 21(8),

3128-3146.

Rosenberg, D. M., & Resh, V. H. (1993). Introduction to freshwater biomonitoring and
benthic macroinvertebrates. In D. M. Rosenberg & V. H. Resh (Eds.), Freshwater

biomonitoring and benthic macroinvertebrates (pp. 1-9). Chapman and Hall.

Ruaro, R., Gubiani, E. A., Hughes, R. M., & Mormul, R. P. (2020). Global trends and
challenges in multimetric indices of biological condition. Ecological Indicators,

110, 105862. https://doi.org/10.1016/j.ecolind.2019.105862

Sabeel, R. A. O., & Vanreusel, A. (2015). Potential impact of mangrove clearance on
biomass and biomass size spectra of nematodes along the Sudanese Red Sea coast.
Marine Environmental Research, 103, 46-55.
https://doi.org/10.1016/j.marenvres.2014.11.003



https://doi.org/10.1111/brv.12480
https://doi.org/10.1006/jmsc.1996.0146
https://doi.org/10.1016/j.ecolind.2019.105862
https://doi.org/10.1016/j.marenvres.2014.11.003

94

San Martin, E., Harris, R. P., & Irigoien, X. (2006). Latitudinal variation in plankton size
spectra in the Atlantic Ocean. Deep Sea Research Part II: Topical Studies in
Oceanography, 53(14-16), 1560—1572. https://doi.org/10.1016/j.dsr2.2006.05.006

Sanaullah, M., Usman, M., Wakeel, A., Cheema, S. A., Ashraf, 1., & Farooq, M. (2020).
Terrestrial ecosystem functioning affected by agricultural management systems: A

review. Soil and Tillage Research, 196, 104464.

Schwarzenbach, R. P., Egli, T., Hofstetter, T. B., von Gunten, U., & Wehrli, B. (2010).
Global water pollution and human health. Annual Review of Environment and
Resources, 35(1), 109-136. https://doi.org/10.1146/annurev-environ-100809-
125342

Seixas, H. T., Silveira, H. L. F. d., Mendes, A. P. d. S. F., Soares, F. D. S., & da Silva, R.
F. B. (2025). Conversion from forest to agriculture in the Brazilian Amazon from

1985 to 2021. Land, 14(2), 300. https://doi.org/10.3390/1and14020300

Shah, N. W., Baillie, B. R., Bishop, K., Ferraz, S., Hogbom, L., & Nettles, J. (2022). The
effects of forest management on water quality. Forest Ecology and Management,

522, 120397. https://doi.org/10.1016/j.foreco.2022.120397

Sheldon, R. W., Prakash, A., & Sutcliffe, W. H. Jr. (1972). The size distribution of particles
in the ocean. Limnology and  Oceanography, 17(3), 327-336.
https://doi.org/10.4319/10.1972.17.3.0327

Sitati, A., Masese, F. O., Yegon, M. J., Achieng, A. O., & Agembe, S. W. (2021Db).
Abundance- and biomass-based metrics of functional composition of

macroinvertebrates as surrogates of ecosystem attributes in Afrotropical streams.

Aquatic Sciences, 83, Article 73. https://doi.org/10.1007/s00027-021-00788-1

Sitati, A., Raburu, P. O., Yegon, M. J., & Masese, F. O. (2021a). Land-use influence on
the functional organization of Afrotropical macroinvertebrate assemblages.

Limnologica, §8, 125875. https://doi.org/10.1016/j.limno.2021.125875



https://doi.org/10.1016/j.dsr2.2006.05.006
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.1146/annurev-environ-100809-125342
https://doi.org/10.3390/land14020300
https://doi.org/10.1016/j.foreco.2022.120397
https://doi.org/10.4319/lo.1972.17.3.0327
https://doi.org/10.1007/s00027-021-00788-1
https://doi.org/10.1016/j.limno.2021.125875

95

Sitati, A., Yegon, M. J., Masese, F. O., & Graf, W. (2024). Ecological importance of low-
order streams to macroinvertebrate community composition in Afromontane

headwater streams. Environmental Sustainability Indicators, 21, 100330.

Sprules, W. G., & Barth, L. E. (2016). Surfing the biomass size spectrum: Some remarks
on history, theory, and application. Canadian Journal of Fisheries and Aquatic

Sciences, 73(4), 477—-495. https://doi.org/10.1139/cjfas-2015-0119

Sprules, W. G., & Munawar, M. (1986). Plankton size spectra in relation to ecosystem
productivity, size, and perturbation. Canadian Journal of Fisheries and Aquatic

Sciences, 43(9), 1789-1794.

Stals, R., & De Moor, L. J. (2007). Guides to the freshwater invertebrates of Southern
Africa. Volume 10: Coleoptera (Water Research Commission Report No. TT
320/07). Water Research Commission.

Stark, J. D. (1993). Performance of the Macroinvertebrate Community Index: Effects of
sampling method, sample replication, water depth, current velocity, and substratum

on index values. New Zealand Journal of Marine and Freshwater Research, 27(4),

463-478.

Stearns, S. C. (1976). Life-history tactics: A review of the ideas. The Quarterly Review of
Biology, 51(1), 3—47. https://doi.org/10.1086/409052

Strahler, A. N. (1957). Quantitative analysis of watershed geomorphology. FEos,
Transactions American Geophysical Union, 38(6), 913-920.
https://doi.org/10.1029/TR0381006p00913

Subalusky, A. L., Dutton, C. L., Njoroge, L., Rosi, E. J., & Post, D. M. (2018). Organic
matter and nutrient inputs from large wildlife influence ecosystem function in the

Mara River, Africa. Ecology, 99(11), 2558-2574.


https://doi.org/10.1139/cjfas-2015-0119
https://doi.org/10.1086/409052
https://doi.org/10.1029/TR038i006p00913

96

Sundar, S., Heino, J., Roque, F. D. O., Simaika, J. P., Melo, A. S., Tonkin, J. D., ... & Silva,
D. P. (2020). Conservation of freshwater macroinvertebrate biodiversity in tropical

regions. Aquatic Conservation: Marine and Freshwater Ecosystems, 30(6), 1238—

1250.

Swart, R. (2016). Monitoring 40 years of land-use change in the Mau Forest Complex,
Kenya: A land-use change driver analysis (Bachelor’s thesis). Wageningen

University.

Tang, T., Stevenson, R. J., & Grace, J. B. (2020). The importance of natural versus human
factors for ecological conditions of streams and rivers. Science of The Total

Environment, 704, 135268. https://doi.org/10.1016/j.scitotenv.2019.135268

Ter Braak, C. J. F. (1986). Canonical correspondence analysis: A new eigenvector

technique for multivariate direct gradient analysis. Ecology, 67(5), 1167-1179.

Theodoropoulos, C., Aspridis, D., & Iliopoulou-Georgudaki, J. (2015). The influence of
land use on freshwater macroinvertebrates in a regulated and temporary

Mediterranean river network. Hydrobiologia, 751,201-213.

Thorp, J. H., Thoms, M. C., & DeLong, M. D. (2006). The riverine ecosystem synthesis:
Biocomplexity in river networks across space and time. River Research and

Applications, 22(2), 123-147.

Tran, T. T., Nguyen, T. M. Y., Ngo, X. Q., & Le, D. L. (2018). Assessment of the
ecological quality status of sediment at organic shrimp farming ponds in Ca Mau
Province by applying the abundance/biomass comparison (ABC) method on
nematode communities. Science and Technology Development Journal: Natural

Sciences, 2(3), 50-58.

Trebilco, R., Baum, J. K., Salomon, A. K., & Dulvy, N. K. (2013). Ecosystem ecology:
Size-based constraints on the pyramids of life. Trends in Ecology & Evolution,

28(7), 423-431. https://doi.org/10.1016/].tree.2013.03.008



https://doi.org/10.1016/j.scitotenv.2019.135268
https://doi.org/10.1016/j.tree.2013.03.008

97

Tweedley, J. R., Warwick, R. M., & Potter, 1. C. (2015). Can biotic indicators distinguish
between natural and anthropogenic environmental stress in estuaries? Journal of

Sea Research, 102, 10-21. https://doi.org/10.1016/j.seares.2015.

UNEP, Kenya Wildlife Service, Kenya Forest Working Group, & Ewaso Ngiro South
Development Authority. (2008). Mau complex under siege: Values and threats.
UNEP.

Vannote, R. L., Minshall, G. W., Cummins, K. W., Sedell, J. R., & Cushing, C. E. (1980).
The river continuum concept. Canadian Journal of Fisheries and Aquatic Sciences,

37(1), 130-137. https://doi.org/10.1139/£80-017

Villanueva, M. C., & Ibarra, A. A. (2016). Assessment of ecological stress in a stretch of
the Garonne River, France, using the Abundance-Biomass Comparison (ABC)
index on fish assemblages. FEcological Indicators, 67, 466-473.
https://doi.org/10.1016/j.ecolind.2016.02.049

Violin, C. R., Cada, P., Sudduth, E. B., Hassett, B. A., Penrose, D. L., & Bernhardt, E. S.
(2011). Effects of urbanization and urban stream restoration on the physical and
biological structure of stream ecosystems. Ecological Applications, 21(6), 1932—

1949. https://doi.org/10.1890/10-1551.1

Wanderi, E. W., Gettel, G. M., Singer, G. A., & Masese, F. O. (2022). Drivers of water
quality in Afromontane-savanna rivers. Frontiers in Environmental Science, 10,

972153. https://doi.org/10.3389/fenvs.2022.972153

Warwick, R. M. (1986). A new method for detecting pollution effects on marine
macrobenthic communities. Marine Biology, 92(4), 557-562.
https://doi.org/10.1007/BF00392515

Warwick, R. M., & Clarke, K. R. (1994). Relearning the ABC: Taxonomic changes and
abundance/biomass relationships in disturbed benthic communities. Marine

Biology, 118(4), 739-744. https://doi.org/10.1007/BF00347523


https://doi.org/10.1016/j.seares.2015
https://doi.org/10.1890/10-1551.1
https://doi.org/10.3389/fenvs.2022.972153

98

Warwick, R. M., Clarke, K. R., & Somerfield, P. J. (2008). k-Dominance curves. In S. E.
Jorgensen & B. D. Fath (Eds.), Ecological indicators (Vol. 5, pp. 2109-2117).
Oxford: Elsevier. https://doi.org/10.1016/B978-008045405-4.00114-2

Warwick, R. M., Pearson, T. H., & Ruswahyuni. (1987). Detection of pollution effects on
marine macrobenthos: Further evaluation of the species abundance/biomass

method. Marine Biology, 95(2), 193-200. https://doi.org/10.1007/BF00409000

Warwick, R. M., Tweedley, J. R., Camplin, M., & Bullimore, B. (2025). Ecological
condition of the benthos in Milford Haven Waterway: The centre of the UK’s oil

and gas industry in an area of high conservation value. Oceans, 6(1), 2.

https://doi.org/10.3390/oceans6010002

Water Research Commission. (2017). 4 simple citizen science tool to measure stream
velocity (Project No. K5/2350). Pretoria, South Africa: Water Research

Commission.

Weeser, B., Stenfert Kroese, J., Jacobs, S. R., Njue, N., Kemboi, Z., Ran, A., Rufino, M.
C., & Breuer, L. (2018). Citizen science pioneers in Kenya — A crowdsourced
approach for hydrological monitoring. Science of the Total Environment, 631—632,
1590-1599. https://doi.org/10.1016/j.scitotenv.2018.03.130

Wetzel, R. G., & Likens, G. E. (2000). Limnological analysis (3rd ed.). Springer-Verlag.

White, E. P., Enquist, B. J., & Green, J. L. (2008). On estimating the exponent of power-
law frequency distributions. Ecology, 8§9(4), 905-912. https://doi.org/10.1890/07-
1288.1

Wijeyaratne, W. D. N., & Bellanthudawa, B. A. (2018). Abundance—biomass comparison
approach to assess the environmental stressors in Diyawannawa wetland in

monsoonal and non-monsoonal seasons. Sri Lanka Journal of Aquatic Sciences,

23(1), 1-11.


https://doi.org/10.1016/j.scitotenv.2018.03.130
https://doi.org/10.1890/07-1288.1
https://doi.org/10.1890/07-1288.1

99

Wijeyaratne, W. M. D. N., & Bellanthudawa, B. K. A. (2018). Abundance—biomass
comparison approach to assess the environmental stressors in Diyawannawa
Wetland in monsoonal and non-monsoonal seasons. Sri Lanka Journal of Aquatic

Sciences, 23(2), 135.

Winton, R. S., Calamita, E., & Wehrli, B. (2019). Reviews and syntheses: Dams, water
quality and tropical reservoir stratification. Biogeosciences, 16(8), 1657-1671.

https://doi.org/10.5194/bg-16-1657-2019

Winton, R. S., Teodoru, C. R., Calamita, E., Kleinschroth, F., Banda, K., Nyambe, 1., &
Wehrli, B. (2021). Anthropogenic influences on Zambian water quality:

Hydropower and land-use change. Environmental Science: Processes & Impacts,

23(7), 981-994. https://doi.org/10.1039/D1EM00026C

Woodward, G., Brown, L. E., Edwards, F. K., Hudson, L. N., Milner, A. M., Reuman, D.
C., & Ledger, M. E. (2012). Climate change impacts in multispecies systems:
Drought alters food web size structure in a field experiment. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367(1605), 2990-2997.
https://doi.org/10.1098/rstb.2012.0245

Woodward, G., Ebenman, B., Emmerson, M., Montoya, J. M., Olesen, J. M., Valido, A.,
& Warren, P. H. (2005). Body size in ecological networks. Trends in Ecology &
Evolution, 20(7), 402—409. https://doi.org/10.1016/].tree.2005.04.005

Xu, S., Guo, J., Liu, Y., Fan, J., Xiao, Y., Xu, Y., Li, C., & Barati, B. (2021). Evaluation
of fish communities in Daya Bay using biomass size spectrum and ABC curve.

Frontiers in Environmental Science, 9, 663169.

https://doi.org/10.3389/fenvs.2021.663169

Yan, T., He, J., Yang, D., Ma, Z., Chen, H., Zhang, Q., Deng, F., Ye, L., Pu, Y., Zhang,
M., et al. (2022). Fish community structure and biomass particle-size spectrum in
the upper reaches of the Jinsha River (China). Animals, 12(23), 3412.
https://doi.org/10.3390/ani12233412



https://doi.org/10.5194/bg-16-1657-2019
https://doi.org/10.1039/D1EM00026C
https://doi.org/10.1098/rstb.2012.0245
https://doi.org/10.1016/j.tree.2005.04.005
https://doi.org/10.3390/ani12233412

100

Yegon, M. J., Masese, F. O., Sitati, A., & Graf, W. (2021). Elevation and land-use as
drivers of macroinvertebrate functional composition in Afromontane headwater

streams. Marine and Freshwater Research, 72(10), 1517-1532.

Yemane, D., Field, J. G., & Leslie, R. W. (2005). Exploring the effects of fishing on fish
assemblages using abundance—biomass comparison (ABC) curves. ICES Journal

of Marine Science, 62(3), 374-379.

Yillia, P. T., Kreuzinger, N., & Mathooko, J. M. (2008a). The effect of in-stream activities
on the Njoro River, Kenya. Part I: Stream flow and chemical water quality. Physics

and Chemistry of the Earth, 33(1-2), 22-28.

Yillia, P. T., Kreuzinger, N., & Mathooko, J. M. (2008b). The effect of in-stream activities
on the Njoro River, Kenya. Part II: Microbial water quality. Physics and Chemistry
of the Earth, 33(8-13), 729-735.

Zar, J. H. (2010). Biostatistical analysis (5th ed.). Prentice Hall.

Zhang, Z. J., Wang, X. M., & McAlonan, G. M. (2012). Neural acupuncture unit: A new
concept for interpreting effects and mechanisms of acupuncture. Evidence-Based
Complementary and Alternative Medicine, 2012(1), 429412.
https://doi.org/10.1155/2012/429412

Zhu,J.J., Yu, L. Z,, Xu, T. L., Wei, X., & Yang, K. (2019). Comparison of water quality
in two catchments with different forest types in the headwater region of the Hun

River, Northeast China. Journal of Forestry Research, 30, 565-576.

Zuur, A. F., Ieno, E. N., & Smith, G. M. (2007). Analysing ecological data. Springer.
https://doi.org/10.1007/978-0-387-45972-1



https://doi.org/10.1155/2012/429412
https://doi.org/10.1007/978-0-387-45972-1

APPENDICES

101

Appendix I: Site-level slopes and midpoint heights of normalized abundance size-spectra (NASS) and normalized biomass size-

spectra (NBSS) across 24 stream sites under four land-uses: natural forest (NF), smallholder agriculture (SHA), smallholder tea

(SHT), and tea and tree plantation (TTP) during wet and dry seasons. R? = coefficient of determination.

Site ID Land- Season  NASS NASS NASS NBSS NBSS NBSS R?

use slopes Midpoint R? slopes Midpoint

heights heights

1 NF Dry -1.57 -0.69 0.95%**  -0.57 53 0.73%%*
2 NF Dry -1.43 -1.1 0.97***  -0.41 4.86 0.77%%*
3 NF Dry -1.43 -0.33 0.94%**  -0.43 5.57 0.57%**
4 NF Dry -1.47 -0.68 0.97***  -0.48 4.99 0.71%*
5 NF Dry -1.41 -0.15 0.94***  .0.42 5.79 0.60%**
9 NF Dry -1.28 0.51 0.87***  -0.32 5.91 0.28
13 SHA Dry -1.39 -2.16 0.96*** .04 4.24 0.67***
14 SHA Dry -1.28 -1.08 0.95***  -0.26 3.86 0.46*
15 SHA Dry -1.5 -0.25 0.95***  -0.49 5.18 0.68**
16 SHA Dry -1.7 -1.35 0.96***  -0.62 4.33 0.77%%*
17 SHA Dry -1.63 -1.04 0.96***  -0.65 4.38 (0.83%**
18 SHA Dry -1.4 -0.88 0.93***  -0.39 4.47 0.48*
6 SHT Dry -1.2 0.01 0.95***  -0.22 5.45 0.37*
7 SHT Dry -1.3 0.64 0.95***  -0.28 5.6 0.51*
11 SHT Dry -1.37 -0.42 0.86***  -0.41 4.96 0.34
12 SHT Dry -1.58 -0.62 0.95***  -0.58 5.34 0.78%***
20 SHT Dry -1.57 -1.02 0.96***  -0.6 4.36 0.80%***
21 SHT Dry -1.36 1.55 0.92%**  .0.4 6 0.51%*
8 TTP Dry -1.54 -0.56 0.92*%**  -0.53 541 0.60%**
10 TTP Dry -1.55 -0.26 0.91***  -0.5 5.32 0.59%**
19 TTP Dry -1.5 -1.5 0.97***  -0.49 4.95 0.79%**
22 TTP Dry -1.43 -1.76 0.97***  -0.42 4.56 0.68%***
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23 TTP Dry -1.5 -0.81 0.96***  -0.5 4.64 0.77%**
24 TTP Dry -1.42 -0.71 0.94***  .0.43 4.2 0.60**
1 NF Wet -1.34 -1.19 0.95%**  -0.34 4.73 0.51%**
2 NF Wet -1.49 -1.07 0.94***  .0.47 3.97 0.67**
3 NF Wet -1.33 -1.73 0.95***  -0.36 3.89 0.58%*
4 NF Wet -1.5 -2.04 0.98***  .0.46 3.94 0.80%**
5 NF Wet -1.44 -1.81 0.98***  -0.44 3.63 0.82%**
9 NF Wet -1.13 0.39 0.85%**  -0.12 5.31 0.06

13 SHA Wet -1.5 -0.9 0.95%**  -0.52 4.94 0.70%**
14 SHA Wet -1.09 -2.03 0.85***  -0.11 3.06 0.05

15 SHA Wet -1.6 -1.61 0.97***  -0.61 3.7 0.81%***
16 SHA Wet -1.57 -0.87 0.97***  -0.57 5.08 0.80%***
17 SHA Wet -1.49 -0.89 0.94***  -0.53 4.52 0.70%**
18 SHA Wet -1.61 -1.08 0.97***  -0.63 3.84 0.827%7%*
6 SHT Wet -1.47 -0.54 0.96***  -0.47 4.86 0.69**
7 SHT Wet -1.33 0.08 0.91%**  -0.32 4.44 0.34

11 SHT Wet -1.31 -0.02 0.89*** .03 4.4 0.31

12 SHT Wet -1.45 -1.01 0.95%**  -0.43 4.42 0.68**
20 SHT Wet -1.47 -1.98 0.97***  -0.46 3.92 0.76%**
21 SHT Wet -1.5 1.23 0.90***  -0.54 4.61 0.58*

8 TTP Wet -1.54 -1.66 0.97***  -0.51 4.45 0.78%*%*
10 TTP Wet -1.53 -1.76 0.97***  -0.54 4.15 0.82%**
19 TTP Wet -1.29 -0.83 0.92%** .03 5.07 0.39*
22 TTP Wet -1.26 -1.8 0.94***  .0.26 4.21 0.40*
23 TTP Wet -1.45 -2.29 0.97***  -0.44 4.17 0.76%**

24 TTP Wet -1.37 -1.47 0.94***  .0.32 3.71 0.45*
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Appendix II: List of Identified Aquatic Macroinvertebrate Taxa (Order, Family, and

Genus)

Order Family Genus
Amphipoda Paramelitidae Paramelita
Annelida Oligochaetidae Oligochaetes
Arachnida Araneae Araneae
Bivalvia Sphaeriidae (Pisidiidae) Pisidium
Coleoptera Carabidae Trechus

Chrysomelidae Altica
Curculionidae Bagous
Stenopelmus
Dryopidae Rapnus
Dytiscidae Copelatus
Hydroporus
Laccophilus
Rhantus
Yola sp.
Elmidae Ctenelmis
Elmis
Haplelmis
Leielmis
Leptelmis
Microdinodes
Sp.
Potamocares
Potamodytes
Pseudancyronyx
Stenelmis
Gyrinidae Aulonogyrus sp.
Dineutus sp.
Gyrinus
Orectogyrus
Haliplidae Haliplus
Hydraenidae Aulacochthebius
Hydraena
Prosthetops
Hydrochidae Hydrochus
Hydrophilidae Acidocerus
Amphiops
Berosus
Hydrophilus
Lampyridae Lampyris
Limnichidae Byrrhinus
Melyridae Astylus
Noteridae Hydrocanthus
Hydrophilidae Helochares
Ptilodactylidae Ptilodactyla




Appendix I continue
Scirtidae Elodes
Scarabaeidae Rhyssemus
Spercheus
Staphylinidae Paederina
Stenus
Helophoridae Helophorus
Hydrophilidae Anacaena
Decapoda Potamonautidae Potamonautes
brincki
Potamonautes
clarus
Diptera Anthomyiidae Anthomyia
Athericidae Suragina
Blephariceridae Elporia
Ceratopogonidae Ceratopogon
Culicoides
Chaoboridae Chaoborus
Chironomidae Chironomus
Tanypus
Dixidae Dixa
Dixella
Dolichopodidae Hydrophorus
Empididae Clinocera
Ephydridae Brachydeutera
Ochthera
Limoniidae Antocha
Gonomyia
Limnophila
Muscidae Musca
Psychodidae Clogmia sp.
Scathophagidae Scathophaga
Simuliidae Paracnephia sp.
Simulium
Stratiomyidae Hermetia
Stratiomys
Syrphidae Eristalis
Tabanidae Chrysops sp.
Tabanus
Tipulidae Tipula spp.
Ephemeroptera  Baetidae Acanthiops
Acentrella
Afrobaetodes
Centroptiloides
Cheleocloeon
Sp.
Cloeon
Caenidae Afrocaenis

caenis
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Appendix II: Continue

Dicercomyzidae
Ephemeridae
Heptageniidae
Leptophlebiidae
Oligoneuriidae

Polymitarcidae

Prosopistomatidae

Tricorythidae
Hemiptera Aphelocheiridae
Belostomatidae
Corixidae
Gerridae
Hebridae
Hydrometridae
Mesoveliidae
Naucoridae
Nepidae

Notonectidae

Pentatomidae
Pleidae

Saldidae
Veliidae
Hirudinea Glossiphoniidae

Isopoda Ligiidae
Lepidoptera Crambidae

Megaloptera Corydalidae

Mollusca Ampullariidae

Dicercomyzon
Afromera
Afronurus
Aprionyx
Elassoneuria
Oligoneuriopsis
Ephoron
Prosopistoma
Ephemerellina
Lithogloea
Tricorythus
Aphelocheirus
Appasus
Micronecta
Sigara
Eurymetra
Gerris
Limnogonus
Hebrus
Hydrometra
Mesovelia
Laccocoris
Neomacrocoris
Laccotrephes
Ranatra
Anisops
Enithares
Banasa
Paraplea
Plea

Saldula
Microvelia
Rhagovelia
Xiphovelia
Helobdella
Marsupiobdella
Ligia
Acentria
Elophila
Nymphulinae
Paraponyx
Synclita
Chauliodinae
Chloroniella
peringueyi
Corydalinae
Lanistes

Pila
occidentalis
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Appendix II: Continue

Bulinidae
Lymnaeidae
Physidae
Planorbidae

Thiaridae
Viviparidae

Bulinus
Lymnaea
Stenophysa
Ancylinae
Biomphalaria
Melanoides
Bellamya
capillata

Nematomorpha Gordiidae

Odonata Aeshnidae
Calopterygidae

Coenagrionidae
Gomphidae

Libellulidae

Macromiidae
Platycnemididae
Synlestidae
Plecoptera Perlidae
Porifera Spongillidae
Trichoptera Barbarochthonidae
Calamoceratidae

Dipseudopsidae
Ecnomidae
Glossosomatidae
Hydropsychidae

Hydroptilidae
Hydrosalpingidae

Lepidostomatidae
Leptoceridae

Philopotamidae

Chordodes
Aeshna

Anax

Phaon
Platycypha
Pseudagrion
Ceratogomphus
Ictinogomphus
Notogomphus
Onychogomphus
Bradinopyga
Crocothemis
Notiothemis
Orthetrum
Trithemis
Zygonyx
Phyllomacromia
Allocnemis
Chlorolestes
Neoperla
Spongilla
Barbarochthon
Anisocentropus
Heteroplectron
Dipseudopsis
Ecnomus
Agapetus
Aethaloptera
Leptonema
Oxyethira
Hydrosalpinx
sericea
Lepidostoma
Adicella
Athripsodes
Oecetis
Setodes
Triaenodes

Chimarra
Thylakion



Tricladida

Phryganeidae
Pisuliidae

Rhyacophilidae
Sericostomatidae
Dugesiidae
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Phryganea
Pisulia
Silvatares
Rhyacophila
Rhoizema
Dugesia
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APPENDIX III: SIMILARITY REPORT




