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Summary 
To properly conserve, restore and manage riverine ecosystems and the services they provide, 

it is pertinent to understand their functional dynamics.  However, there is still a major 

knowledge gap concerning the functioning of tropical rivers in terms of energy sources 

supporting riverine fisheries. I reviewed the anthropogenic influences on organic matter 

processes, energy sources and attributes of riverine food webs in the Lake Victoria basin, but 

also expanded the review to incorporate recent research findings from the tropics. Contrasting 

findings have been presented on the diversity of shredders and their role in organic matter 

processing in tropical streams. Recent tropical research has also highlighted the importance of 

autochthonous carbon, even in small forested streams. However similar studies are very 

limited in African tropical streams making it difficult to determine their place in emerging 

patterns of carbon flow in the tropics. 

This study was conducted in the Mara River, which is an important transboundary river with 

its headwaters in the Mau Forest Complex in Kenya and draining to Lake Victoria through 

Tanzania. In its headwaters, the basin is drained by two main tributaries, the Amala and 

Nyangores Rivers which merge in the middle reaches to form the Mara River mainstem. The 

overall objective of this dissertation was to better understand the functioning of the Mara 

River by assessing the spatio-temporal dynamics of organic matter sources and supply under 

different land-use and flow conditions and the influence of these dynamics on energy flow for 

consumers in the river. I collected benthic macroinvertebrates from open- and closed-canopy 

streams and classified them into functional feeding groups (FFGs) using gut content analysis. 

In total I identified 43 predators, 26 collectors, 19 scrapers and 19 shredders. Species richness 

was higher in closed-canopy forested streams where shredders were also the dominant group 

in terms of biomass. Seven shredder taxa occurred only in closed-canopy forested streams 

highlighting the importance of maintaining water and habitat quality, including the input of 

leaf litter of the right quality, in the studied streams. The findings suggest that Kenyan 

highland streams harbor a diverse shredder assemblage contrary to earlier findings that had 

identified a limited number of shredder taxa.  

I subsequently used the composition of macroinvertebrate functional feeding groups (FFGs) 

and the ecosystem process of leaf breakdown as structural and functional indicators, 

respectively, of ecosystem health in upland Kenyan streams. Coarse- and fine-mesh litterbags 

were used to compare microbial (fine-mesh) with shredder + microbial (coarse-mesh) 

breakdown rates, and by extension, determine the role of shredders in litter processing of 

leaves of different tree species (native Croton macrostachyus and Syzygium cordatum and the 

exotic Eucalyptus globulus). Breakdown rates were generally higher in coarse- compared 
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with fine-mesh litterbags for the native leaf species and the relative differences in breakdown 

rates among leaf species remained unaltered in both agriculture and forest streams. Shredders 

were relatively more important in forest compared with agriculture streams where microbial 

breakdown was more important. Moreover, shredder mediated leaf litter breakdown was 

dependent on leaf species, and was highest for C. macrostachyus and lowest for E. globulus, 

suggesting that replacement of indigenous riparian vegetation with poorer quality Eucalyptus 

species along streams has the potential to reduce nutrient cycling in streams.  

To study organic matter dynamics is these streams, I assessed the influence of land use 

change on the composition and concentration of dissolved organic matter (DOM) and 

investigated its links with whole-stream ecosystem metabolism. Optical properties of DOM 

indicated notable shifts in composition along a land use gradient. Forest streams were 

associated with higher molecular weight and terrestrially derived DOM whereas agriculture 

streams were associated with autochthonously produced and low molecular weight DOM and 

photodegradation due to the open canopy. However, aromaticity was high at all sites 

irrespective of catchment land use. In agricultural areas high aromaticity likely originated 

from farmlands where soils are mobilized during tillage and carried into streams and rivers by 

runoff.  Gross primary production (GPP) and ecosystem respiration (ER) were generally 

higher in agriculture streams, because of slightly open canopy and higher nutrient 

concentrations. The findings of this study are important because, in addition to reinforcing the 

role of tropical streams and rivers in the global carbon cycle, they highlight the consequences 

of land use change on ecosystem functioning in a region where land use activities are poised 

to intensify in response to human population growth.   

Lastly, I used natural abundances of stable carbon ( 13C) and nitrogen ( 15N) isotopes to 

quantify spatial and temporal patterns of carbon flow in food webs in the longitudinal 

gradient of the Mara River. River reaches were selected that were under different levels of 

human and mammalian herbivore (livestock and wildlife) influences. Potential primary 

producers (terrestrial C3 and C4 producers and periphyton) and consumers (invertebrates and 

fish) were collected during the dry and wet seasons to represent a range of contrasting flow 

conditions. I used Stable Isotope Analysis in R (SIAR) Bayesian mixing model to partition 

terrestrial and autochthonous sources of organic carbon supporting consumer trophic groups. 

Overall periphyton dominated contributions to consumers during the dry season. During the 

wet season, however, the importance of terrestrially-derived carbon for consumers was higher 

with the importance of C3 producers declining with distance from the forested upper reaches 

as the importance of C4 producers increased in river reaches receiving livestock and hippo 

inputs. This study highlights the importance of large mammalian herbivores on the 
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functioning of riverine ecosystems and the implications of their loss from savanna landscapes 

that currently harbour remnant populations.  

The results of this dissertation contribute data to discussions on the effects of land use change 

on the functioning of upland streams and food webs in savanna rivers with regard to carbon 

flow and the vectoring role played by large mammalian herbivores as they transfer terrestrial 

organic matter and nutrients into streams and rivers. This study also provides information and 

recommendations that will guide future research and management actions for the 

sustainability of the Mara River and linked ecosystems in the Lake Victoria basin.  
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Chapter  

1 
 
1.1  General introduction 

The character of a catchment fundamentally influences abiotic and biotic patterns and 

processes in streams and rivers. Since this thesis was popularized by Hynes (1975) many 

studies have established intimate linkages between terrestrial and riverine ecosystems 

(Vannote et al., 1980; Junk et al., 1989; Baxter et al., 2005). However, developing landscapes 

to meet human needs has altered surface water hydrology, geomorphology and physico-

chemistry, impacting the ecology of streams (Allan, 2004; Nilsson et al., 2005; Dudgeon et 

al., 2006; Vörösmarty et al., 2010).  Human activities in catchments and along riparian 

corridors have replaced natural forests with agriculture, pastures and exotic forestry species 

(Ferreira et al., 2006; Hladyz et al., 2011). These changes typically reduce habitat complexity 

and biodiversity, and affect organic matter dynamics, nutrient cycling, water purification and 

erosional processes (Palmer and Filoso, 2009; Acuña et al., 2013).  

Riverine ecosystems exhibit heterogeneity in environmental conditions at multiple temporal 

and spatial scales ranging from microhabitats to whole landscapes (Frissell et al., 1986; Poff 

et al., 1997). Tropical streams and rivers are highly dynamic driven by flow pulses that affect 

connectivity with lateral habitats (Lewis, 2008). Discharge variability also alter physical 

habitat, water temperature, and the composition of biological communities and ecosystem 

functioning (Tockner et al., 2000; Fisher et al., 2001). The quality and quantity of leaf litter 

inputs into these streams is also seasonally variable and dependent on catchment and riparian 

conditions (Wantzen et al., 2008).  

Land use and land cover changes represent accelerating threats to aquatic ecosystems in many 

parts of the world (Lambin and Geist, 2006; Odada et al., 2009). As a corollary to this, 

freshwaters are among the most threatened habitat types in the world, illustrated by a 50% 

decline in the Living Planet Index for freshwater ecosystems (an indicator of trends in 

populations of vertebrate species) between 1970 and 2000 (MEA, 2005). As anthropogenic 

land disturbance continues to increase, it is imperative to understand the functional links 

between land cover and land use changes and the physicochemical conditions, biological 

communities and the functioning of streams and rivers (Sutherland et al., 2002).  

In Kenya, land use changes on various catchments and water towers have been increasingly 

characterized by human settlement, deforestation and wetland reclamation (Mati et al., 2008; 
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Pellika et al., 2009; Mango et al., 2011). Moreover, deforestation and land-use changes have 

led to a decline in terrestrial biodiversity and the large herbivorous mammals have 

particularly been affected (Ogutu et al., 2011). Land use changes are likely to provide 

opportunities for many invasive plants along stream margins, and in many catchments and 

along riparian corridors of many streams exotic Eucalyptus spp. have been introduced (e.g., 

Magana, 2001; Pellika et al., 2009). On developing landscapes, elevated concentrations of 

nutrients and sediments have been recorded in streams draining agricultural catchments 

during the wet season due to run-off from unpaved roads, footpaths and farmlands (Kitaka et 

al., 2002; Okungu and Opango, 2005; Kilonzo et al., 2013). In rural catchments, in-stream 

human activities (water abstraction, bathing, washing and watering of livestock) are 

influenced by weather conditions, being more common during the dry season (Mathooko, 

2001; Yillia et al., 2008).  With the increasing human population (averaging 3% p.a), these 

problems will likely be exacerbated jeopardizing efforts towards environmental management, 

biodiversity conservation and sustainable social and economic development. 

1.2 Energy sources in riverine ecosystems 

Studies that address energy sources and flow in riverine food webs are important to identify 

specific habitats and energy sources that underpin riverine productivity and can lead to 

improved management and restoration of rivers (Thorp et al., 2006; Naiman et al., 2012). 

Different theories have been put forth to explain the sources of energy (carbon) in riverine 

ecosystems and their spatial and temporal variation. The river-continuum concept (RCC; 

Vannote et al., 1980; Minshall et al., 1985) and the flood-pulse concept (FPC; Junk et al., 

1989) were among the earliest models to be conceptualized to help explain the functioning of 

riverine ecosystems. The RCC was developed from observations on stable, unperturbed 

forested streams in the temperate region. The concept states that forested river systems have a 

longitudinal structure that results from a gradient of physical forces that change periodically 

along the length of the river as the stream size increases (Vannote et al., 1980). The RCC 

assumes that the importance of different sources of energy (allochthonous inputs, 

autochthonous production and transport of organic material from upstream) in a stream varies 

along the continuum and the relative abundance of macroinvertebrate functional feeding 

groups track the changes that occur (Vannote et al., 1980). On the other hand, the FPC (Junk 

et al., 1989; Bayley, 1995) applies to large floodplain rivers, especially in the tropics, and 

predicts that organic matter from upstream areas has negligible effects on production at higher 

trophic levels compared with the effects of organic matter produced and consumed locally on 

the floodplain. 
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Despite the significant contribution of these models to understanding the functioning of 

riverine ecosystems, their application to rivers in different biomes and climates around the 

world has faced some challenges. Even though popular, with over 6400 citations in Google 

Scholar as of August 2014, a number of discrepancies have been identified with the 

predictions of RCC over the years. These include discontinuities arising from tributaries 

(Osborne and Wiley, 1992), the concept does not apply to streams that lack riparian 

vegetation e.g., grassland or prairie streams (Wiley et al., 1990), its predictions relate only to 

the main channels of rivers and omit backwaters, marshes and floodplain linkages despite 

their importance in streams and rivers (Junk et al., 1989; Thorp and Delong, 1994, 2002), its 

applicability to large rivers, particularly tropical rivers with extensive floodplains (e.g., 

Welcome et al., 1989) and rivers from arid regions (Davies et al., 1994) has been questioned, 

and the concept fails to recognize that lotic systems are hierarchically organized, both 

spatially and temporally (e.g., Frissell et al, 1986; Naiman et al., 1988). Moreover, there have 

been discussions on the extent to which the RCC is applicable to tropical streams that lack a 

diverse shredder guild (Irons et al., 1994; Boyero et al., 2009; Dudgeon et al., 2010). 

Similarly, Tockner et al. (2000) proposed some changes on the FPC by suggesting an 

extension of the concept to include an interaction between temperature and flow. They also 

emphasize the ecological importance of expansion-contraction events below bankful flooding, 

especially in 'trained' temperate rivers, suggesting that 'flow pulses' should be incorporated as 

part of the 'flood pulse' concept (Tockner et al., 2000). 

Sustained research efforts to address the discrepancies in the models, particularly the RCC 

(Vannote et al., 1980), have yielded considerable insight into carbon cycling and food web 

dynamics in riverine ecosystems. One such discovery was the “riverine heterotrophy 

paradox” in which scientists were intrigued by the realization that animal biomass in food 

webs in mid-sized rivers (> 4th order) could be fuelled largely by autochthonous autotrophic 

production (Meyer and Edwards, 1990; Lewis et al., 2001). This observation was captured in 

the ‘riverine productivity model’ (RPM; Thorp and Delong, 1994, 2002), which hypothesize 

that the major source of organic matter assimilated by animals in large rivers is derived from 

autotrophic production in the channel and allochthonous carbon inputs from the riparian zone. 

Recognizing that most dissolved organic matter (DOM) and particulate organic matter (POM) 

within channels are recalcitrant, and thus difficult to assimilate (Junk et al., 1989), the RPM 

suggests that labile autochthonous organic matter and moderately labile, direct organic 

subsidies from the riparian zone, compensate for the abundant but recalcitrant organic matter 

from upstream leakage and floodplains (Thorp and Delong, 2002; Thorp et al., 2006). The 

model also notes that while some production occurs in the main channel, major sources of 
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carbon are derived from primary production in permanently inundated slackwaters and during 

regular and aperiodic inundation of the floodplain (Thorp and Delong, 2002).  

Evaluating the relevance of these models for different river systems in different biomes 

around the world has been made particularly possible through the use of stable isotope 

analysis (SIA), which has become a standard method for quantifying contributions from 

different carbon sources to riverine consumers (Fry and Sherr, 1989; France, 1997; Vander 

Zanden and Rasmussen, 1999). In combination with gut content analyses (GCA), SIA has 

helped identify trophic interactions and food web attributes of aquatic ecosystems, including 

seasonal patterns (Vander Zanden and Rasmussen, 1999; Fisher et al., 2001; Post, 2002). 

However, much of our understanding of energy flow in riverine food webs is based on North 

(e.g. Herwig et al., 2007; Zeug and Winemiller, 2008) and South (e.g. Lewis et al., 2001; 

Hoeinghaus et al., 2007; Jepsen and Winemiller, 2007) American rivers, in addition to 

contributions from a range of river systems in Australia (e.g., Douglas et al., 2005; Hunt et al., 

2012; Jardine et al., 2012). In comparison, little is known about carbon flow in African 

tropical streams and rivers.  

There are discussions on the extent to which temperate based studies are representative of 

tropical streams and rivers (Boyero et al., 2009; Dudgeon et al., 2010). In the emergent 

discussions, organic matter processing and the relative importance of autochthonous and 

allochthonous sources of carbon in streams differing in their land use and land cover 

characteristics, sizes and degree of human influence have gained particular attention (e.g., 

Lau et al., 2009; Boyero et al., 2009, Dudgeon et al., 2010; Boyero et al., 2011c; Jinggut et 

al., 2012).  

While much of organic matter and nutrient fluxes into streams occurs through direct litterfall 

from riparian vegetation and hydrologic transport through surface and sub-surface flowpaths, 

the movement of large mammalian herbivores can actively transfer organic matter and 

nutrients into rivers (Naiman and Rodgers, 1997; Polis et al., 1997; Grey and Harper, 2002; 

Bond et al., 2012). Animals deliver resource subsidies in recipient systems either in form of 

carcasses, in which the remains decomposes gradually fuelling nutrient uptake in the process, 

and through nutrient elimination via excretion and egestion (Kitchell et al., 1979, Wipfli et al., 

1998; Vanni, 2002). Animal-mediated resource subsidies can facilitate energetic linkages 

between systems, and this can occur against naturally established gradients (Polis et al., 1997, 

Vanni, 2002; Jacobs et al., 2007; Marcarelli et al., 2011). Across the African tropical forests 

and savannas, large populations of wildlife were once part of the landscapes but land use and 

land cover changes over the years have led to significant declines in large herbivore 

populations, which have been replaced to a large extent by livestock (Prins, 2000). It is likely 



5 
 

that the large wildlife facilitated terrestrial-aquatic food web linkages via delivery of resource 

subsidies in terms of nutrients (urine) and organic matter (faeces) during watering in the 

streams and rivers (Polis et al., 1997; Jacobs et al., 2007) but data is largely limited. Large 

animal inputs can influence nutrient cycling, ecosystem productivity and food web structure 

of the recipient ecosystem (Leroux and Loreau, 2008; Schmitz et al., 2010; Marcarelli et al. 

2011). However, many of the studies on the influence of large animal subsidies on riverine 

ecosystems have been done in North American systems (Naiman et al. 1986, Post et al. 1998, 

Naiman et al. 2009, Walters et al. 2009). In eastern Africa, and in the Mara-Serengeti 

ecoregion, there is still a high density of large herbivores which offer a unique opportunity to 

study the influence of wildlife resource subsidies on riverine ecosystem function.    

1.3 The Mara River basin 

1.3.1 Location, physiography and climate 

The trans-boundary Mara River basin (Kenya/ Tanzania) has a surface area of 13,835 km2 and 

lies between latitudes 0°21’S and 1°54’S and longitudes 33°42’E and 35°54’E in Kenya 

(65%) and Tanzania (35%). The study area covers the Kenyan portion of Mara River basin 

(Figure 1.1). The Mara River has its source in Enapuiyapui Swamp on the Eastern Mau 

Escarpment, Kenya.  In its upper part the catchment is drained by two main tributaries, the 

Amala and Nygangores Rivers, which flow through the forested Mau Forest Complex, tea 

plantations, settlements and small-scale agriculture. The two rivers converge to form the Mara 

River in a region characterized by large-scale agriculture (Plate 1.1). The river then meanders 

through two internationally renowned conservation areas, the Masai Mara National Reserve 

(MMNR) in Kenya (1718 km2,) and the Serengeti National Park (SNP) in Tanzania (1741 

km2). In these protected areas two other main tributaries, the Talek River and the Sand River, 

join the mainstem Mara River (Figure 1.1). In its lower reaches the Mara flows through 

savannah grasslands and small scale agriculture that characterize the Serengeti region in 

Tanzania before emptying into Lake Victoria through the expansive Mara Swamp. 

The Mara River basin is surrounded by mountainous and hilly topography in the northern and 

eastern parts with the elevation ranging from 3070 m above sea level (a.s.l.) in Mau 

Escarpment to about 1100 m a.s.l. in the Mara wetland. Both temperature and rainfall vary 

with altitude. The climate of the area is influenced by the inter-tropical convergence zone. 

The average mean temperature on the upper highlands is about 18ºC whereas on the lowlands 

the average mean temperature is 25ºC,  but normally it ranges between 20ºC and 27ºC 

depending on the month of the year (Gereta et al., 2002). Rainfall varies from a high of 

around 1600 mm/yr in the forested uplands to around 850 mm/yr at the lower reaches. In 
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Figure 1.1. A map of the Mara river basin showing different land-use types, the main river and its main 
tributaries; Source, McCartney 2010. 

addition to the spatial variability in rainfall, the catchment also experiences temporal 

variability with the different areas receiving variable amounts of rainfall over the year (Ogutu 

et al., 2007). The rainfall seasons are bi-modal, with the long rains expected from mid- March 

to June with a peak in April, while the short rains occur between September and December. 

The geology of the area is predominantly made up of quaternary and tertiary volcanic 

deposits (Sombroek et al., 1982). The basin is dominated by two types of soils, the cambisols 

that occur in the middle and upper part of the basin, and the vertisols that are characteristic of 

the lower part (Sombroek et al., 1982).  Cambisols have a number of characteristics that make 

them suitable for agriculture and dominate the upper catchments where broadleaf montane 

forests occur on the Mau Escarpment. These characteristics include good structural stability, 

high porosity, good water-holding capacity, good internal drainage, moderate-to-high natural 

fertility and an active soil fauna (Mati et al., 2008). Vertisols develop in expanding dark-

colored clays commonly referred to as ‘black cotton soil’. They are poorly drained because of 

the high clay content, and this makes them unsuitable for cultivation agriculture. These soil 

characteristics and the semi-arid conditions in the middle-reaches support savanna grasslands 

and bushland vegetation (Mati et al., 2008).  

1.4 Problem statement and justification 
Internationally, the Mara River is well known because of the annual migration of over 1 

million wildebeests and other ungulates (zebra and gazelles) between MMNR in Kenya and 

SNP in Tanzania (Dobson et al., 2010). These conservation areas hosts one of the largest  
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(a) (b)

(d)(c)

 
Plate 1.1: Land use activities in the upper and middle reaches of the Mara River basin, Kenya. Upper 
reaches, (a) forest land use transitioning into (b) mixed small scale mixed agriculture (mainly grazing, 
maize, tea and agroforestry); middle reaches, (c) large-scale agricultural irrigation in the middle-ground 
and small-scale mixed farming (maize and grazing of livestock) in the back-ground, and (d) the 
savanna grasslands and scrublands in the Masai Mara National Reserve.  

remnant savanna wildlife communities in the whole of eastern Africa and together with the 

linked ecosystems are major tourist attractions for both Kenya and Tanzania. The Mara is the 

only perennial river flowing through the region making it an important dry season source of 

water for sustaining wildlife in MMNR and SNP as well as the much-needed discharge for 

human use and water balance for Lake Victoria (Gereta et al., 2002; Mati et al., 2008; 

WREM, 2008; McClain et al., 2014).  

As is the case for many river catchments in the African tropics, the Mara River basin is facing 

encroachment on protected forests and other fragile ecosystems for settlement and cultivation 

(Serneels et al., 2001; Mati et al., 2008) and uncontrolled water abstractions (Hoffman, et al., 

2011). Increasing population and poor land management practices on newly converted lands 

have resulted in soil erosion and high sediment loads into the Mara River, pollution due to 

unregulated wastewater discharges, poor sanitation facilities and excessive use of agro-

chemicals (WQBAR, 2007; Derfersha and Melesse, 2012; Kilonzo, 2014). A potential change 

in the flow regime of the river as a result of climate variability and land-use change has also 

been simulated (Melesse et al., 2008; Mango et al., 2011; Kilonzo, 2014). These alterations to 

natural conditions and disturbance regimes and the spatial arrangement of terrestrial 
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vegetation and soils have important long-term consequences for the river and associated 

ecosystems (Serneels et al., 2001; Gereta et al., 2002; Mati et al., 2008). The loss of large 

populations of wildlife (mainly mammalian herbivores) through conversion of their grazing 

lands to agriculture (Serneels et al., 2001; Ogutu et al., 2011), likely reduces the supply of 

terrestrial organic matter and nutrients to rivers. Similarly, changes in vegetation type are 

likely to affect the quality and quantity of organic matter in the form of leaf litter in streams 

and the river with potential consequences on trophic resources and energy flow, but data are 

very limited.   

Because of the intimate linkage between physical and biological processes in streams and 

rivers, direct modifications of natural flow regimes or indirectly through changing land-use or 

land-cover are manifested in the many aspects of river systems, including the physical and 

ecological aspects (Bunn and Arthington, 2002; Shafroth et al., 2010). In this regard, spatio-

temporal dynamics in the source (quality) and supply of organic matter/ carbon, especially 

when these are also influenced by human activities, represent an important component of 

understanding the functioning of streams and rivers (Gawne et al., 2007; Lau et al., 2009; 

Hadwen et al., 2010b). For the Mara River, the importance of the river for downstream 

ecosystems in terms of water quality and quantity (Gereta et al., 2002) bears more credence to 

a need to understand linkages that will help in the development of appropriate management 

strategies. There is also a need to determine ecological responses in the structure of aquatic 

communities and food web structure along gradients of human and animal influences in the 

basin. With that understanding it will be possible to distinguish between human influences 

and natural causes when designing management programmes for the river and its catchment. 

Effective management of the Mara River basin, and those that share similar characteristics, 

requires up-to-date data on the influence of various land-use activities, the changing wildlife 

and livestock densities and flow variation on organic matter quality and supply and the 

corresponding responses in trophic relationships.   

1.4 Objectives and research questions 

The overall objective of this dissertation is to describe and contribute to the scarce data on the 

functioning of African tropical streams and rivers in terms of the role played by shredders on 

organic matter processing, spatial variability and seasonal dynamics of particulate and 

dissolved organic matter, ecosystem metabolism and the relative importance of allochthonous 

and autochthonous sources of carbon. The specific objectives of the study are: 

1. To determine the influence of land use and dry-wet conditions on the diversity and 

distribution of macroinvertebrate shredders and their role on the processing of 

particulate organic matter (leaf litter) in the Mara River basin. 
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2. To determine the influence of land use and dry-wet conditions on the (a) quality and 

(b) quantity of dissolved and particulate organic matter and (c) ecosystem metabolism 

in the Mara River basin. 

3. To determine the relative importance of allochthonous and autochthonous sources of 

energy for consumers along the longitudinal gradient of the Mara River.  

4. To determine the seasonality of allochthonous and autochthonous sources of energy 

for consumers in the Mara River. 

In order to achieve the stated objectives, a number of research questions were formulated to 

guide the study: 

What are the occurrence, abundance and distribution of macroinvertebrate shredders 

in streams in the Mara River basin? 

What is the influence of land-use, seasonality (dry and wet conditions) and shredder 

distribution on the processing of leaf litter in the basin? 

What is the influence of land-use and seasonality on the quality and quantity of 

dissolved organic carbon (DOC) and ecosystem metabolism in the basin? 

What is the relative importance of allochthonous and autochthonous sources of 

energy/ carbon for consumers along the Mara River? 

What is the influence of wet-dry seasons on the relative importance of allochthonous 

and autochthonous sources of carbon for consumers along the Mara River?  

1.6 Dissertation structure 

This dissertation consists of seven chapters. Chapter 1 presents the general introduction by 

highlighting the current gaps in our knowledge of functioning of tropical streams. 

Additionally, it presents the problem statement and significance, research objectives and 

research questions of the study.  A description of the study area is presented and includes 

information about the location, geology, climatic data and land use of the upper and middle-

reaches of the Mara River basin, Kenya that is the focus of this study. Chapter 2 provides a 

literature review of the influence of anthropogenic activities on the functioning of riverine 

ecosystems with a focus on the Lake Victoria basin in which the Mara River basin is part. 

Discussed in the chapter is the position of tropical streams and rivers in the global literature in 

terms of their food web attributes in the context of anthropogenic influences. The main 

findings of this dissertation are presented in Chapters 3-6. Each of these chapters consists of 

separate sections: abstract, introduction, materials and methods, results, discussion and 

conclusions. Chapter 3-4 looks at the influence of both catchment and riparian land uses on 

organic matter input and processing in streams. Chapter 3 looks at the diversity of 
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macroinvertebrate functional feeding groups (FFGs) in Kenyan upland streams with a focus 

on shredders and their distribution in forest and agriculture streams during both the dry and 

wet seasons. This is important because tropical stream macroinvertebrates have not been 

extensively classified into FFGs, a situation that hampers studies on organic matter processing 

and assessments of the influences of land use change on the overall ecosystem integrity of 

streams and rivers in the region. Chapter 4 uses the diversity and distribution of shredders 

and rates of organic matter (leaf litter) processing as indicators of the effects land use change 

and riparian conditions on the ecological health of the streams. The primary objective of 

Chapter 5 is to assess the influence of land use change on the composition and concentration 

of dissolved organic matter (DOM) and its links to ecosystem metabolism and carbon cycling 

in the streams. Optical properties (fluorescence- and absorbance-based) are used to 

characterize changes in the composition of DOM in streams across a land use gradient from 

forestry to agriculture during both the dry and wet seasons. In Chapter 6, the influence of 

land use and herbivore-mediated subsidies on trophic sources for consumers in the Mara 

River, Kenya and a quantification of spatial and temporal patterns of carbon flow are 

investigated using natural abundances of stable carbon ( 13C) and nitrogen ( 15N) isotopes.  

Finally, Chapter 7 synthesizes the main findings and proposes recommendations for 

management and future research.  
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Abstract  

The ecology of Lake Victoria and rivers draining its 180,000 km2 basin has changed over the 

past century in response to growing anthropogenic influences that have altered basal 

resources, trophic status and interactions, and river flow regimes. Impacts on the ecology of 

the lake are well known, but little attention has focused on the ecological status of rivers 

supplying ecological services to a majority of the basin's over 30 million inhabitants. In this 

paper I review existing research on the ecological status of streams and rivers in the Lake 

Victoria Basin (LVB) and evaluate how they fit into emerging models of riverine ecosystem 

function in the tropics. Studies to date indicate that allochthonous sources dominate inputs to 

food webs in forested headwaters and savanna mid-reaches of rivers in the LVB, although 

transfer pathways vary with position in the river. While riparian vegetation phenology and 

hydrologic runoff pathways control the spatial and temporal fluxes of energy inputs in 

headwater streams, animals play increasingly important roles in savanna mid-reaches. 

Ecological patterns and processes in LVB rivers generally fit emerging models for the tropics, 

but studies completed to-date do not find autotrophic energy sources to be important. The 

findings of this review highlight the importance of specific management actions needed to 

safeguard services offered by the river to people and wildlife in the basin.  

1.0 Introduction 

Over the past 50 years, Lake Victoria has undergone fundamental changes to its ecology, the 

most well-known of which was the introduction of Nile Perch (Lates niloticus L. 1758, 

Centropomidae) in the 1950s and subsequent extinction of hundreds of species of native 

cichlids (Ogutu-Ohwayo, 1990; Witte et al., 1992). Twenty years before the introduction of 

the Nile Perch, however, limnological evidence already indicated increased nutrient loading 

and the beginning of a progressive shift in the trophic status of the lake (Hecky, 1993; 

Verschuren et al., 2002). Increased nutrient loading is correlated with development of the 

180,000 km2 catchment area of Lake Victoria, which covers portions of Tanzania, Uganda, 

Kenya, Rwanda, and Burundi. Since the 1930s, the human population of the lake catchment 

has increased from around 3.5 million to more than 30 million people, and land use change, 

expansion and intensification of agriculture, urbanization, industrialization, and freshwater 

abstractions have all increased proportionally (Bootsma and Hecky, 1993; Scheren et al., 

2000; Verschuren et al., 2002).    

Pronounced changes appeared in the lake during late 1970s when periods of anoxia were 

reported in the hypolimnectic waters (Hecky et al., 1994; Verschuren et al., 2002, Hecky et 

al., 2010). The mobilization of nutrients from catchment areas, and increased wet and dry 
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deposition over the lake brought about an increase in phytoplankton biomass and production, 

particularly in inshore areas and river mouths, but also in offshore areas (Hecky et al., 2010; 

Sitoki et al., 2010). As a result, the once mesotrophic lake (Talling, 1966) experienced a 

taxonomic shift from the historically persistent diatom Aulacosira Thwaites 

(Baciralliophyceae) to a highly frequent occurrence of cyanobacteria (Ochumba and Kibaara, 

1989; Hecky, 1993; Gophen et al., 1995) and dominance of biologically fixed  nitrogen 

(Mugidde et al., 2003; Hecky et al., 2010).  There is also evidence that the eutrophication-

induced deoxygenation of hypolimnectic zone may have contributed to the collapse of 

indigenous fish stocks through elimination of suitable habitat for certain deep-water species 

(Hecky et al., 1994; Verschuren et al., 2002), and increased turbidity also affected 

haplochromine populations that relied on vision for feeding and reproduction (Goudswaard et 

al., 2008). The lake is now considered to be eutrophic, with fluctuating water levels, high 

phosphorus and sediment loads and recurrent invasions of water hyacinth Eichhornia 

crassipes Mart. (Pontederiaceae) and hippograss (Vossia cuspidata Roxb. Griff. (Poaceae) 

(Scheren et al., 2000; Kolding et al., 2008; Offula et al., 2010).  

Given the level and scale of change that human activities have had, and continue to have, on 

river catchments in the LVB, an immediate concern is the degree to which the ecological 

functioning of streams and rivers has been affected. The research attention devoted to 

ecological changes in the lake over a 50 year period is understandable given the lake’s iconic 

status as the source of the White Nile River, its historical high diversity of fish species and the 

social and economic importance of its fishery, but on a regional scale more people rely on the 

freshwater and environmental services provided by the river corridors feeding the lake than 

on the lake itself.  Assessing ecological changes in the rivers is difficult, however, because of 

a lack of information about river ecology prior to the considerable human influences that now 

shape the basin. Early research into the lake’s ecology also considered the lower portions of 

tributary rivers, so we know that large numbers of lake fish species made periodic runs into 

tributary rivers to spawn during the rainy season (Graham, 1929; Whitehead, 1959), but little 

historical information exists for upper reaches of these rivers. Unlike the lake, however, 

which has been completely altered as a system, some streams and river sections in headwater 

forests and lowland savannas have been conserved to a degree that trophic status and food 

web attributes can be investigated in the absence of significant human alterations.  

Studies on organic matter processing and food web structure in the LVB are also pertinent to 

a larger analysis of tropical riverine ecosystems and emerging evidence that they might be 

functionally different from their temperate counterparts (e.g., Boulton et al., 2008; Wantzen et 

al., 2008; Boyero et al., 2009; Dudgeon et al., 2010; Boyero et al., 2011a,b,c). In the ongoing 

discussions, comparisons have been made between temperate and tropical streams and rivers 



14 
 

in terms of organic matter processing, food web attributes and the major sources of energy 

fuelling metazoan food webs. Findings suggest that some of the predictions in the models 

developed in the temperate region may not be applicable to tropical streams and rivers.  

Many studies in tropical headwater streams are supporting the importance of autotrophic 

production as a major source of energy for aquatic consumers (March and Pringle, 2003; 

Mantel et al., 2004; Brito et al., 2006; Li and Dudgeon, 2008; Coat et al., 2009; Lau et al., 

2009). In small forest streams where allochthonous sources of energy and carbon dominate 

(Wallace et al., 1997), differences in the diversity of shredders have been reported between 

temperate and tropical streams. Shredders belong to a detritovore guild in forest streams 

where they help in the breakdown of coarse organic matter into fine detritus making it 

available to collectors and filterers, and thus playing a fundamental role in organic matter 

decomposition and nutrient cycling (Cummins et al., 1973; Wallace and Webster, 1996). Low 

diversity of shredders has been reported in New Guinea (Yule, 1996), New Zealand 

(Winterbourn et al., 1981), Hong Kong (Li and Dudgeon, 2008), East Africa (Tumwesigye et 

al., 2000, Dobson et al., 2002; Masese et al., 2009b), and the Neotropics (Greathouse and 

Pringle, 2006). Recent findings from a global assessment of the distribution of the 

detritivorous guild and its role in leaf litter decomposition in streams have reinforced some of 

these findings (Boyero et al., 2011a, b, c). Tropical riverine food webs have also been 

described as having shorter food chains with a dominance of omnivory and macroconsumers 

(Douglas et al., 2005; Coat et al., 2009). However, even with these emerging shared 

characteristics, it is arguable that within the tropics there is great heterogeneity in the structure 

and functioning of riverine ecosystems (Boulton et al., 2008). For instance, while some 

streams and rivers display a highly variable flow regime characterized by intermittence, 

others are more stable (Poff et al., 2006; Conway et al., 2009; Kennard et al., 2010). That 

notwithstanding, lack of comparable studies across regions and systems has restricted 

generalizations about determinants of ecosystem structure and function and predicting the 

likely impacts of global and regional human disturbances, notably land use change, 

anthropogenic climate change and the associated variations in the natural flow regimes of 

streams and rivers. 

In part, lack of understanding on how ecosystems in Africa are functioning is an impediment 

to their sustainable management. In most cases, limited time series data on environmental and 

ecological conditions in African streams and rivers leads to a reliance on studies done in the 

temperate zone and elsewhere in the tropics to interpret existing information and develop 

management guidelines. In the LVB, information from other geographic regions has been 

used to answer questions about the status of the lake’s fisheries or to interpret impacts of 

human activities (e.g., Kolding et al., 2008). While riverine ecosystems in the basin share a 
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number of climatic characteristics with tropical counterparts where much ecological work has 

been done (e.g., Hong Kong, tropical Australia and the Neotropics), some clear differences 

also exist. For instance, African streams and rivers in arid and semi-arid savanna climates 

tend to be less predictable and more prone to unexpected floods and droughts as a result of 

pronounced spatial and temporal rainfall variability (Conway, 2002; Conway et al., 2009; 

Kizza et al., 2009). By learning from what has been done in tropical streams elsewhere and 

integrating it with the information available, we can improve our understanding of the 

functioning of streams and rivers in the LVB.  

Literature on the functioning of aquatic ecosystems in the LVB is growing. A number of 

studies have looked at different aspects of streams and rivers which can be interpreted to give 

an account on their functioning and the effects of anthropogenic disturbance. This review 

explores the functioning of riverine ecosystems in the LVB in terms of major sources of 

energy, food web attributes, and flow regime. The specific questions addressed include: 1) 

What are the major sources of energy to streams and rivers in the region? 2) What are the 

emergent characteristics in food webs in streams and rivers? 3) How do these characteristics 

fit into emerging trends and models for tropical systems in Hong Kong, the Neotropics, Brazil 

and tropical Australia where intensive and long-term studies have been done? 4) What is the 

influence of human activities on these processes? Though much of the information that has 

been used to answer these questions is from literature on the LVB, some studies have also 

been included from rivers, lakes and wetlands in the larger East African region. This is 

because of the shared hydroclimatic and runoff characteristics in the region. Use has also been 

made of literature on tropical streams and rivers in Asia, Australia, South and Central 

America, especially in areas where information from the LVB is not adequate and conclusive. 

Studies that have been of great significance include those on food webs and their attributes 

(e.g., March and Pringle, 2003; Mantel et al., 2004; Douglas et al., 2005; Brito et al., 2006; 

Lau et al., 2009; Coat et al., 2009; Dudgeon et al., 2010), organic matter processing (e.g., Li 

and Dudgeon, 2008; Wantzen et al., 2008) and seasonal hydrological influences on organic 

matter dynamics and trophic relationships (e.g., Junk et al., 1989; Winemiller, 1990; 

Winemiller and Kelso-Winemiller, 2003; Hadwen et al., 2010a; Pusey et al., 2010; Arthington 

and Belcombe, 2011).  

2.0 The Lake Victoria Drainage Basin 

2.1 Hydroclimatic conditions  

The Lake Victoria Basin (Figure 2.1) is the source of the White Nile River. It occupies an 

area of about 251,000 km2, of which 69,000 km2 is the lake surface. The altitude of the lake 

surface is about 1,135 m a.s.l while the basin is made of a series of stepped plateaus with an  
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Figure 2.1. Map of Lake Victoria and its basin with an indication of the major rivers. 

average elevation of 2,700 m a.s.l but rising to 4,000 m a.s.l or more in the mountainous 

areas. The lake has a mean depth of 40 m with a maximum depth of around 80–90 m.  

The climate in the basin, ranging from wet tropical in the uplands to tropical savannah that 

characterizes much of the southern and eastern lowlands, is driven by the inter-tropical 

convergence zone (ITCZ), El Nino southern oscillation (ENSO), quasibiennial oscillation, 

large-scale monsoonal winds, meso-scale circulations and extra-tropical weather systems 

(Anyah and Semazzi, 2007). Over the lake, mean annual precipitation is around 1780 mm and 

mean annual evapotranspiration is around 1540 mm (Nicholson et al., 2000). In the LVB, a 

typical year has two peaks in rainfall, the long rains from March to May and the short rains 

from October to December (Rodhe and Virji, 1976; Kizza et al., 2009). The March-May rains 

contribute 39% of the total annual rainfall while the October-December rains contribute 26%, 

though there are considerable fluctuations (23%–50% for March-May rains and 15%–46% for 

October-December rains) (Kizza et al., 2009). This annual pattern of rainfall is also 

characteristic of the larger East Africa region (Rodhe and Virji, 1976). The rainfall varies 

from a minimum of around 800 mm in the lowlands and lakeshore areas to a maximum of 

around 2200 m in the highlands, with a catchment average of 1200 mm. In Kenya, the amount 

of rainfall varies spatially as a result of changes in relief features (Jaetzold and Schmidt, 

1987). Mountainous areas, which are mostly humid and sub-humid, receive more rainfall 

while low-lying areas, including the areas adjacent to the Lake, receive less rainfall (Kizza et 
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al., 2009), which is characteristic of the semi-arid tropical climate and savanna. However, 

some yearly and monthly variations have been reported over the past decade that are 

characterized by delays in the onset of rainfall and an increase in the duration and frequency 

of droughts (Ogutu et al., 2007). Extreme drought events occur approximately every 3–4 

years during the short rains, every 7–8 years during the hot dry season (December to 

February), and every 5–8 years during the long rainy season (Awange et al., 2008). The main 

source of water into the lake is direct precipitation which accounts for approximately 80% of 

the water input (Sutcliffe and Petersen, 2007). River inflow and underground discharges 

contribute 20%, with the five major rivers, the Kagera, Nzoia, Gucha, Sondu-Miriu and 

Simiyu contributing over 60% (Table 2.1). About 75% of the water is lost through 

evapotranspiration, while about 18% flows out through the White Nile. The rest is lost 

through abstraction and groundwater losses. Thus, the inflow from the rivers is important for 

compensating the losses and maintaining lake levels.   

 Riverine ecosystems in the LVB display highly seasonal hydrological regimes (e.g., Sutcliffe 

and Parks, 1999). Changes in some aspects of the natural flow regime of some rivers have 

also been reported (Conway, 2002; Tate et al., 2004). Some rivers have recorded an increase 

in the average daily discharge in the period 1990-2000 as compared with the period 1950-

1960. The Rivers Sio, Nzoia and Yala recorded an increase in peak discharge of 8%, 31% and 

38%, respectively (Sangale et al., 2005). While an increase in the average amount of rainfall 

between 1960 and 1990 of about 8% over much of the basin (Conway, 2002) may explain a 

portion of the recorded increases in peak discharge of the rivers, loss of native vegetation in 

the catchment areas has been identified as the most probable cause (Sangale et al., 2005). 

Increases in stream flows and reductions in interception and evapotranspiration losses have 

been measured in some catchments where native forest species have been replaced with pine 

plantations (JICA, 1980 cited in Sangale et al., 2005). Analysis of discharge records from 

catchments subjected to higher rates of deforestation have also been found to exhibit 

increased flood flows and decreased dry season baseflows relative to catchments with less 

deforestation (Melesse et al., 2008). 

2.2 Aquatic biodiversity 

The Lake Victoria and its tributary rivers are a major biodiversity hotspot. The lake itself 

supports more than 500 fish species, more than 90% of which are haplochromine cichlids 

Hilgendorf 1888 (Cichlidae) (Witte et al., 1992; Lowe-McConnell, 1987). However, more 

than 200 of the haplochromine cichlids are now considered to be extinct or threatened as a 

result of introductions of exotic fish species and ecological changes in the lake (Witte et al.,
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Table 2.1. Catchment area sizes, mean human population density in the year 2000, rainfall and 
discharge (1950-2000) of major rivers in the Lake Victoria Basin; data from COWI 2002; Shepherd et 
al., 2000.  

 
 

Country River Basin 

Catchment 
area (km2) 

Human 
Population 

density/ km2 

Mean annual 
rainfall (mm)  

Mean 
discharge 

(m3/s)  

Percentage 
(%) of total 
discharge  

Kenya Nzoia 15143 221 (±154) 1492 116.7 14.8 
 Nyando 3517 174 (±127) 1307 18.5 2.3 
 Sondu-Miriu 3583 220 (±148) 1511 42.2 5.4 
 Gucha 6612 224 (±183) 1519 58.0 7.5 
 Sio 1450 - 1560 11.4 1.5 
 Yala 3351 221 (±154) 1589 37.6 4.7 
 South Awach 780 - - 5.9 0.8 
 North Awach 760 - - 3.7 0.5 
Kenya/ 
Tanzania Mara 13915 46 (±56) 1040 37.5 4.7 

Tanzania Grumeti 13392 21 (±26) 879 11.5 1.4 
 Mbalageti 3591 37(±22) 766 4.3 0.5 

 E. Shore 
streams 6644 - - 18.6 2.3 

 Simiyu 11577 50(±26) 804 39.0 4.8 

 Magoga-
Muame 5207 88(±47) 842 8.4 1.0 

 Nyashishi 1565 - - 1.6 0.2 
 Issanga 6812 48 (±22) 897 31.0 3.9 

 S. Shore 
streams 8681 - - 25.7 3.2 

 Biharamulo 1928 - - 17.8 2.2 

 W. Shore 
streams 733 - - 20.7 2.6 

Burundi/Rwa
nda/ Uganda/ 
Tanzania 

Kagera 59682 181(±196) 1051 260.9 33.5 

Uganda Bukora 8392 - - 3.2 0.4 
 Katonga 15244 - - 5.1 0.7 

 N. Shore 
streams 4288 - - 1.5 0.2 

Kenya, 
Tanzania, 
Uganda 

Lake Edge 40682 133(±175) - 1077 - 

  
 

1992; Goudswaard et al., 2008). The basin is also rich in other taxa, including aquatic plants, 

aquatic-dependent reptiles, amphibians and mammals (Chapman et al., 2001; Aloo, 2003; 

Gichuki et al., 2001a; Munishi, 2007). The basin’s waters support a diverse mollusc fauna 

comprising 54 species, with about one-fifth endemic to the basin (Brown, 1994). 

Macroconsumers in the basin include the atyid shrimp Caridina nilotica P. Roux 1833 

(Atyidae) and freshwater crabs of the genus Potamonautes Macleay 1838 (Potamonautidae) 

(Goudswaard et al., 2006; Dobson, 2004). Aquatic obligate vertebrate species include five 

species of freshwater turtles, two aquatic snakes, monitor lizard (Veranus niloticus L., 

Veranidae), the Nile crocodile (Crocodylus niloticus Laurenti 1768, Crocodylidae), three 

species of otters, Aonyx capensis Schinz 1821, A. congicus Lönnberg 1910, and Lutra 

maculicollis Lichtenstein 1835 (Mustelidae) and hippopotamus or hippo (Hippopotamus 

amphibius L., 1758 (Hippopotamidae) (Oyugi, 2011). 
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Lake Victoria and its influent rivers historically supported a diverse and sustainable fishery 

(Graham, 1929; Whitehead, 1959). Prior to the insurgence of the introduced Nile Perch, 

cichlids formed more than 80% of the fish biomass with other endemic species forming the 

remaining fraction. Catches in the rivers were also diverse and seasonally augmented by 

periodic runs of anadromous fish species into rivers to breed and /or feed (Ochumba and 

Manyala, 1992; Manyala et al., 2005). The lower reaches and floodplains of large rivers and 

ecotonal zones of the lake supported large hippopotamus and crocodile populations. However, 

with unsustainable exploitation and conversion of their habitat the abundance of 

hippopotamuses and crocodiles started to decline, reaching a level of concern by early 1950s 

(EAFRO, 1955). Currently, crocodiles have become rare in the main lake and are confined to 

the lower reaches of the influent rivers. 

In the last century there have been marked and at times rapid changes in the catchment and 

ecology of Lake Victorira. While changes in the ecology and biodiversity of the lake have 

been well documented, changes in the rivers have not been considered in such detail. The 

following review compiles what is known about the ecology and functioning of rivers of the 

LVB under different intensities of human influence.  

3.0 Trophic resources and emergent food web attributes 

Within the global context of energy flow and food web structure in riverine ecosystems, there 

is growing debate on the position of tropical streams and rivers (Boyero et al., 2009; Dudgeon 

et al., 2010). From long-term studies in the tropics, a synthesis has been presented on key 

attributes of streams and rivers in terms of their structure and function (Dudgeon, 2008).  

These attributes relate to the altitudinal distribution of aquatic biota, instream primary 

production, input of organic matter (leaf litter) and its processing. Studies that have examined 

energy flow and food web attributes have reported emergent characteristics that include a 

high degree of autochthony, widespread omnivory, short food chains and dominance of 

macroconsumers (Mantel et al., 2004; Douglas et al., 2005; Coat et al., 2009; Dudgeon et al., 

2010). However, in the LVB, and East Africa in general, riverine ecosystems have not been 

examined to determine how they fit into these emerging trends.   

3.1 Basal energy sources 

Research to-date suggests that terrestrially-derived plant material is the predominant basal 

energy source driving in-stream metabolism in streams of the LVB (Omengo, 2010; Borda, 

2012). Inputs of allochthonous material vary depending on the dominant vegetation type, 

season, hydrologic conditions, and position in the river network. In the LVB and its environs, 

a majority of river flow originates in streams arising from humid forested highlands with 
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steep gradients, exceeding 60° in some areas. Because of the canopy cover, more than 90% in 

some areas, first and second order forested streams are cool with water temperatures rarely 

exceeding 16 °C (Omengo, 2010). Concentrations of dissolved organic matter average 3 mg/L 

(Omengo, 2010). The riparian vegetation is diverse (Mathooko and Kariuki, 2000; Dobson et 

al., 2002), but in some areas dominance in leaf litter input by one or two species is common. 

Retention of coarse particulate organic matter (CPOM) is high in forested streams (Mathooko 

et al., 2001; Morara et al., 2003; M’Erimba et al., 2006). Standing stocks have been reported 

at 280 gm-2 dry weight or higher (Dobson et al., 2002; Magana and Bretshko, 2003). The high 

CPOM standing stocks and diversity of plant species suggest a consistent input of basal 

energy of the right quantity for decomposers. However, spatial and temporal variations in 

standing stocks occur. Factors that contribute to spatial variation are mainly dependent on the 

type of riparian vegetation and the composition of retention structures that include debris 

dams, rock outcrops, roots, branches and stream banks (Mathooko et al., 2001; Morara et al., 

2003). Temporal variations are influenced by the phenology of plants and discharge regime 

and season. Peaks in litter input occur during rain storms and during the dry season when 

some tree species shed all their leaves (Magana, 2001; Pers obser.). In savanna environments 

characteristic of the lower reaches of rivers in the LVB, litter inputs may be significantly 

reduced and animals may play an important role in the lateral transport of organic matter into 

streams and rivers (e.g., Jacobs et al., 2007). 

The few studies that have examined the functional diversity and community structure of 

macroinvertebrate assemblages have concluded that while macroinvertebrates are diverse and 

abundant in streams of the region, shredders are limited (Dobson et al., 2002; Masese et al., 

2009b). However, these studies have also indicated that identification of shredders is 

hampered by a lack of identification keys and the few studies that have been done have used 

keys (e.g., Merritt and Cummins, 1996) developed for temperate stream fauna. These keys 

have been found to be misleading for some taxa in the tropics (e.g., Dobson et al., 2002; 

Cheshire et al., 2005). While the limited number of studies that have been conducted to study 

shredders and their role in leaf litter processing in streams in the region might not be 

conclusive, the reported low number of shredder taxa has led to suggestions that microbial 

action and physical abrasion are more important (Mathooko et al., 2000; Dobson et al., 2003). 

The fraction of microbial carbon that makes its way to upper trophic levels is unknown for 

rivers in the LVB but assumed to be small based on available isotopic evidence from 

elsewhere (e.g., Bunn et al., 2003). This implies that other pathways of energy transfer from 

basal resources to higher trophic levels play major roles in energy flow among food webs. In 

the LVB, herbivorous fishes including Haplochromis Hilgendorf, 1888 (Cichlidae) spp., 

Oreochromis variabilis Boulenger 1906 and O. leucostictus Trewavas 1933 (Cichlidae) 
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(Ochumba and Manyala, 1992; Raburu and Masese, 2012) obtain a large proportion of their 

energy directly from plant materials. In so doing, they help in the breakdowm of CPOM into 

fine particulate organic matter (FPOM) that is consumed by invertebrates. As important prey 

for large piscivores such as Bagrus docmak Forsskäl 1775 (Bagridae) and Schilbe intermedius 

Ruppell 1832 (Schilbidae), these fishes also contribute directly to energy transfer to higher 

trophic levels.  

On a longitudinal gradient, patterns in CPOM, FPOM and algal (both benthic and water 

column) standing stocks, vary with changes in stream order (Figure 2.2), although expected 

patterns may be obscured by human activities that have modified physical conditions in 

streams and rivers. For instance, as streams become bigger in size and canopy cover is 

reduced, primary production is expected to increase. This is recorded in increasing 

chlorophyll a concentrations in some rivers (Figure 2.2), but in others an increase in sediment 

load limits primary production and standing stock. The removal of riparian vegetation along 

low-order streams has also had the effect of increasing primary production by both 

macrophytes and phytoplankton while at the same time reducing inputs of CPOM.  However, 

streams arising from and draining swampy areas where there is high diversity and abundance 

of macrophytes often record high levels of dissolved organic carbon, up to 15 mg/l relative to 

other streams (McCartney, 2010).  Paradoxically, the same streams have recorded lower 

levels of nutrients; < 0.2 mg/l total phosphorus, < 1.5 mg/l total nitrogen and sometimes 

below detection levels of soluble reactive phosphorus (McCartney, 2010). This suggests a 

tight internal cycling of elements within these systems (Gichuki et al., 2001b; Machiwa, 

2010). 

The role of dissolved organic matter (DOM) in stream and river food webs in the LVB has 

not been investigated. DOM plays an important role in transferring carbon into the microbial 

food webs and subsequently into metazoan food webs (Findlay, 2003). However, this is 

dependent on the quantity and quality of DOM available. Labile DOM leached from fresh 

leaves is quickly metabolized by bacteria while recalcitrant DOM, mostly originating from 

adjacent soils is transported downstream. Even though the microbial loop is thought to be 

inefficient in terms of energy flow to higher trophic levels, its importance in tropical streams 

and rivers has gained more credence because of microbial breakdown of leaves, which is 

thought to be more important than that by shredders whose diversity is limited in the tropics 

(Irons et al., 1994). DOM is also a major source of carbon for biofilm growth in streams and 

rivers. Biofilms form the base of food webs supporting grazers such as crustaceans, insects, 

molluscs and some fish (Stevenson 1996; Douglas et al., 2005; Lefran ois et al., 2011).  
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Figure 2.2. Trends in temperature, dissolved oxygen, coarse particulate organic matter (CPOM), 
AFDM fine particulate organic matter (FPOM) and chlorophyll a (both water column and benthic 
standing stocks) with stream order in the Lake Victoria basin, Kenya. Superscripts on figure numbers 
represent source of data; 1 = Masese et al., 2009a,b; 2 = Raburu et al., 2009; 3 = Kibichii et al., 2007; 4 
= Raburu, 2003; 5 = Raburu PO, 2011 unpublished data; 6= Ojwang, 2006; 7= Masese FO, 2011 
unpublished data, 8= NBI, 2009; 9 = Ojunga et al., 2010. 

 
Studies examining downstream and lateral transport of organic matter in the LVB are limited. 

Studies in the Njoro River indicate the river exports approximately 641 kg of leaf litter to 

Lake Nakuru annually (Mathooko et al., 2001). Many streams in the LVB originate from or 

flow through macrophyte dominated swamps (Njuguna, 1996; Bavor and Waters, 2008; 

McCartney, 2010). This makes them important sources of dissolved organic matter for large 

rivers.  

Transfers of energy between terrestrial and aquatic ecosystems and between lentic and lotic 

ecosystems in LVB are also mediated by animals (Jacobs et al., 2007; Strauch 2013). The role 

of large animals in savanna ecosystems is particularly noteworthy because among tropical 
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systems, it is most pronounced in Africa.  The Mara River, in particular, flows through a 

conserved landscape that supports millions of large herbivores that use the river system for 

watering.  Because many Mara tributaries are seasonal and most of the water sources 

unreliable, ephemeral and dependent on local rainfall events, animals concentrate during the 

dry months around the perennial Mara River and the pools occurring in the bigger seasonal 

rivers. This in itself creates an opportunity for the animals to deposit large quantities of 

organic matter and high amounts of nutrients in the rivers (e.g., Hoberg et al., 2002; Jacobs et 

al., 2007; Strauch, 2013). During the rainy season, organic matter and nutrients deposited on 

the catchment and riparian areas are washed into the river system. In addition, there are more 

than 4000 hippopotamuses in the Masai Mara National Reserve stretch of the Mara River, 

representing an overall density of 27 hippopotamuses per km of river (Kanga et al., 2011). 

Hippopotamus transport large amounts of organic matter from riparian areas into large rivers 

daily. It is estimated than one hippopotamus can contribute about 9 metric tons of dry mass to 

aquatic bodies annually (Naiman and Rogers, 1997), although recent estimates are much 

lower than that (Subalusky et al., 2014). The activities of hippopotamuses also create many 

pools and lagoons in rivers and floodplains, which provide refuges for fish during the dry 

season (Naiman and Rogers, 1997). The pools and lagoons are subsequently fertilized by 

hippopotamus dung, which promotes primary and fish production (Hoberg et al., 2002; 

Mosepele et al., 2009). In the Mara River, the action of hippos stirring the water has been 

found to prevent formation of anoxic conditions when water levels decline in the dry season 

(Gereta and Wolanski, 1998; Wolanski and Gereta, 1999). These findings suggest that 

hippopotamuses and other wildlife contribute both directly and indirectly to the functioning of 

rivers in savanna landscapes of the LVB.  

Fish migrations may also be important in transferring energy between lentic and lotic 

environments in the lower reaches of rivers in the LVB. Many fishes in Lake Victoria make 

periodic runs into influent rivers and their floodplains for breeding and/or feeding. The 

potamodromous fish species such as Labeo victorianus Boulenger 1901 and Barbus altianalis 

Boulenger 1900 (Cyprinidae), Schilbe intermedius (Schilbidae), Synodontis victoriae 

Boulenger, 1906 and S. afrofischeri Hilgendorf 1888 (Mochokidae), Bagrus docmak 

(Bagridae) and Clarias gariepinus Burchell, 1822 (Clariidae) migrate into tributary rivers in 

April-May and September-November (Lowe-McConnell, 1987; Ochumba and Manyala, 

1992; Omondi and Ogari, 1994; Manyala et al., 2005), which are periods for the long and 

short rains, respectively. Some fish move up to 80 km upstream in the major rivers 

(Whitehead, 1959). Even though limited information exists on the contribution of 

potamondromous fishes in the supply of organic matter from Lake Victoria into its littoral 

areas and influent rivers, migrating fishes are known to be important allochthonous sources of 
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organic matter and nutrients in other rivers (Flecker et al., 2010). The excretion of ammonia, 

other nitrogenous wastes and eggs that die are consumed during spawning runs and 

incorporated into heterotrophic pathways (Bilby et al., 1996; Flecker et al., 2010). Studies on 

anadromous salmonids have demonstrated the importance of migratory fishes in the recycling 

of elements between marine and freshwater habitats in North America (Kline et al., 1990; 

Cederholm et al., 1999).  

3.2 Importance of allochthonous sources of organic matter in food webs 

Food web studies in the LVB indicate that plant material is a primary source of basal energy 

in riverine ecosystems and suggest that allochthonous sources predominate. This is based on 

results from gut content analysis (GCA) and stable isotope analyses. The earliest food web 

studies were done in the lake itself (e.g., Worthington, 1933; Lêvêque, 1995).  These studies 

indicate that the lake food-web is phytoplankton and detritus based. In tributary streams and 

rivers, GCA studies on various fish species revealed great diversity in the type of food items 

consumed. A study on non-cichlids by Corbet (1961) is considered to be the pioneering work 

on feeding habits of riverine fishes in the basin. This and later studies (e.g., Okedi, 971; 

Balirwa, 1979; Ochumba and Manyala, 1992) generally indicate that most species feed on 

plant material, including detritus, and some appreciable amount of insects. While the GCA 

methods used in these studies do not clearly distinguish between allochthonous and 

autochthonous carbon sources, they show that plant materials and detritus form the greatest 

bulk of food consumed by most fish species. In the Sondu-Miriu River, phytoplankton/algae 

were identified in the guts of only 4 of 18 species examined, while all species had large 

quantities of plant materials and detritus in their guts (Ochumba and Manyala, 1992).   On 

comparing the food of Barbus spp. (Cyprinidae) from Lake Victoria and tributary rivers, 

Balirwa (1979) showed that riverine fish ingest more plant material than those in the lake, 

which is in agreement with earlier findings by Corbet (1961).  

Carbon ( 13 C) and nitrogen ( 15 N; Tables 2.2 and 2.3) stable isotope data also indicate the 

predominance of terrestrial plant material in riverine food webs. The marked differences in 

the isotopic signature of primary food sources (phytoplankton, macrophytes, C4 and C3 

plants) enables the identification of energy sources driving the food webs and their seasonal 

variations (Tieszen et al., 1979; Gichuki et al., 2001b; Ojwang’ et al., 2007; Machiwa et al., 

2010). In the LVB, stable isotope studies reveal that terrestrial plant material remains the 

predominant basal source of energy even as land use change alters the composition of riparian 

vegetation. A study investigating local watershed influences on energy sources for stream 

fishes found that when indigenous riparian vegetation was replaced with grasses (notably 

sugar cane), the C4 signature of the grass appeared in two fish species (Labeo Victorianus and 
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Barbus altianalis) investigated (Table 2.2 and 2.3; Ojwang’ et al., 2007). Significant 

incorporation of C4 carbon sources into fish biomass in riverine ecosystems in the LVB is 

unexpected, as it is contrary to a number of previous studies showing very little organic 

carbon from C4 plants being incorporated into aquatic food webs (Bunn et al., 1997; Clapcott 

and Bunn, 2003). C4 carbon sources are considered to be of poor quality and contain high 

amounts of inhibitory compounds and chemicals (Clapcott and Bunn, 2003). It is therefore 

surprising how the C4 plants, especially sugar cane, have been able to contribute to stream 

food webs in the LVB. However, following the large amounts of detritus, mud and insects 

consumed by most fish species in the basin (Ochumba and Manyala, 1992) I support the 

suggestion by Ojwang et al. (2007) that the most likely pathway for carbon transfer from C4 

plants to fish is through the detritus, biofilm and the macroinvertebrate food chains.  

3.3 Importance of autochthonous sources of energy 
Food web studies conducted to-date in streams and rivers of the LVB and adjacent Kenyan 

river basins have not identified autochthonous energy sources as important inputs, but 

research is limited and detailed isotopic studies of the kind conducted elsewhere still remain 

to be done. Studies in upland Kenyan streams indicate the presence of some primary 

production as evidenced by standing stocks of algae, as measured by chlorophyll a (Figure 

2.2). However, much of this production is in open canopy agricultural streams as many 

forested streams are completely shaded and heteroptrophic (Omengo, 2010; Borda, 2012). In 

the LVB, there are indications that autochthonous production contributes to the food webs of 

streams and rivers, even though the exact amounts have not been determined. In the Sondu-

Miriu River, quantitatively the most important food item consumed by fish is detritus 

(including mud) which contains some amount of benthic microalgae and cyanobacteria that 

were not identified in this study (Ochumba and Manyala, 1992). In one Rift Valley stream, 

diatoms were part of the detritus consumed by a freshwater crab of genus Potamonautes 

(Lancaster et al., 2008). Omnivores and species that consume large quantities of detritus have 

been found to derive most of their energy from algal components of the detritus (March and 

Pringle, 2003; Winemiller and Kelso-Winemiller, 2003; Brito et al., 2006) as a result of 

differential assimilation of the various components therein. Consequently, the contribution of 

autotrophic production to secondary production in the LVB could be higher than implied by 

Ochumba and Manyala (1992). Feeding on macrophytes and aquatic insects (some of them 

grazers/ scrapers) also increases the possibility of the fishes deriving higher energy values 

from autochthonous sources.  

A growing number of studies in the tropics indicate that even in small forested streams 

autotrophic production is an important source of energy for aquatic consumers (Boyero et al., 
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Table 2.2. Stable carbon isotope values of aquatic invertebrates and fish from a range of East African 
aquatic ecosystems compared with the isotopic values of aquatic algae and other primary sources. The 
number of samples (n) are shown in parentheses against the isotopic values. Superscripts on isotope 
values refers to the source of data. 

Location Primary sources of 
carbon Algae 

Primary and 
secondary 
consumers 

Fish Source 

Upper 
Mara River 

POM (agriculture land-
use) 
-23.29±1.77 (23) 
POM (mixed land use) 
-27.53±1.03 (23) 
POM (forestry land use) 
-24.40 ±1.36 (23) 

   Omengo, 
2010 

Rivers 
Nzoia, 
Nyando, 
Sondu-
Miriu and 
Yala 

POC -21.17±3.02 (36) 
Debris -20.82±3.59 (13) 
Litter leaf  -26.72 ± 2.30 
(13) 
Phragmites australis  
-27.52 ±1.50(7) 
Pistia stratiotes -26.36 
(1) 
Eichhornia crassipes  
 -26.38±1.14 (6) 
C3 plants mean  
-24.34±3.64 (29) 
C4 plants mean 
 -13.20±2.66 (33) 
Riparian vegetation 
(overall mean)  
-27.68 ±1.48 (16) 

Algal mat  
-20.72 ±4.49 
(5) 
Ceratophylum 
sp. 
 -21.20 (1) 
Periphyton  
-22.63±2.93 
(9) 

Caridina 
nilotica  
-19.24 ±1.81 
(16) 
Chironomid  
-15.64 
Coleoptera  
-17.71 ±3.51 (5) 
Ephemeroptera  
-18.72 ± 1.57 
(14) 
Crabs -16.83± 
2.3 (11) 
Hemiptera  
-19.07 ±2.38 
(11) 
Odonata -16.76 
±1.87 (6) 
Waterbug -23.89 
±2.57 (2) 

River Yala  
Bagrus docmak -20.75 
±1.72 (10) 
Barbus altianalis  
-19.51±1.36 (30) 
Labeo victorianus 
 -21.1±2.14 (43) 
River Nzoia  
Bagrus docmak  
-15.81±1.72  (15) 
Barbus altianalis  
-16.74±3.35 (61) 
Lates niloticus  
-17.65±0.77 (8) 
Labeo victorianus  
-15.42±3.19 (37) 
River Sondu-Miriu 
Lates niloticus  
-21.29±1.41 (14) 
Barbus altianalis  
-19.1±1.14 (20) 
Labeo victorianus -18.38 
±3.07 (27) 
River Nyando 
Barbus altianalis  
-15.5±4.76 (55) 
Labeo victorianus -15.02 
±4.21 (32) 

Ojwang 
et al. 
(2007) 
Ojwang 
(2006) 

1Mara 
River 
Mouth 
and Lake 
Victoria 
Nearshore 

1Sediments -14.98±0.27   
1Suspended particulate 
matter (SPM 
-24.53±1.55   
Cyperus papyrus -12.7 to 
-11.9 (6)  

-13.46 (1) ¥ 
Phragmites spp. -11.9 to 
-11.7 (4)  
Eichhornia crassipes  
 -27.8 to -27.2 (n=6)  

-28.1 (2)¥ 
Typha spp. -28.3 to -27.9 
(4)  
Vossia spp. -12.8 to -12.4 
(2) 
-14.08 (1) ¥ 
Lake SPM -12.5 to -14.1 
(20)  

Phytoplankton 
-19.9±0.7 
(n=3) 
-24.1±0.6 (5) ¥ 

Filamentous 
algae 
-8.8 (1) ¥ 
 

Zooplankton 
nearshore 
-17.6±0.8 (3) 
Zooplankton 
offshore 
-20.7 (4) ¥ 
Caridina nilotica 
-22.8 to -19.0 
(23) 
-18.7 (9) ¥ 
Small mussels 
-24.1 to -23.4 
(2) 
Prosobranch 
snail 
-18.9 (1) 
Ephemeroptera 
nymph 
-23.9±0.4 (10) 
-21.7 (2) ¥ 

Odonata nymph 
-27.0±1.1 (5)  

-26 (1) ¥ 

Chaoborus sp.  
-25.5 (2) ¥ 

Oligochaeta  
-23.8 (2) ¥ 

B. docmak -21.3 (1) 
Clarias gariepinus -25.02 
(1) 
Haplochromis spp.  
-24.1±0.5 (5) 
L. niloticus -22.2±1.2 (17) 
Oreochromis niloticus 
 -22.3±1.9 (13) 
Immature O. niloticus 
 -18.6±1.0 (4) 
Protopterus aethiopicus  
-23.8±0.5 (3) 
Rastreonobola argentea 
 -23.8±0.5 (3) 
-20.0±1.2 (27) 
Schilbe mystus -27.4±1.5 
(9) 
Synodontis afrofischeri  
-27.8±3.0 (7) 
Tilapia Zillii 
-19.2 (1) 
Yssichromis 
laparogramma  
-26.7 to -24.7 (2) 
-21.4±0.4 (38) ¥ 

Y fusiformis -20.8±0.7 
(32) 

Machiwa 
2010 
Campbell 
et al., 
2003 
¥Ojwang 
et al., 
2004 
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Table 2.3. Stable nitrogen isotope values of aquatic invertebrates and fish from a range of East African 
aquatic ecosystems compared with the isotopic values of aquatic algae and other primary sources. The 
number of samples (n) are shown in parentheses against the isotopic values. Superscripts on isotope 
values refers to the source of data. 

Location Terrestrial sources 
of carbon Algae 

Primary and 
secondary 
consumers 

Fish Source 

Upper 
Mara 
River 

POM (agriculture land-
use) 
6.08 ±1.31 (23) 
POM (mixed land use) 
3.92 ±1.2 (23) 
POM (forestry land use) 
4.71 ±1.35 (23) 

   Omengo 
(2010) 

Rivers 
Nzoia, 
Nyando, 
Sondu-
Miriu and 
Yala 

POC 8.71± 1.38 (36) 
Debris 6.11±1.50 (13) 
Leaf  litter 8.07 ±2.66 
(13) 
Phragmites australis 
5.49 ±1.45 (7) 
Pistia stratiotes 6.31 (1) 
Eichhornia crassipes  
8.62 ±1.26 (6) 
C3 plants mean 
7.06±1.9 (29) 
C4 plants mean 
7.70±1.97 (33) 
Riparian vegetation 
(overall mean) 3.49±3.6 
(16) 

Algae mat 
7.46±1.41 (5) 
Ceratophylum  
sp. 4.44 (1) 
Periphyton 
7.38±1.99 (9) 

Caridina nilotica  
9.88 ±0.86 (16) 
Chironomid 8.33 
Coleoptera 
9.65±0.95 (5) 
Ephemeroptera 
9.73 ±0.71 (14) 
Crabs 9.39±1.13 
(11) 
Hemiptera 9.42 
±0.73 (11) 
Odonata 9.5 ±0.62 
(6) 
Waterbug 8.44 
±1.95 (2) 

River Yala  
Bagrus docmak 
13.63±0.96 (10) 
Barbus altianalis 
11.86±1.33 (30) 
Labeo victorianus 
11.14±0.68 (43) 
River Nzoia  
Bagrus docmak 
14.01±0.75 (15) 
Barbus altianalis 
11.74±0.65 (61) 
Lates niloticus 
8.95±1.22 (8) 
Labeo victorianu 
10.67±0.88 (37) 
River Sondu-Miriu 
Lates niloticus 
12.98±1.07 (14) 
Barbus altianalis 
11.96±0.54) (20) 
Labeo victorianus 10.88 
±0.73 (27) 
River Nyando 
Barbus altianalis 
11.36±0.96) (55) 
Labeo victorianus 
10.77±0.98) (32) 

Ojwang 
et al. 
(2007) 
Ojwang 
(2006) 

1Mara 
River 
Mouth 
and Lake 
Victoria 
Nearshore 

1Sediments -0.07±0.01   
1SPM -0.56±0.02  
Cyperus papyrus 0.2 to 
2.7 (6)  

9.12 (1) ¥ 
Phragmites spp. 5.2 to 
5.3 (4)  
Eichhornia crassipes  
 2.7 to 3.4 (6)  

8.12 (1) ¥ 
Typha spp. 4.21±0.04 
(4)  
Vossia spp. 0.5 to 0.8 
(2)  

2.83 (1) ¥ 
Lake SPM 4.2 to -1.9 
(20)  
                  4.7 to 10.1 

Phytoplankton 
4.3±0.8 (n=3)   
4.1±0.3 (5) ¥ 

Filamentous 
algae 6.6 (1) ¥ 
 

Zooplankton 
nearshore 
7.1±0.3 (3) 

Zooplankton 
offshore 
7.7 to 7.8 (2)  

8.4±1.5 (4) 
Caridina nilotica 
4.4 to 7.2 (23)  

5.4±0.4 (9) 
Small mussels 
7.1 to 7.8 (2) 

Prosobranch snail 
5.6 (1)  
Ephemeroptera 
nymph 
6.7±0.7 (10) 
5.90 (2) ¥ 

Odonata nymph 
6.0±0.4 (5)  

11.20 (1) ¥ 

Chaoborus sp. 5.70 
(2) ¥ 

Oligochaeta 3.90 
(2) ¥ 

B. docmak 12.7 (1) 
Clarias gariepinus 8.75 
(1) 
Haplochromis spp.  
9.2±1.1 (5) 
L. niloticus 11.8±1.4 
(17) 
Oreochromis niloticus 
 9.8±1.1 (13) 
Immature O. niloticus 
 6.1±0.5 (4) 
Protopterus aethiopicus 
10.6±0.4 (3) 
Rastreonobola argentea 
11.3±1.4 (3) 
12.1±0.6 (27) 
Schilbe mystus 9.5±0.7 
(9) 
Synodontis afrofischeri  
8.8±1.5 (7) 
Tilapia Zillii 8 (1) 
Yssichromis 
laparogramma  
10.1 to 10.5 (2) 
11.9±0.7 (38) ¥ 

 Y. yusiformis 12.1±.6 
(32) ¥ 

Machiwa 
2010 
Campbell 
et al., 
2003 
¥Ojwang 
et al., 
2004 
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2009; Lau et al., 2009; Dudgeon et al., 2010). Autochthonous energy sources, especially 

periphytic microalgae and cyanobacteria, have been found to be very important to consumers 

in small shaded streams in the Neotropics (March and Pringle 2003; Coat et al., 2009), 

southeastern Brazil (Moulton et al. 2004, Brito et al. 2006), tropical Asia (Mantel et al. 2004; 

Li and Dudgeon, 2008; Lau et al., 2009; Dudgeon et al., 2010) and tropical Australia 

(Douglas et al., 2005; Hadwen et al., 2010a). In Hong Kong >60% of energy for some taxa is 

derived from periphyton and cyanobacteria (Lau et al., 2009; Dudgeon et al., 2010). This 

reliance on autochthonous production even in the presence of high allochthonous detrital 

inputs has been attributed to the high amount of inhibitory compounds in leaves of most 

tropical evergreen trees that makes them difficult to be broken down by terrestrial herbivores 

(Coley and Barone, 1996). The importance of autochthonous production in food webs of large 

tropical rivers has been attributed to filamentous and benthic microalgae, and to a lesser 

extent aquatic macrophytes (Pusey et al., 2010). 

3.4 Occurrence and dominance of macroconsumers 

Macroconsumers are defined as large-size consumers that are excluded by 2-mm mesh (sensu 

Pringle and Hamazaki, 1998). In low order streams in the LVB macroconsumers include fish 

(e.g., Clarias spp., Barbus spp.) and freshwater crabs (Potamonautes spp.). In the lower 

reaches of large rivers the atyid shrimp Caridina nilotica occurs, in addition to the crabs and 

fish. There are no indigenous species of crayfish on mainland Africa, but the introduced 

Louisiana red swamp crayfish Procambarus clarkii Girard 1852 (Cambaridae) has been 

reported in streams and wetlands in the upper catchment of rivers draining into the lake. The 

crayfish is established in Lake Naivasha where it was introduced in the 1970s and has had a 

number of ecological effects on the lake (Harper et al., 1995). However, studies that have 

examined the ecological role played by the atyid shrimp in streams and rivers in the region 

are lacking. In Kenyan streams Potamonautes spp. are widespread with high density (up to 25 

individuals/m2) and biomass (up to 4.6 g/m2 dry mass in surber samples), often comprising 

>70% of the total macroinvertebrate biomass (Dobson et al., 2002; Dobson et al., 2007a,b). 

Most of these macroconsumers are omnivorous, which potentially increases leaf processing, 

either in concert with smaller macroinvertebrates or as a substitute for smaller 

macroinvertebrates. The dominance of Potamonautes subikia Cumberlidge and Dobson, 2008 

(Potamonautidae) in a Rift Valley stream in Kenya and the low abundance of 

macroinvertebrates in the same stream have been identified as a possible top-down control 

exerted by the crab on stream macroinvertebrate communities (Cumberlidge and Dobson, 

2008; Lancaster et al., 2008). Elsewhere in the tropics, a number of studies have reported a 

dominance of macroconsumers in stream food webs in the Neotropics (Pringle and Hamazaki, 
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1998; Coat et al., 2009), Brazil (Moulton et al., 2010) and tropical Australia (Douglas et al., 

2005), but not in Hong Kong streams (Dudgeon et al., 2010).  

3.5 Widespread omnivory 

Because of the wide diversity of food items consumed by tropical fishes, food webs in rivers 

tend to be short, diffuse and with high connectance, rather than long and linear chains 

(Winemiller, 2004). In the LVB, studies in big rivers and Lake Victoria indicate that most 

species are omnivores that feed at more than one trophic level (Tables 2.2 and 2.3). Trophic 

enrichment of stable nitrogen isotopes is less than the predicted 3-4‰ (Minagawa and Wada, 

1984). Even the earliest studies indicated that almost all fish species fed, to some extent, on 

insects, in addition to feeding on other food items (Corbet, 1961). This has also been observed 

in later studies both in the lake (Mbabazi, 2004) and the tributary rivers (Ochumba and 

Manyala, 1992; Raburu and Masese, 2012). For instance, in the Sondu-Miriu River nearly 

40% of fish species fed on three or more different food items (Ochumba and Manyala, 1992). 

The most important food items were detritus (including mud), insects (adults and larvae), 

macrophytes and phytoplankton/ algae, consumed by 54%, 54%, 50% and 14% of the 28 fish 

species, respectively (Ochumba and Manyala, 1992). This trend is also witnessed today 

(Table 2.4), although there are minor variations than can be explained by seasonal changes in 

water quality and habitat conditions. 

The earlier records of omnivory in the basin notwithstanding, there appears to be a tendency 

toward greater omnivory displayed by many fish species over the last half century (Ojwang et 

al., 2010). Some fishes that were hitherto piscivorous, such as B. docmak and S. intermedius, 

now appear to display greater inclination towards feeding at more than one trophic level 

(Goudswaard and Witte, 1997). Three species in the Sondu-Miriu River, which were 

considered to be predominantly piscivorous, Lates niloticus, Bagrus docmak and Clarias 

gariepinus, also consume a significant amount of other food items, including insects and 

molluscs (Ochumba and Manyala, 1992). The variation in food items consumed is so wide 

that two of the three species fall into different trophic groups in a recent trophic classification 

of riverine fishes in the LVB, with only B. docmak retaining the piscivorous trophic group 

(Raburu and Masese, 2012). In the Lake, the three species currently of greatest economic 

importance, Lates niloticus (introduced), O. niloticus L., 1757 (Cichlidae, introduced) and R. 

argentea Pellegrin 1904 (Cyprinidae, native) display some degree of omnivory (Wanink, 

1998; Njiru et al., 2004). Even though most of the earlier studies used GCA to document food 

items consumed and classify fish species into different trophic levels, similar findings have 

been confirmed by the use of stable isotope analysis (Campbell et al., 2003; Mbabazi, 2004, 

Ojwang et al., 2004; Ojwang et al., 2010).  
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If indeed omnivory has been increasing in aquatic food webs in the LVB, then it is of interest 

to identify its cause(s) in light of the persistent and myriad environmental challenges in the 

lake and its basin (Verschuren et al., 2002). A number of factors determine the types of food 

items consumed and the extent to which resources are partitioned. Factors that determine the 

types of food consumed by fish include body morphology (Pusey et al., 1995), temporal and 

spatial changes in hydrologic conditions (Winemiller, 1990; Winemiller and Kelso-

Winemiller, 2003; Winemiller and Jepsen, 1998; but see Pusey et al., 2010), habitat structure 

and food availability (Pusey et al., 1995;  Rayner et al., 2009).  Seasonal patterns of 

precipitation and hydrology influence the availability of habitats and food resources for 

tropical fishes (Lowe-McConnell, 1987; Winenemiller, 1989, 1990).  In the LVB, river flow 

varies considerably within the year with flooding occurring during the peak of the rainy 

season, although year to year variations sometimes occur. In the Sondu-Miriu River, guts of 

most fish species were found to be empty during dry season low flows in March (Ochumba 

and Manyala, 1992). Though this was interpreted to signal the beginning of the breeding 

season when feeding in most fishes stop (Bishai and Abu-Gideiri (1965), it is likely that 

changes in the availability of preferred food resources, given the increased levels of 

degradation being experienced in the river by this time, might have contributed to this. In 

such a seasonally variable and degraded environment the most apt ecological strategy is one 

of omnivory by taking advantage of whatever food is available. For instance below industrial 

discharge points and in river sections that are severely degraded, omnivores are consistently 

more prevalent than other trophic groups, with some fish species displaying different feeding 

preferences depending on the environmental condition of the site inhabited (Raburu and 

Masese, 2012). It has also been observed that even Labeo victorianus, which is 

morphologically endowed with a subterminal mouth well suited for grazing aufwuchs from 

rocks in clearwater, has shifted to occasionally feed on insects and detritus (Ojwang, 2006), 

especially in river sections experiencing high turbidity levels (Pers. obser.). Consequently, 

opportunistic and omnivorous feeders (Clarias spp. and Barbus spp.) currently constitute the 

largest group in river systems in terms of diversity (e.g., Corbet et al., 1961; Ochumba and 

Manyala, 1992; Raburu, 2003; Raburu and Masese, 2012).   

In the LVB omnivory has not been investigated in small streams. However, a study from 

elsewhere in the region indicated that omnivory is predominant for a freshwater crab of genus 

Potamonautes (Potamonautidae) which relies on a terrestrial subsidy of ants and detritus for 

its energy needs (Lancaster et al., 2008). This genus is widespread and abundant in LVB 

streams and rivers. Studies from Hong Kong indicate that omnivores are less common in 

small streams (Mantel et al., 2004; Dudgeon et al., 2010).  
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Table 2.4. Food items in the guts of different fish species along the Sondu-Miriu River during March, 2010. 

   Frequence of occurrence (%)# 

Station Fish species  n
Plant 

material Detritus 
Sand and 

mud Algae Insects Mollusca 

Changoi  Barbus neumayeri 
Fischer, 1884 
(Cyprinidae) 6 33.3    100  

Kipranye  B. neumayeri 9 75  25  100  

 

Clarias  theodorae 
(Weber, 1897) 
(Clariidae) 3  100 100  100 66.6 

Sondu  

B. 
appleurogramma 
Boulenger, 1911  3 66.6 33.3 33.3  

 
B. altianalis 
Boulenger, 1900 1  50 50  100  

 

Pseudocrenilabrus 
multicolor 
Hilgendorf 
(Cichlidae) 2  50   50  

 

Oreochromis 
variabilis 
Boulenger,1906 1 50    50  

 

Tilapia zilli 
Garvais, 1848 
(Cichlidae) 1  10 10  80  

Odino B. altianalis 16 25 68.8  50 100  
 B. neumayeri 1     100  

 
B. paludinosus 
(Peters, 1852) 3  100  100 33.3  

 B. apleurogramma 2  33.3   66.7  
 O. variabilis 9 22.2 100 11.1 66.7 11.1  
Wadh 
Langó 

B. altianalis 20 85    50 10 
Labeo victorianus 
Boulenger, 1901 
(Cyprinidae) 5  100 60    

Frequency of occurrence = total number of guts with food item/ total number of guts examined*100, n = number of fish in 
the sample.  Where n = 1 the relative abundance of each food item is given. Data by Raburu PO (2010) unpublished. 

 

4.0 Human-induced changes in the Lake Victoria Basin 

Prior to 1930, the human population in the LVB had been stable at around 3.5 million for over a 

century (Verschuren et al., 2002). However, the completion of the railroad from Mombasa to Kampala 

opened up the interior to settlement and mechanized farming of crops meant for the export markets. 

Because of immigration and improved health conditions, the population increased steadily with an 

annual growth rate of nearly 3% (Figure 2.3). Kenya has the largest population density in the basin 

with 38% of the total population. The average Kenyan population density in the basin is about 200 

persons per km2 compared with the national average of 38 persons per km2. In some parts of the basin 

such as Kisii highlands and western Kenya, population density is more than 1000 persons per km2. 

The rapidly increasing population has put pressure on the basin’s resources, resulting in competition 

and conflicts over access rights and threats to sustainable use of resources (Odada et al., 2009). As 

catchments become more populated, deforestation and land use change have been among the many 
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human activities that threaten water resources. All riparian countries, except Rwanda, have witnessed 

a decline in their forest cover over the last decade (FAO, 2010). In Kenya, it is estimated that only 

1.7% of the country is forested, which is a drop from 10% in the 1950s (Figure 2.3). Much of the loss 

is associated with illegal logging, excisions and invasion of forests for subsistence farming, settlement, 

fuelwood harvesting and livestock grazing. In the upper Mara River Basin, 32% of the forest was lost 

between 1973 and 2000 alone (Mati et al., 2008). In the upper reaches of the Sondu-Miriu River Basin 

21% and 10% of forests and bushland, respectively, were lost to farms and human settlement between 

1986 and 2009 (Masese et al., 2011). Similar trends characterize other river basins in the region, 

including the Njoro, Nyando, Yala, Nzoia and Simiyu (e.g., Matiru, 2000; Raini, 2009; Twesigye et 

al., 2011). The same fate has befallen many wetlands along river valleys and floodplains and the lake’s 

shores. Most have been encroached upon and drained for farming, settlement and grazing (Njuguna, 

1996; Bavor and Waters, 2008; Muyodi et al., 2010; Twesigye et al., 2011).  

Because of the high human population and its continued growth (Figure 2.3), waste disposal from 

municipalities has been a major source of pollution. Many small towns along the shores of the lake 

have no sewerage systems and those that have are operating beyond capacity. Industrial activities such 

as textiles, sugar manufacturing, alcohol distilleries, food processing, pulp and paper industry, and 

other informal sectors including brewing of the traditional beer ‘Changaa’, have been identified as 

sources of untreated wastewater into rivers and the lake (Bootsma and Hecky, 1993; Scheren et al., 

2000; Verschuren et al., 2002; Nyenje et al., 2010). Mining activities in the catchments, including 

alluvial gold, have escalated. Storm water run-off from towns, agricultural areas and unpaved roads 

has often caused flooding, clogging of drainage channels and siltation of streams and rivers. These 

human activities have been identified as major concerns because of their potential to degrade water 

quality and interfere with the functioning of rivers, wetlands and the lake (Muyodi et al., 2010).  

4.1 Effects on water quality 

Recent studies have identified trends in the changes in Lake Victoria with human activities on the 

catchment (e.g., Verschuren et al., 2002; Hecky et al., 2010). Human population growth and loss of 

forest cover are related to deterioration in water quality both in rivers and in the lake (Figure 2.3). The 

current levels of nutrients and suspended sediments in most rivers are higher than when the human 

population was much less. For instance, in the Nzoia River, mean turbidity has increased from 40 

NTUs in 1976 (Balirwa and Bugenyi, 1980) to the current level of 380 NTUs. In the Sondu-Miriu 

River, turbidity has more than doubled in 30 years from a mean of 60 NTUs in 1988 to the current 

mean of 130 NTUs.  As a result, the rivers carry increased amounts of nutrients and sediment loads 

into the lake annually (Table 2.5). The water quality in rivers also deteriorates on a longitudinal  
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Figure 2.3. Historical trends in environmental conditions of the Lake Victoria and one of its influent rivers in 
relation to human-population growth and land use/ cover change. Figure letters present (a) and (b) are chlophyll 
a and secchi depth levels in the Lake Victoria, respectively, (c) forest cover in Kenya, (d) mean turbidity levels 
in the Sondu-Miriu River, and (e) human population growth in the Lake Victoria Basin. Sources of data 
(Graham, 1929; Talling, 1966; Akiyama et al., 1977; Ochumaba and Kibaara, 1989; Ochumba and Manyala, 
1992; Muggide, 1993; Lehman and Branstrator, 1994; Lung’ayia et al., 2001; Silsibe et al., 2006; Mwashote and 
Shimbira, 1993; Raburu, 2003; Sitoki et al., 2010; Masese et al., 2011). 

gradient with increases in turbidity, suspended sediments and nutrient levels (Figure 2.4). This reflects 

the distribution of human populations and activities on the Kenyan side of the basin. Human 

population is lower in the upper reaches because of protected forests and large-scale commercial 

farms. In downstream reaches, the population density increases together with intensification of 

agriculture on small plots. Many of the activities, for instance sugar cane processing and small-scale 

mining, are in the middle and lower reaches. However, despite these general trends, human activities 

are widespread and this has resulted in some low order streams in the upper reaches registering high 

nutrient, sediment and turbidity levels (Figure 2.3). Intensification of agriculture and the increased use 

of pesticides have led to contamination of water with pesticide residues (Getenga et al., 2004). 

Previous studies have reported high levels of heavy metals in water (Wandiga, 1981) and bottom 

sediments (Mwamburi, 2003) because of quarrying and alluvial mining of gold in the Mara, Yala and 

Gucha Rivers.  

The water quality in the lake has also deteriorated over the years. Nitrogen loads from domestic 

sources have more than doubled. Nitrogen inputs from land run-off and rainfall have also increased 

(Scheren et al., 2000). While phosphorus input from land run-off marginally increased, that from 

domestic sources and rainfall increased by 300% and 6500%, respectively in 30 years (Scheren et al., 

2000). The current input of phosphorus into the lake from rainfall and dry deposition accounts for  
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Table 2.5. Annual loads of total nitrogen (TN) and total phosphorus (TP) and sediment transport capacity index 
of major rivers in the Lake Victoria Basin. Values for TN and TP are averaged for the period 2001-2004. Data 
sources- COWI, 2002; Shepherd et al., 2000; NBI, 2005. 

 

 

 

 

 

 

 
 

 
 
 
 
 

nearly 80%, while biological fixation of nitrogen accounts for 78% (Muyodi et al., 2010). Several 

suggestions for high P deposition include soil exposure from deforestation, open field agriculture, and 

ash released from vegetation burning (Bootsma and Hecky, 1993).  River inputs for total nitrogen and 

total phosphorus account for 4% and 17%, respectively (Muyodi et al., 2010). It has been estimated 

that 9.8 ktons (Mugidde et al. 2003) and 1.1 ktons of P inputs are from runoff and municipal 

wastewater discharges, respectively (Muggide et al., 2005). The input from sewerage wastewater, 

towns and cities around the lake is bound to increase with the rising human population in 

environments with limited waste handling and disposal facilities (Nyenje et al., 2010). Nutrient input 

into the lake has been linked to deoxygenation of hypolimnectic waters and diel super-saturation of 

surface water with oxygen during the day because of increased algal production (Hecky et al., 1994; 

Lung’ayia et al., 2001; Hecky et al., 2010; Sitoki et al., 2010). Cases of microbial contamination and 

cyanobacteria have also been reported with incidence of cholera and other waterborne diseases 

common among lake-water users (Muyodi et al., 2009). The transparency of the water has also 

decreased, partly because of algal blooms in the lake and silt carried in by the rivers (Lung’ayia et al., 

2001; Sitoki et al., 2010). Records of orgonochlorides arising from agricultural activities in the 

catchments and near-shore areas have been observed (Wasswa et al., 2011). Heavy metals originating 

from alluvial gold mining and other geologic sources have been reported in lake sediments (Ongeri et 

al., 2009) and in fish tissues whereby long term consumption may pose a health risk to consumers 

(Oyoo-Okoth et al., 2011).  

River Basin TN (t/yr) TP (t/yr) Sediment transport 
capacity index 

Average 
slope 

Sio 248 47 - - 
Nzoia 3,340 946 0.14 2.3 
Yala 999 102 0.14 2.3 
Nyando 520 175 0.30 5.0 
Sondu -Miriu 1,374 318 0.14 2.3 
Gucha 2,849 283 0.16 2.0 
Mara 1,701 304 0.15 2.0 
North Awach  112 15 - - 
South Awach  322 39 - - 
Grumeti 561 185 0.12 1.6 
Mbalageti 216 50 0.05 0.6 
Simiyu 1,507 435 0.06 0.5 
Magoga-Muame 278 50 0.05 0.5 
Issanga 225 40 0.05 0.3 
Kagera 29,303 1,892 0.24 3.0 
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Figure 2.4. Longitudinal trends in physico-chemical variables and taxon richness of macroinvertebrates and fish 
in streams and rivers in the Lake Victoria basin and its environs during the last decade. Superscripts on figure 
numbers represent source of data;  1 = Masese et al., 2009a,b;  2 = Raburu et al., 2009; 3 = Kibichii et al., 2007; 
4 = Maldonado et al., 2011; 5 = Ochumba and Manyala, 1992; 6 = Gichuki et al., 2001a; 7 = Raburu, 2003; 8 = 
Raburu and Masese, 2012; 9 = Raburu PO, 2011 unpublished data; 10 = Ojwang WO, 2006; 11 = McCartney, 
2010, 12 = NBI 2009; 13 = Masese FO, 2011 unpublished data. 

 

4.2 Ecosystem changes in rivers 

Changes in land use and land cover in catchment areas have modified the composition and amount of 

material load in streams and rivers. These changes have significant implications for energy sources, 

flow and food web attributes both in streams and rivers (Figure 2.5). The current trend in the upper 

reaches of most streams and rivers has been that once the indigenous vegetation is cleared, riparian 

areas are planted with the exotic Eucalyptus L'Hér (Myrtaceae) species. Though other exotic species 

are also common, such as black wattle Acacia mearnsii De Wild (Fabaceae) and silky-oak Gravillea 

robusta A. Cunningham ex R. Br. (Proteaceae), Eucalyptus spp. are preferred by many farmers  
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Figure 2.5. Human modifications on the longitudinal supply of organic matter into streams and rivers in the Lake 
Victoria basin. (a) represents various sources of organic matter prior to human changes on the catchments, and 
(b) represents changes in the supply of organic as a result of human activities. The size of the arrow represents 
the amount of organic matter supplied to the river (not actual amounts). 

because of their fast growth and demand by the many tea factories that use them for heating their 

boilers. The landscape has changed with a dominance of Eucalyptus spp. along river valleys. Leaf 

litter from some exotics are of poorer quality (high C: N ratio) than the indigenous tree species they 

replace. Litter bag experiments in streams in the basin have indicated that Eucalyptus globulus Labill. 

(Myrtaceae) leaves, a common species across many catchments, decompose more slowly than native 

species (Chapter 4). Studies from elsewhere have highlighted the potential effects Eucalyptus spp. can 

have on water quality and the overall ecology of streams in the LVB. Their leachates have been found 

to increase conductivity and acidity, reduce oxygen content in water and inhibit reproduction in a 

freshwater fish (e.g., Canhoto and Laranjeira, 2007; Morrongiello et al., 2011). Because native trees 

have a different regime in the shedding of their leaves (Magana, 2001), their removal and replacement 

with exotic species has the potential to modify the amount and timing of leaf litter input to streams. 

The clearing of riparian vegetation along low order streams has also created favourable light 

conditions for the invasion of aquatic macrophytes in previously unvegetated channels (e.g., Julian et 

al., 2008). Growth of macrophytes has the potential to alter fluvial geomorphology, biogeochemical 

cycles and a number of biological processes (Wilcock et al., 2002; Julian et al., 2011). 

The natural flow regime is important for maintaining ecological balance through regulating the 

composition and distribution of aquatic communities (Bunn and Arthington, 2002; Poff and 

Zimmerman, 2010). Some streams and rivers in LVB and its environs have recorded changes in their 

natural flow regimes (Shivoga et al., 2001; Melesse et al., 2008). For instance, freshets during the 

onset of rains help to flush streams and rivers by removing fines and, therefore, stabilize substrate for 
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colonization by benthic organisms. Declines in river flows often lead to increases in water temperature 

and conductivity, decreases in oxygen levels and accumulation of fines. Abundance of taxa that are 

intolerant to these conditions, such as Ephemeroptera, Trichoptera and Plecoptera, reduce while the 

tolerant taxa, such as chironomids and oligochaetes, increase (Masese et al., 2009a,b; Mathooko et al., 

2005). Extreme cases have been witnessed where stream reaches stop flowing, causing a decrease in 

diversity (Shivoga, 2001; Raini, 2009). In the lower reaches of the Sondu-Miriu River changes in the 

composition and abundance of phytoplankton communities have been observed (Mwashote and 

Shimbira, 1994).   

Conversion of forest lands and human settlement on riparian areas, including the growth of towns, is 

changing the quality and flux of both particulate and dissolved fractions of organic matter. In the Mara 

River basin, there is a shift from high molecular weight to low molecular weight dissolved organic 

matter as a result of converting forests into agricultural land (Omengo, 2010). Increased primary 

production in streams in agricultural areas has been associated with reduced canopy cover and 

increased nutrient levels, especially dissolved nitrogen. In the Upper Mara River Basin, these changes 

have increased bioavailable organic matter and increased respiratory metabolism in streams across a 

land use gradient from forest reserve, through mixed catchments to agriculture (Omengo, 2010). On 

the longitudinal gradient, human-derived organic matter (domestic and industrial) dominates in place 

of upstream fluxes of dissolved and fine particulate fractions (Figure 2.5).  In the middle and lower 

reaches of many rivers, the loss of wildlife has reduced a substantial subsidy of nutrients and organic 

matter, although livestock have compensated in some areas. Increased erosion and sediments have 

reduced periphyton growth and hydrophytes. In the floodplain wetlands at the mouth of rivers, the 

subsidy of nutrients and organic matter from the lake carried by potamodromous fishes in search of 

feeding and breeding areas has declined (Ochumba and Manyala, 1992; Manyala et al., 2005).  

With streams and rivers transporting nutrients and sediments from catchment areas into the lake, their 

structure and function have been affected. The occurrence of phytoplankton genera such as Nitzschia 

Hass (Bacillariaceae), Microcystis Kützing, 1833 (Microcystaceae) and Navicula Bory (Naviculaceae) 

in the lower reaches of the Sondu-Miriu River more than 20 years ago (Mwashote and Shimbira, 

1994) is an indication that the rivers have been experiencing high nutrient loads. These phytoplankton 

genera are considered to be indicative of nutrient pollution (Ojunga et al., 2010; Mpawenayo and 

Mathooko, 2005). In the lake, a shift from oligotrophy to mesotrophy was marked by the dominance 

of Nitzschia in the pelagic zone (Verschuren et al., 2002; Stager et al., 2009). Studies in the basin and 

its environs have documented changes in biotic attributes, which include reductions in abundance and 

richness of phytoplankton, macroinvertebrates and fish below municipal and industrial outfalls 

(Balirwa and Bugenyi, 1980; Raburu and Masese, 2012; Raburu et al., 2009; Ojunga et al., 2010).  

A number of changes have also been observed among other communities in the basin’s rivers. For 

instance, the once thriving riverine fishery (Whitehead, 1959; Balirwa and Bugenyi, 1980) has 
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recorded major reductions in catches (Ochumba and Manyala, 1992; de Vos, 2000) and it is no longer 

sustainable. The hippopotamus and crocodile populations have also significantly plumeted, having lost 

their habitat to human activities. In this regard, the Mara River is an exception because of the 

protection offered by Masai Mara National Reserve and Serengeti National Park. On other catchments 

human-wildlife conflicts have been on the rise because of encroachment, with the hippopotamus 

particularly considered to be a ‘nuisance’ (Post, 2008; Kanga et al., 2012).  

Modification of ecosystem linkages in the LVB by human activities is having negative impacts on 

ecosystem processes and biodiversity. In the lower reaches, construction of dikes along river banks has 

limited the interaction of rivers with their floodplains and the exchanges that occur (sensu Junk et al., 

1989). Impoundment of the Sondu-Miriu River without providing a fish passage has stopped upstream 

migration of fish resulting in their congregation downstream of the dam (Raburu PO, 2011 

unpublished data). Diversion of a significant fraction of river water for hydropower production 

deprives a long stretch of the Sondu-Miriu River of a significant amount of water. As a result, 

previously submerged habitats are exposed during base flow conditions, causing changes in 

macroinvertebrate assemblages (Raburu PO, 2011 unpublished data). Indications are that the once 

migratory fish species are adopting a sedentary mode of life in some sections of the rivers and the lake 

(Mugo and Tweddle, 1999; Ojwang et al., 2007). Recent surveys in the lake indicate that pollution 

sensitive species, such as the mormyrids, are showing particular associations with certain rivers, a sign 

that they are avoiding polluted rivers and areas within the lake (Ojuok, 2005). The loss of migratory 

fish populations is likely to negatively affect remnants of piscivorous animals (otters, monitor lizards 

and crocodiles) inhabiting the rivers, as well as people who depend on fish for a portion of their 

nutrition. 

5.0 Management implications from the review 

Environmental and ecological changes in the LVB are testing the resilience of riverine ecosystems and 

degrading environmental services enjoyed by people and wildlife of the region. A wide range of best 

management practices are required to preserve environmental services of rivers, and elimination of 

untreated waste discharges is particularly urgent, but this review also highlights three areas of action 

that should be emphasized in planning.  

5.1 System connectivity 

Longitudinal and lateral connectivity of rivers in the region is critical given the dependency of food 

webs on allochthonous sources of energy from upstream and adjoining riparian areas. Migrations of 

fish to and from Lake Victoria and along the river corridor are also important for accessing habitats 

and resources during specific phases of the life histories of many fish species.  In the lower reaches of 

many rivers, it has been long recognized that the use of fishing gears that prevent the upstream 



39 
 

migration of fish during the breeding season is detrimental to the fishery (Whitehead, 1959). This not 

only reduces the number of spawning populations but also potentially limits the organic matter and 

nutrient subsidy entering the river with migrating fish that then release nutrients when they defecate or 

die. Diking of rivers and draining wetlands by constructing channels has also limited the lateral 

connectivity and exchanges of energy and other materials between the rivers and their floodplains. 

Small and large-scale dam building in the LVB poses the greatest threat to longitudinal connectivity. 

A number of multipurpose dam-building projects are planned or proposed as part of regional 

development initiatives. These plans should be developed and implemented from a basin perspective 

that considers the optimal spatial configuration of dams and small-scale hydropower to minimize 

adverse impacts (Nel et al., 2009). Priority should also be given to off-channel storage of water for 

irrigation and other water supply purposes. 

5.2 Environmental flows 

Most countries of the LVB have water laws that recognize and protect environmental flows in rivers in 

addition to minimal flows required to meet basic human needs. In the 2002 Kenya Water Act, these 

protected flows are collectively referred to as the “Reserve”, which is defined as “that quantity and 

quality of water required (a) to satisfy basic human needs for all people who are or may be supplied 

from the water resource; and (b) to protect aquatic ecosystems in order to secure ecologically 

sustainable development and use of the water resource.” The fundamental role of hydrology in water 

quality and food web dynamics in the basin means that maintenance of aspects of the natural flow 

regime of streams and rivers (sensu Poff et al., 1997) is very important. To date, a comprehensive 

environmental flow assessment has been made in only one river of the basin, the Mara (LVBC and 

WWF-ESARPO, 2010).  Recommended average monthly reserve flows from that assessment range 

from the 55th percentile of monthly flow duration curves during wet months of normal years and the 

95th percentile of the annual flow duration curves during drought years (LVBC and WWF-ESARPO, 

2010; McClain et al., 2014). By contrast, the default reserve flow generally applied by water managers 

irrespective of time of year is the 95th percentile (Q95). This is insufficient to meet the objectives of 

the law. Assessment of environmental flows for rivers in the region is, thus, critical in establishing the 

framework for managing the amount of water available and its allocation. In the Mara River, the 

environmental flow recommendations provide information that is necessary to sustain its ecosystem 

for the people and wildlife that depend on it (LVBC and WWF-ESARPO, 2010). Such studies are 

recommended for other rivers systems in the region, especially given the anticipated damming of 

many for hydropower production, water supply, and flood control.   

5.3 Riparian corridors and remaining forests 

River ecosystems in the LVB are dependent on energy inputs from riparian areas, and annual cycles in 

river ecological processes are coupled to those of riparian species. Considering the predominance of 
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introduced plant species such as sugar cane, maize and Eucalyptus spp. on riparian areas, restoration 

and maintenance of indigenous riparian forests should be prioritized. Maintenance of buffer strips 

along river banks will also help to control sediments eroded from agricultural hillslopes. At the 

catchment level, deforestation should be checked and the current rehabilitation programmes expanded 

and strengthened. This will go a long way in controlling soil erosion and stabilizing river flows 

especially during the dry periods (Mango et al., 2011). 

Conclusions 

While additional research in LVB rivers has much to contribute to emerging models of tropical river 

ecology, the most pressing research needs in the region are, by far, those investigating the impacts of 

anthropogenic change on ecosystem functions and associated losses of ecosystem services used by 

people of the region. Priority here should be given to research focused on environmental flows and the 

impacts of reduced and altered flows on ecosystem function (Arthington et al., 2010; McClain et al., 

2014).  Ambitious regional plans for dam building, increased water abstractions for irrigation and 

domestic uses, and changes to runoff linked to land-use change all threaten to alter flow regimes in 

ways that likely impair ecosystem integrity. Research is needed into the vulnerabilities of species and 

processes to altered flows and the identification of environmental flow regimes that maintain a desired 

level of ecosystem functionality. A further priority is to investigate ecohydrological processes that 

support resource management objectives through natural assimilation of contaminants, attenuation of 

flood waves, or other processes that enhance the effectiveness of more engineered management 

systems (Zalewski, 2002). 
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Abstract 

Data on the functional composition of invertebrates in tropical streams are needed to develop models 

of ecosystem functioning and to assess anthropogenic effects on ecological condition. 

Macroinvertebrates were collected during dry and wet seasons from pools and riffles in 10 open- and 

10 closed-canopy Kenyan highland streams. Collected macroinvertebrate were classified into 

functional feeding groups (FFGs), which were then used to assess effects of riparian condition and 

season on functional organization. Cluster analysis of gut contents was used to classify 86 taxa as 

collectors, predators, scrapers, or shredders while 23 more taxa whose guts were empty or had 

indistinguishable contents were classified according to literature. In total, 43 predators, 26 collectors, 

19 scrapers, and 19 shredders were identified. Total abundance was higher in open-canopy agricultural 

streams, and species richness was higher in closed-canopy forested streams. Predators and shredders 

dominated richness and biomass, respectively, in the closed-canopy streams. The shredders, 

Potamonautes spp. (Brachyura: Potamonautidae) and Tipula spp. (Diptera: Tipulidae), made up >80% 

of total biomass in most samples containing both. Canopy cover and litter biomass strongly influenced 

shredder distribution. Seven shredder taxa occurred only in closed-canopy forested streams, and few 

shredder taxa occurred in areas of low litter input. Collectors dominated abundance at all sites. 

Richness and biomass of scrapers increased during the dry season, and more shredder taxa were 

collected during the rainy season. Temperate keys could not be used to assign some tropical 

invertebrates to FFGs, and examination of gut contents was needed to ascertain their FFGs. The 

Kenyan highland streams harbour a diverse shredder assemblage that plays an important role in 

organic matter processing and nutrient cycling. 

 

3.1 Introduction 

Macroinvertebrates are useful surrogates of ecosystem attributes, and the relative abundance of 

functional groups reflects anthropogenic impact (Merritt et al., 2002; Cummins et al., 2005, Merritt 

and Cummins, 2006). However, this approach is difficult to apply in many tropical streams where 

information on the functional composition of macroinvertebrate communities is limited (Boyero et al., 

2009). Taxonomic keys developed for temperate-zone invertebrates (e.g., Merritt et al., 2008) often are 

used to assign tropical macroinvertebrates to trophic and functional feeding groups (FFGs). This 

approach has been successful for some taxa, but evidence is increasing that related species occurring 

in different regions do not share the same diets (Dobson et al., 2002; Cheshire et al., 2005; Chará-

Serna et al., 2012). Even within regions, some taxa can shift their feeding in response to changes in 

land use and riparian conditions (Benstead and Pringle, 2004; Li and Dudgeon, 2008). Moreover, 

groups, such as the case-building Trichoptera, Plecoptera, and Gammaridae that dominate the 

detritivorous shredder guild in temperate streams are represented by very few taxa in tropical streams.  
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A number of authors have reported low diversity of shredders in streams in some tropical regions (e.g., 

Brazil: Gonçalves et al., 2006; Colombia: Mathuriau and Chauvet 2002; Costa Rica: Irons et al., 1994; 

East Africa: Tumwesigye et al., 2000, Dobson et al., 2002, Masese et al., 2009b; Hong Kong: Li and 

Dudgeon 2008; Papua New Guinea: Yule 1996), but others have reported diverse shredder 

assemblages (Australia: Cheshire et al., 2005; Malaysia: Yule et al., 2009; Salmah et al., 2013; 

Panama: Camacho et al., 2009). Resource availability and quality and biogeography may explain the 

paucity of shredders (Irons et al., 1994; Hallam and Read, 2006, Boulton et al., 2008), but growing 

evidence indicates that many tropical shredders have been overlooked because investigators 

commonly use temperate keys to assign FFGs (Dobson et al., 2002; Cheshire et al., 2005; Camacho et 

al., 2009). Scale and sampling effort also could be affecting taxon counts, as evidenced by the many 

shredder taxa (31) identified from 10 kick samples (sampling time for each ~2 min) from each of 52 

forested streams in 9 catchments distributed over the Malaysian peninsula (Salmah et al., 2013).  

In many parts of the world, landuse change, particularly loss of riparian vegetation, has resulted in loss 

of diversity and major shifts in the structural and functional organization of macroinvertebrates in 

streams (Allan, 2004; Benstead and Pringle, 2004; Jinggut et al., 2012). Loss of riparian forests 

increases stream temperatures through loss of shade (Baxter et al., 2005), reduces inputs of leaf litter, 

and affects the relative differences between wet and dry seasons (Wantzen et al., 2008). Shredder taxa 

are particularly vulnerable to riparian deforestation because it eliminates their main source of food. 

Many shredder species are adapted to cold water and may be close to their thermal maxima in the 

tropics. Thus, they may be especially susceptible to increases in water temperatures (Irons et al., 1994; 

Boyero et al., 2011a).  

Knowledge of the functional composition of invertebrates in tropical streams is important to 

understand organic-matter processing, energy flow, trophic relationships, and the management actions 

needed to minimize the impairment of ecosystem functioning (Benstead and Pringle, 2004; Dudgeon, 

2010; Boyero et al., 2011b, c; Ferreira et al., 2012). Research in eastern African streams has increased 

over the last two decades (Tumwesigye et al., 2000; Kasangaki et al., 2008; Minaya et al., 2013), but 

understanding of the functional composition of aquatic invertebrates and consequence on ecosystem 

structure and function is limited. Moreover, paucity of taxonomic information on most aquatic 

invertebrates is a major hindrance to ecological research. The only detailed information on FFGs in 

eastern African streams and in African tropical streams was published by Dobson et al. (2002), who 

collected samples only during the dry season and analyzed gut contents and mouthparts of 11 and 

44%, respectively, of macroinvertebrate taxa collected. They classified the rest of the taxa based on 

temperate-zone keys. They concluded that shredders were scarce but noted that allocation of taxa to 

FFGs might have been incorrect because of their use of temperate-zone keys. I used gut contents to 

classify macroinvertebrates from 20 Kenyan highland streams to FFGs and tested their responses to 

riparian conditions, availability of leaf litter, and season. I used ratios of the various FFGs as 
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indicators of ecosystem attributes and to assess the ecological health of the streams (Merritt et al., 

2002; Merritt and Cummins, 2006). I hypothesize that: 1) analysis of gut contents of 

macroinvertebrates in these streams will help refine classification of FFGs, 2) functional groups are 

seasonally variable, 3) riparian conditions and availability of leaf litter play important roles in the 

distribution and abundance of shredders, and 4) the ratios of the various FFGs can be used as 

surrogates for ecosystem attributes to assess the ecological condition of the streams.  

3.2 Materials and Methods 

3.2.1 Study area 

The study was conducted in mid-altitude (1900–2300 m a.s.l), 1st- to 3rd-order streams draining the 

western slopes of the Mau Escarpment, which forms part of the Kenyan Rift Valley. A total of 20 sites 

were selected for study (Figure 3.1). The streams form the headwaters of the Mara River, which drains 

the tropical moist-broadleaf Mau Forest Complex (MFC) that is a source of many rivers draining into 

Lakes Baringo, Nakuru, and Victoria. The Mara River flows to Lake Victoria.  

The MFC has been fragmented and reduced in size because of excisions for human settlement, 

coniferous-forest plantations, and large-scale cultivation of tea (Lovett and Wasser, 1993). This 

activity also has resulted in a loss of riparian vegetation along streams and rivers. However, some 

intact forest blocks remain in protected forest reserves and national parks (Lovett and Wasser, 1993; 

Chapman and Chapman, 1996). At their lower edges, the forest blocks are protected by tea plantations 

that were established in the 1980s to buffer against encroachment. People living in the adjoining areas 

are mainly involved in semi-intensive smallholder agriculture, characterized by cash crops (mainly 

tea), food crops (mainly maize, beans, and potatoes), and animal husbandry. A clear transition with a 

shift in vegetation cover and tree species composition exists between the protected forests and 

inhabited and farmed areas (Plate 3.1) where exotic Eucalyptus species dominate riparian vegetation 

along the streams and rivers.  

Climate of the area is relatively cool and seasonal because of the altitude. The area is characterized by 

distinct rainy seasons and low ambient temperature that falls <10°C during the cold months of January 

and February. Annual precipitation ranges from 1000 to 2000 mm with a bimodal regime. Dry 

conditions exist in January to March and wet conditions occur from March to July and October to 

November, periods with long and short rains, respectively.  
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Figure 3.1. Map showing the study sites in the upper Mara River Basin, Kenya. The insets show the 
location of Kenya in Africa (a) and the location of the Mara River Basin in Kenya (b).  

3.2.2 Field methods 

Macroinvertebrates were sampled along 100-m reaches once during February 2011 (dry) and once 

during May to July 2011 (wet) at each site. Five benthic samples were collected at random locations in 

riffles and pools (total of 10 samples) with a dip net (300-μm mesh size), following Cheshire et al. 

(2005) and Yule et al. (2009), but with a shorter sampling time. An area covering ~30 × 50 cm was 

disturbed vigorously for 10 s, so as to avoid escape of large macroinvertebrates (Magana et al., 2012). 

All contents of the net were emptied into polythene bags in which they were preserved them using 

75% ethanol, and transported to the laboratory for further processing. 

At each site, % in-stream canopy cover, stream width, water depth, velocity, and discharge were 

measured over a 100-m reach. Stream width was measured with a measuring tape on 10 transects at 

midpoints of 10-m intervals along the reach. On each transect, water depth was measured with a 1-m 
ruler at a minimum of 5 points. Velocity was measured at the same points as depth with a mechanical 

flow meter (General Oceanics; 2030 Flowmeter, Miami, Florida). Stream discharge was estimated by 

the velocity–area method (Wetzel and Likens, 2000). At each point, the percentage of substratum 

covered by leaf litter (% leaf litter) was also estimated. The proportion of riffles and pools were 
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(a) (b)

 
Plate 3.1: (a) Closed-canopy forest and (b) open-canopy agriculture streams in the upper Mara River basin, 
Kenya during the dry season 
 

quantified as the proportion of the 10 transects that crossed a pool or a riffle. Concurrent 

measurements of pH, dissolved O2 (DO), temperature, and electrical conductivity were made in situ 

with a YSI multiprobe water-quality meter (556 MPS; Yellow Springs Instruments, Yellow Springs, 

Ohio). A portable Hach turbidity meter was used to measure turbidity (2100P ISO Turbidimeter, Hach 

Company, Loveland, Colorado). All coarse particulate organic matter (CPOM) in dip-net samples was 

washed through a 100-μm-mesh sieve to remove macroinvertebrates and inorganic materials. The 

CPOM was dried to a constant mass at 68°C for �48 h, and the different fractions- leaves, sticks, 

seeds, and flowers- weighed separately to the nearest 0.1 mg with a Sartorius balance (SECURA224-

1ORU; Sartorius, Goettingen, Germany). 

3.2.3 Laboratory analyses 

After sorting macroinvertebrates from debris, they were preserved in 75% ethanol and identified to the 

lowest-possible taxonomic level or morphospecies with the aid of keys in several guides (Day et al., 

2002a,b,c; de Moor et al., 2003a, b; Stals and de Moor, 2007; Merritt et al., 2008). The wet mass of all 

macroinvertebrate individuals was used as an estimate of biomass. For most macroinvertebrates, diets 

were described from gut contents according to Cheshire et al. (2005). Gut contents of 3 (rare species) 

to 61 individuals were analyzed per species. This was done by squeezing the foregut contents onto a 

slide, mounting them in polyvinyl lactophenol, and then examining them with the aid of a compound 

microscope equipped with a graticule with a 50 × 20 grid, which was used to estimate percentages of 

food types. Gut contents were divided into 6 food types: vascular plant material (VPM; particles >1 
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mm), CPOM (particles 50 μm–1 mm), fine particulate organic matter (FPOM; particles <50 μm), 

algae (ALG), animal material (AM; including whole prey and fragments of exoskeleton), and 

inorganic materials (IM; mainly sand and silt). For taxa for which no individual’s stomach contained 

food items or when food items were indistinguishable, literature was used to assign an FFG (Dobson 

et al., 2002; Day and de Moor, 2002a,b,c; de Moor et al., 2003a,b; Merritt et al., 2008). 

3.2.4 Community structure and functional composition 

The community structure and functional composition were described in terms of relative biomass, 

numerical abundance, and species richness of all taxa and 4 FFGs (collectors, predators, scrapers, and 

shredders) that were identified from cluster analysis and literature. Ratios of the various FFGs based 

on numerical abundance and biomass were calculated and then used as surrogates for ecosystem 

attributes and for assessing the ecological health of the streams (Vannote et al., 1980; Merritt et al., 

2002; Merritt and Cummins, 2006): 1) balance between autotrophy and heterotrophy (production [P]/ 

respiration [R]) index was calculated as the ratio of scrapers to (shredders + total collectors); 2) 

linkage between riparian inputs and stream food webs (CPOM/FPOM) was calculated as the ratio of 

shredders to total collectors; 3) top-down predator control was calculated as the ratio of predators to 

prey (total of all other groups). Other common ratios, such as the relative dominance of FPOM in 

suspension compared with that deposited in the benthos and channel stability, were not calculated 

because details of mouthparts were not examined and, therefore, collectors could not be separated 

further into gatherers and filterers. No other investigators have published similar studies containing 

these ratios for African tropical streams, so I based my interpretations of these data on a study done in 

tropical southern Brazil (Cummins et al., 2005). P/R > 0.75 indicates autotrophy; CPOM/FPOM > 

0.25 indicates normal shredder association linked to a functioning riparian zone; and predator/prey 

between 0.1 and 0.2 indicates a normal predator-to-prey balance, whereas a value >0.2 indicates an 

overabundance of predators. 

3.2.5 Statistical analysis 

Two-way analysis of variance (ANOVA) was used to test for differences in physical-habitat, riparian, 

and organic-matter variables between seasons (dry and wet) and two categories of canopy cover (open 

and closed), with canopy cover and seasons as main factors and a canopy cover × season interaction 

term. In cases where canopy cover and season did not influence the dependent variables, one-way 

ANOVAs was run with stream as the main factor. Habitat conditions expressed as percentages were 

arcsin(�[x/100])-transformed while physicochemical variables, except pH, were ln(x + 1)-transformed 

before analysis to meet assumptions for parametric tests. Means for the physical-habitat 

measurements, including stream-size variables and water-quality variables for the 2 seasons were 

calculated. The species/ morphospecies whose gut contents were examined were assigned to a dietary 

group according to diet with the aid of cluster analysis (Ward’s clustering method; Statistica version 7; 
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StatSoft, Tulsa, Oklahoma) based on average percentages of each food type for all individuals 

examined (Cheshire et al., 2005). Differences among groups were confirmed with a multivariate 

analysis of variance (MANOVA) with dietary group as the independent variable and the 

arcsin( [x/100])-transformed percentages of each food type as the dependent variables. Separate 

general linear models (GLMs) were then run with single food types as independent variables, followed 

by Fisher’s least significant difference (LSD) post hoc tests to identify groups that differed in gut 

contents for each food type. 

The total abundance, biomass, and taxon richness of all taxa, shredders, and nonshredders in litter 

samples were compared between seasons (dry and wet) and between two categories of canopy cover 

(open and closed) with 2-way ANOVA with season and canopy cover as the main factors and a season 

× canopy cover interaction. I used 60% canopy cover as the threshold between open- and closed-

canopy sites. Spearman’s correlation analysis was used to test for correspondence among 

macroinvertebrate structural and functional attributes and physical-habitat conditions that represented 

availability of organic matter (% canopy cover, % leaf litter, litter biomass), water quality (turbidity), 

and stream size (discharge, stream width and depth). To assess how shredders responded to 

environmental characteristics in the streams, analysis of covariance (ANCOVA) was used with litter 

biomass, % canopy cover, % leaf litter, discharge, and stream width and depth as covariates to explore 

variation in shredder abundance, biomass, and taxon richness between seasons and canopy-cover 

categories and among streams. Differences were considered as significant at p < 0.05 and highly 

significant at p < 0.01 and p < 0.001. 

3 Results 

3.1 Physical-habitat conditions 
Season affected DO, discharge, and depth, whereas canopy cover affected temperature, % leaf litter, 

litter biomass, and turbidity (all p < 0.05). Both season and canopy cover influenced water-quality 

variables, but only canopy cover affected organic-matter characteristics. Closed-canopy sites were in 

forested catchments where human and livestock activities were limited, whereas open-canopy streams 

were in agricultural catchments. Most closed-canopy streams were highly shaded (>70% canopy 

cover), whereas in most open-canopy streams, canopy cover was <50% and discontinuous in sections 

frequented by livestock and people. Closed-canopy streams were cooler (temperature < 15°C) and had 

lower turbidity (<60 NTU) than open-canopy sites (Table 3.1). Ranges of conductivity differed 

between cover types, and were 44.0 ± 3.9 to 97.4 ± 2.3 S/ cm in closed-canopy streams and 56.7 ± 

2.1 to 148.0 ± 2.0 S/cm in open-canopy streams. However, the means were not significantly 

different. Season and canopy cover had no interactive effect on any variable tested. 
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Table 3.1. Elevation and mean (± SE) values for physicochemical characteristics of the study streams. Means are 
given for variables measured more than once during the dry and wet seasons. % litter = % of substrate covered 
by leaf litter, # indicates closed-canopy streams. 

 

Table 3.1. Continued 

Sites % pool pH DO (mg/L) 
Conductivity 

(μS/cm) 
Turbidity 

(NTU) 
Temperature 

(°C) 

Chepkosiom I# 30 7.6 ± 0.1 5.7 ± 1.0 97.4 ± 2.3 8.5 ± 1.5 14.6 ± 0.3 
Issey I# 30 7.2 ± 0.1 8.3 ± 0.3 60.5 ± 3.6 55.3 ± 8.9 14.4 ± 0.3 
Issey II# 40 7.2 ± 0.1 8.2 ± 0.6 74.2 ± 14.2 56.9 ± 21.3 17.3 ± 3.0 
Ngatuny# 35 6.5 ± 0.8 7.9 ± 0.3 50.0 ± 2 40.4 ± 15.6 13.6 ± 0.6 
Philemon# 20 7.3 ± 0.5 6.6 ± 0.5 44.0 ± 3.9 23.4 ± 8.4 12.4 ± 0.3
Sambambwet# 45 7.1 ± 0.8 7.7 ± 0.3 91.0 ± 4.2 5.8 ± 1.6 12.2 ± 0.4 
Chepkosiom II# 60 7.0 ± 0.6 6.8 ± 0.9 75.3 ± 0.3 10.2 ± 2.4 13.4 ± 0.6 
Saramek# 40 6.9 ± 0.5 7.3 ± 0.4 63.9 ± 0.9 35.6 ± 13.9 13.8 ± 0.8 
Katasiaga# 35 7.3 ± 0.2 6.9 ± 1.1 72.7 ± 3.2 41.5 ± 13.5 14.1 ± 0.6 
Mosoriot# 45 7.1 ± 0.2 6.6 ± 1.4 66.3 ± 2.3 9.8 ± 4.8 13.1 ± 0.4 
Chepkosiom III 50 6.9 ± 0.3 4.6 ± 2.1 56.7 ± 2.1 159.5 ± 117.5 21.6 ± 0.8
Issey III 60 8.1 ± 0.6 7.0 ± 0.1 123.5 ± 6.5 180.0 ± 56.8 19.2 ± 0.4 
Issey IV 60 7.6 ± 0.8 6.4 ± 0.4 148.0 ± 2.0 277.6 ± 56.2 20.6 ± 0.9 
Keno 45 7.0 ± 0.6 5.6 ± 0.9 90.2 ± 8.3 124.1 ± 15.9 16.2 ± 1.8 
Mugango 45 7.3 ± 0.4 8.3 ± 0.5 89.0 ± 2.3 94.6 ± 27.8 15.6 ± 0.7 
Nyangores  35 7.3 ± 0.7 7.5 ± 0.9 58.4 ± 4.4 49.3 ± 29.3 17.5 ± 3.5 
Kenjirbei 45 7.4 ± 0.3 7.2 ± 1.3 78 ± 2.3 132.6 ± 23.4 17.2 ± 0.4
Borowet 45 7.1 ± 0.4 5.6 ± 1.2 130.3 ± 5.2 194 ± 56.7 17.6 ± 0.5 
Tenwek 60 6.9 ± 0.5 7.2 ± 0.4 75.3 ± 5.9 124.0 ± 30.7 19.3 ± 1.4 
Bomet  45 7.1 ± 0.4 6.8 ± 1.5 87.3 ± 9.7 160.2 ± 44.9 19.9 ± 0.2 

 

Sites 
Altitude  
(m a.s.l) 

Depth (m) Width (m)
Discharge  

(m3/s) 
Stream 
order 

% canopy 
cover 

% leaf 
litter 

% 
riffle 

Chepkosiom I# 2191 0.11 ± 0.05 1.8 ± 0.6 0.01 ± 0.02 1st 85 85 70 
Issey I# 2146 0.28 ± 0.15 3.1 ± 0.5 0.08 ± 0.03 2nd 70 60 70 
Issey II# 2087 0.16 ± 0.09 4.1 ± 0.7 0.12 ± 0.04 2nd 65 68 60 
Ngatuny# 2063 0.25 ± 0.7 4.3 ± 0.5 1.25 ± 0.90 3rd 60 50 65 
Philemon# 2286 0.08 ± 0.03 2.2 ± 0.2 0.01 ± 0.004 1st  90 80 80 
Sambambwet# 2096 0.07 ± 0.02 2.1 ± 0.2 0.01 ± 0.005 1st  90 90 55 
Chepkosiom II# 2060 0.12 ± 0.02 2.5 ± 0.4 0.08 ± 0.01 2nd 80 75 40 
Saramek# 2091 0.19 ± 0.11 1.9 ± 0.4 0.04 ± 0.12 2nd 80 85 60 
Katasiaga# 2020 0.19 ± 0.11 1.4 ± 0.4 0.16 ± 0.03 2nd 70 70 65
Mosoriot# 2058 0.15 ± 0.05 1.5 ± 0.3 0.12 ± 0.10 2nd 80 80 55 
Chepkosiom III 2056 0.12 ± 0.05 3.3 ± 0.3 0.11 ± 0.09 2nd 40 50 50 
Issey III 2030 0.21 ± 0.13 2.3 ± 0.7 0.08 ± 0.06 3rd 50 48 40 
Issey IV 1982 0.18 ± 0.08 3.7 ± 0.5 0.12 ± 0.10 3rd 50 59 40 
Keno 2041 0.07 ± 0.04 3.2 ± 0.4 0.10 ± 0.01 2nd 35 40 55 
Mugango 1965 0.23 ± 0.18 5.8 ± 4.2 0.46 ± 0.22 3rd 40 40 55
Nyangores  2043 0.22 ± 0.02 4.6 ± 0.8 0.72 ± 0.30 3rd 45 45 65 
Kenjirbei 1979 0.11 ± 0.03 5.5 ± 0.5 0.15 ± 0.12 3rd 45 50 55 
Borowet 2050 0.09 ± 0.03 2.1 ± 0.8 0.02 ± 0.13 1st 40 30 55 
Tenwek 1953 0.15 ± 0.3 1.3 ± 0.2 0.04 ± 0.02 2nd 50 65 40 
Bomet  1911 0.30 ± 0.15 4.6 ± 0.9 0.10 ± 0.10 1st 40 20 55 
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There were considerable variability among streams. For instance, conductivity and turbidity were 

variable among individual streams regardless of whether the streams had closed or open canopies 

(Table 3.1). The lowest DO concentration (4.6 ± 2.1 mg/L) was recorded in an open- canopy stream in 

an agricultural catchment. The minimum DO in a closed-canopy forested stream was 5.7 ± 1.0 mg/L. 

pH was similar among streams and did not differ between canopy-cover categories (overall range: 6.5 

± 0.8–8.1 ± 0.6). 

3.2 Dietary analysis 

Six dietary groups were identified (Figure 3.2). Food items overlapped between groups III and IV and 

between groups V and VI, but groups differed in their use of food items (MANOVA, Wilk’s 30,302 = 

0.0002, p < 0.0001). FPOM and CPOM were eaten by 77 and 75 taxa, respectively. Only 41 taxa 

included animals in their diets, whereas 51 and 46 taxa ate VPM and algae, respectively. A total of 23 

taxa (12 predators, 1 shredder, 8 collectors, and 2 scrapers) were classified based on literature because 

their guts were empty or food items were indistinguishable.    

Dietary groups differed in gut contents for every food item (Figure 3.3A–F). Group I mostly contained 

predators, and an average of 85.5% of their gut contents consisted of animal material. This group had 

the highest number of taxa (24) and included 7 Diptera, 8 Odonata, 2 Hemiptera, 4 Trichoptera, and 1 

Coleoptera, Ephemeroptera, and Plecoptera each. Group II had 14 taxa that were specialist shredders. 

An average of 74% and 21% of their gut contents were VPM and CPOM, respectively. This group 

included 7 Trichoptera, 3 Diptera, and 2 Coleoptera and Ephemeroptera. Group III, with 16 taxa, 

consisted mainly of collectors. An average of 69% of their gut contents was FPOM, 7% was VPM, 

and 12% was algae. This group included 6 Ephemeroptera, 4 Oligochaeta, 4 Diptera, and 2 

Trichoptera. Group IV had 17 taxa and consisted mainly of scrapers. Guts of these taxa contained an 

average of 36% algae, 34% FPOM, and 21 and 14% inorganic material and CPOM, respectively. This 

group included 6 Ephemeroptera, 5 Trichoptera, 3 Coleoptera, and 1 Diptera, Gastropoda, and 

Lepidoptera each. Group V had 9 taxa that were mainly predators and generalist shredders. Their gut 

contents consisted of 42% animal material, 26% VPM, and 20% CPOM. This group included 5 

Diptera, 2 Decapoda (crabs), 1 Coleoptera, and 1 Lepidoptera. Group VI had 6 taxa and consisted of 

generalist collectors. The group contained 1 Decapoda (shrimp, Atyidae) and 5 Trichoptera 

(Hydropsychidae). Their guts contained 49% CPOM, 18% FPOM, and 15% VPM. 

The allocation of taxa to FFGs was as follows. Predators were all taxa in group I and those in group V 

whose guts contained >50% animal material. Shredders were all taxa from group II and some taxa of 

group V (those whose gut contained >50% VPM and CPOM combined). Collectors were species from 

groups III and VI. Scrapers were all taxa in group IV. Some taxa in group III were classified as 

collector/scrapers because their guts contained >20% algae. Including invertebrates whose guts were 



51 
 

 
Figure 3.2. Cluster diagram (Ward’s method) for macroinvertebrate species based on the proportion of different 
food types in their guts. Group I consists of predators, group II of specialist shredders, group III of mostly 
collectors, group IV of mostly scrapers, group V of predators and generalist shredders, and group VI of 
generalist collectors. 
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Figure 3.3. Mean (±1 SE) percentages of vascular plant material (VPM; >1 mm) (A), coarse particulate organic 
matter (CPOM; 50 μm–1 mm) (B), fine particulate organic matter (FPOM; <50 μm) (C), animal material (AM) 
(D), algae (ALG) (E), and inorganic matter (IM) (F) in the gut contents of individuals belonging to dietary 
groups I–VI. Points with the same lowercase letter are not significantly different among dietary groups (p < 
0.05). See Figure 3.2 for a description of dietary groups.  
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 not analyzed, a total of 44 predators, 27 collectors, 18 scrapers, and 19 shredders were collected in the 

study area. Shredder taxa included 7 Trichoptera (3 Leptoceridae, 2 Pisuliidae, 1 Calamoceratidae, and 

1 Lepidostomatidae), 5 Diptera (4 Tipulidae and 1 Limoniidae:Limoniinae), 2 Ephemeroptera 

(Baetidae), 2 Coleoptera (1 Elmidae:Larainae and 1 Curculionidae), 2 Decapoda (2 crabs, 

Potamonautidae) and 1 Lepidoptera (Crambidae); see Plate 3.2 for some examples of shredders in the 

study area. The involvement of shredders on leaf litter processing was clearly observable in the 

sampled streams (Plate 3.2G). 

3.3 Community structure and functional organization 

A total of 20,757 individuals were collected from 109 taxa during the study (81 and 93 taxa during the 

dry and wet seasons, respectively). Total abundance was higher during the wet than dry season (2-way 

ANOVA, F1,1 = 11.01,  < 0.01) but did not differ between canopy types. Collectors were numerically 

dominant during both seasons regardless of canopy cover (Figure 3.4A). Shredder abundance was 

lower at open- than in closed-canopy sites, whereas scraper abundance was higher at open- than 

closed-canopy sites during the dry season. Lepidostoma sp. was the most widespread and abundant 

shredder. In closed-canopy sites, its abundance was 10.3 ± 2.4. Crabs were the next most abundant 

(9.3 ± 5.0), followed by tipulids (3.3 ± 3.4). In open-canopy sites, tipulids were most abundant (13.67 

± 8.67), followed by Lepidostoma sp. (6.2 ± 1.6). 

Total biomass was higher at closed- than open-canopy sites (F1,1 = 4.16,  <0.05), but did not differ 

between seasons. Collectors dominated standing biomass at open-canopy sites during the dry and wet 

seasons (Figure 3.4B). Shredder biomass was lower at open- than closed-canopy sites, except during 

the dry season when there was an increase in biomass at open-canopy sites. Scraper biomass was 

higher at open-canopy sites during the dry than the wet season. Crabs and tipulids contributed >80% 

of the total biomass at most closed-canopy sites. At open-canopy sites, crabs were rarely encountered, 

but tipulids occurred at all sites and contributed up to 60% of shredder biomass in the absence of 

crabs. Large crabs (3536.4 ± 157.2 mg wet mass, up to 56 mm carapace width, Plate 3.2b) and tipulids 

(59.1 ± 28.9 mg wet mass, up to 54 mm long) were collected in the study area. 

Taxon richness was higher at closed- than open-canopy sites (F1,1 = 3.02, p < 0.05) but did not differ 

between seasons. At open- and closed-canopy sites richness was dominated by predators during the 

wet season and by collectors during the dry season (Figure 3.4C). The number of collector (F1,1 = 6.39, 

 < 0.05) and scraper taxa (F1,1 = 9.63,  < 0.01) differed between seasons, and the number of shredder 

taxa (F1,1 = 8.39,  < 0.001) differed between canopy types. A season × canopy-type interaction 

affected the number of shredder (F1,1 = 3.94,  < 0.05) and scraper (F1,1 = 2.96,  < 0.05) taxa. During 

the rainy season, more shredder taxa were found at closed- than open-canopy sites, whereas fewer 

scraper taxa were found at open- than at closed-canopy sites. 
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Figure 3.4. Percentage composition of functional feeding groups in terms of relative abundance (A), biomass 
(B), and species richness (C) for closed- and open-canopy streams during the wet and dry seasons. 
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Plate 3.1: Shredders and shredding in the Upper Mara forest streams. Some shredder taxa identified in the study 
area: A), Potamonautes sp., B) Tipula sp. 1, C), Pisulia sp. D) Lepidostoma sp., E) Leptoceridae sp., and F) 
Larainae sp. G is a leaf of Croton macrostachyus with shredder bitemarks.  
 

Macroinvertebrate structural and functional attributes were related to organic matter characteristics (% 

canopy cover, % leaf litter, and litter biomass), water-quality variables (turbidity and conductivity), 

and measures of stream size (discharge and width) (Table 3.2). Total abundance (number of 

individuals/sample) and collectors were favored by high turbidity and conductivity in open-canopy 

agricultural streams. In contrast, abundances of predators and shredders were negatively related to the 

same variables but were positively related to % leaf litter, canopy cover, and litter biomass. Scraper 

abundance was negatively associated with canopy cover, turbidity, and % leaf litter and positively 

associated with discharge and width. 
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Shredder abundance, biomass, and richness differed among streams and between canopy types. Litter 

biomass was significantly associated with shredder richness and marginally related to shredder 

biomass (p = 0.08) (Table 3.3). Season affected shredder biomass and richness, whereas the influence 

of % leaf litter on shredder biomass and richness was marginally significant (p = 0.06 and p = 0.06, 

respectively). Stream size had a minimal effect on shredder distribution and abundance, and discharge 

only influenced species richness. 

3.4 Ecosystem attributes 
P/R ratios based on abundance and biomass data indicated that 9 of 10 closed-canopy and 7 of 10 

open-canopy streams were heterotrophic (P/R < 0.75; Table 3.4). Use of biomass data yielded stronger 

indications of heterotrophy than use of abundance data in closed-canopy streams. The effect was 

reversed in most open-canopy streams. The CPOM/FPOM ratio addressed the integrity of the riparian 

zone. Abundance data indicated that 6 closed- and 8 open-canopy streams did not have a functioning 

riparian zone, but biomass data indicated that all streams except one open-canopy stream had a 

functioning riparian zone (CPOM/FPOM > 0.75). Abundance data indicated that 4 closed- and 5 open-

canopy streams had an overabundance of predators (predator/prey > 0.2; Table 3.4). Biomass data 

indicated that 3 closed- and 5 open-canopy streams had an overabundance of predators. 

4. Discussion 

4.1 Gut analyses 

This study is one of the few studies in the African tropics in which the analysis of gut contents of a 

large number of stream macroinvertebrates was used to assign taxa to FFGs (Palmer et al., 1993; 

Dobson et al., 2002). Use of diet rather than morphological and behavioral adaptations for acquiring 

food to classify macroinvertebrates into FFGs has been questioned because of ontogenic shifts and 

opportunistic feeding (Palmer et al., 1993 and references therein). Nevertheless, analysis of gut 

contents enabled me to classify taxa into collector, scraper, shredder, and predator FFGs and has 

improved understanding of the functional composition and trophic relationships among 

macroinvertebrates in tropical streams. My work is valuable because growing evidence indicates that 

taxonomically related species may have different diets in tropical and temperate areas, and 

discrepancies have been reported when temperate keys have been used to assign tropical-stream 

invertebrates to FFGs (Yule, 1996; Dobson et al., 2002; Cheshire et al., 2005).  

Taxonomic fidelity to particular diets was not evident for most taxonomic groups in this study, and 

omnivory was prevalent in many taxa. Odonata was the only order that contained specialist predators, 

although Gomphidae fed on substantial amounts of detritus. The Leptoceridae, represented by 

specialist shredders elsewhere (Cheshire et al., 2005), included scrapers and predators. The 
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Table 3.2. Spearman’s correlation analysis among macroinvertebrate community attributes and stream 
characteristics that represent organic matter and riparian conditions (% canopy cover, % leaf litter, and litter 
biomass), water quality (turbidity and conductivity), and stream size (discharge, depth, and width). Values in 
bold are significant at p < 0.05. 

Community attributes 

Physical habitat characteristics 

% 
canopy 
cover 

% leaf 
litter 

Litter 
biomass 
(g/m2) 

Turbidity 
(NTU) 

Conductivity 
(μS/cm) 

Discharge 
(m3/s) 

Depth 
(m) 

Width 
(m) 

Total abundance –0.20 –0.14 0.10 0.33 0.33 –0.02 0.19 0.01 
Shredder abundance 0.37 0.33 –0.05 –0.21 0.18 0.06 0.02 –0.11 
Nonshredder abundance 0.21 0.28 –0.12 0.14 0.45 0.00 0.04 –0.15 
No. total taxa 0.26 0.22 0.12 –0.22 –0.20 0.17 –0.08 –0.17 
No. collectors –0.35 –0.35 –0.15 0.46 0.12 0.00 0.11 –0.11 
No. predators 0.35 0.34 0.10 –0.33 –0.22 –0.08 –0.24 –0.16 
No. scrapers 0.02 –0.06 –0.04 –0.38 –0.22 0.36 –0.18 0.23
No. shredders 0.40 0.37 0.32 –0.31 –0.41 –0.33 0.16 –0.01 
% collector individuals –0.31 –0.41 –0.14 0.23 0.43 0.04 –0.01 0.11 
% predator individuals 0.18 0.11 –0.02 –0.34 –0.31 0.04 –0.18 0.27 
% scraper individuals –0.39 –0.28 –0.31 0.11 –0.19 0.37 –0.01 0.33 
% shredder individuals 0.31 0.24 0.25 –0.34 –0.07 0.07 –0.07 –0.10 
Collector biomass –0.30 –0.12 –0.13 0.21 0.16 –0.02 0.01 –0.02 
Predator biomass –0.21 –0.08 –0.01 0.13 0.00 0.15 0.01 0.18 
Scraper biomass –0.30 –0.15 –0.05 –0.45 0.05 –0.02 –0.06 0.09 
Shredder biomass 0.34 0.17 0.13 0.13 –0.13 0.07 –0.01 0.09 

 

Ephemeroptera and Hydropsychidae (Trichoptera), which usually are collector–gatherers/ scrapers and 

collector–filterers, respectively (Merritt et al., 2008), included predators. Afroptilum sp., Baetis sp., 

Dicercomyzon sp., and Pseudocloeon sp. (Ephemeroptera) showed no preference for a particular food 

type(s) and were difficult to place into a single FFG. They fed on fine amorphous detritus that could 

not be easily differentiated, so I had to classify them as either collectors or scrapers. In Madagascar, 

Afroptilum sp. rely more on algal C sources in agricultural streams (where they also have much higher 

biomass) and amorphous detritus in forested streams (Benstead and Pringle 2004). Omnivory in 

Crambidae sp. 2, Potamonautes sp. 1, Potamonautes sp. 2, and Tipula sp. 2 indicates that they are 

facultative detrital shredders. For example, Potamonautes spp. consumed high proportions of leaf 

litter, but they also forage in the riparian zone and adjoining forests to hunt for prey to supplement 

their diet of leaf litter (Abdallah et al., 2004; Lancaster et al., 2008). During this study, several crabs 

were observed hiding under rocks and in crevices in the riparian zone, and during the rainy season, a 

gravid female was captured in the riparian zone, 10 m from the stream.  

4.2 Shredder diversity and abundance 
Diverse shredder guilds have been reported from tropical areas where few taxa were expected 

(Cheshire et al., 2005; Yule et al., 2009; Chará-Serna et al., 2012; Salmah et al., 2013). Shredders were 

diverse (19 taxa) and abundant in closed-canopy forested streams and made up ~17 and 20% of all  
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Table 3.3. Results of analysis of covariance showing variation of shredder abundance, biomass, and species 
richness with season and stream and the covariates canopy cover, litter biomass, % leaf litter, discharge, and 
stream depth and width. * =  < 0.05. 

Source or variation df MS F p 
Shredder abundance     

Stream 23 38019.8 7.33 <0.01* 
Season 1 34342.6 3.08 0.10 
Canopy 1 28582.3 18.62 <0.01* 
Litter biomass 1 20421.4 1.33 0.27 
% leaf litter 1 8384.6 0.48 0.49 
Discharge  1 10852.9 0.63 0.43 
Depth 1 2099.1 0.12 0.73 
Width 1 4027.1 0.23 0.63 
Error 26 1759.3   

Shredder biomass  
Stream 23 65.5 4.17 0.03* 
Season 1 71.6 5.45 0.03* 
Canopy 1 75.8 15.69 0.02* 
Litter biomass 1 40.1 3.05 0.08 
% leaf litter 1 45.6 3.67 0.06 
Discharge  1 37.8 2.87 0.10 
Depth 1 24.5 1.86 0.18 
Width 1 6.3 0.48 0.49 
Error 26 13.14   

Shredder species richness     
Stream 23 7.3 6.43 0.02* 
Season 1 9.5 8.41 0.01* 
Canopy 1 27.1 23.94 <0.01* 
Litter biomass 1 11.3 9.49 <0.01* 
% leaf litter 1 4.4 3.99 0.06 
Discharge  1 32.2 28.43 <0.01* 
Depth 1 0.4 0.38 0.54 
Width 1 0.2 0.14 0.71 
Error 26 7.51   

 

taxa, and 75 and 84% of total macroinvertebrate biomass during the dry and wet seasons, respectively. 

The 19 shredder taxa encountered in this study compare well with a number of temperate and tropical 

streams that are not shredder limited (Table 3.5). However, the findings differ strongly from results of 

previous studies in eastern Africa in which, according to Tumwesigye et al. (2000), Dobson et al. 

(2002), Abdallah et al. (2004), and Masese et al. (2009b), 6% of all individuals, 17% (5 of 36 taxa), 

7% (3 of 41 taxa), and 11% of taxa (6 of 56 taxa), respectively, were shredders. I see 4 possible 

explanations for the large number of shredder taxa recorded in my study. First, earlier investigators 

placed taxa into FFGs based solely on literature for temperate streams, except that Dobson et al. 

(2002) also examined mouthparts of 44% and gut contents of 11% of taxa collected. Dobson et al. 

(2002) noted that they may have allocated taxa to FFGs incorrectly when they found that a tropical 

African baetid, Acanthiops sp., was a shredder (baetids in northern temperate streams are usually 

scrapers or collector–gatherers; e.g., Merritt et al., 2008). This kind of discrepancy suggests that 

tropical shredders may be overlooked (misclassified) when temperate- stream keys are used (Camacho 

et al., 2009). Second, the coarse taxonomic resolution (mostly to family) used by Dobson et al. (2002)  
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Table 3.4. Mean values of stream ecosystem attributes derived from ratios of macroinvertebrate functional 
feeding groups in the upper Mara River basin, Kenya. Ratios are based on numerical abundance and biomass of 
functional feeding groups (FFGs). The autotrophy to heterotrophy (production [P]/respiration [R]) index was 
calculated as the ratio of scrapers to (shredders + total collectors). Coarse particulate organic matter 
(CPOM)/fine particulate organic matter (FPOM) is the ratio of shredders to total collectors. Top-down predator 
control is the ratio of predators to all other FFGs. # indicates closed-canopy streams. Boldface indicates 
autotrophy, functioning riparian zone, or an over-abundance of predators with a strong top-down control. 

Sites 

Ecosystem attributes 
Abundance Biomass 

P/R CPOM/FPOM 
Top-down 

predator control P/R CPOM/FPOM 
Top-down 

predator control 
Chepkosiom I# 0.13 0.14 0.22 0.59 1.05 0.39 
Issey I# 0.52 0.29 0.12 0.01 36.69 0.08 
Issey II# 0.27 0.05 0.05 0.03 20.59 0.01 
Ngatuny# 1.61 0.37 0.18 0.07 13.65 0.03 
Philemon# 0.49 0.29 0.31 0.25 0.26 0.10 
Sambambwet#  0.25 0.33 0.23 0.03 11.65 0.25 
Chepkosiom II# 0.52 0.14 0.29 0.31 3.65 0.26 
Saramek# 0.28 0.21 0.19 0.01 20.02 0.03 
Katasiaga# 0.51 0.12 0.18 0.05 19.82 0.04 
Mosoriot# 0.37 0.17 0.08 0.06 4.55 0.15 
Chepkosiom III 0.62 0.03 0.13 1.35 0.87 0.09 
Issey III  0.38 0.01 0.11 0.56 0.03 0.35 
Issey IV  0.15 0.01 0.03 0.23 0.47 0.15 
Keno  0.97 0.40 0.31 0.04 32.89 0.02 
Mugango  1.28 0.43 0.05 0.58 6.91 0.02 
Nyangores  1.53 0.09 0.25 0.85 5.02 1.00 
Kenjirbei  0.43 0.05 0.23 0.19 0.57 1.06 
Borowet 0.48 0.09 0.40 0.85 1.76 0.29 
Tenwek 0.20 0.01 0.01 0.29 0.37 0.14 
Bomet 0.68 0.10 0.37 0.79 0.29 3.00 

 

also contributed to the low number of shredder taxa identified. Examples in Dobson et al. (2002) 

include a shredder, Larainae sp., which was classified with scrapers as part of Elmidae, 3 leptocerids 

and 4 tipulids that were each grouped under 1 family as Leptoceridae and Tipulidae, respectively. 

Third, the abundance and distribution of shredders in tropical streams can be temporally and spatially 

variable (Cheshire et al., 2005; Camacho et al., 2009), and the study by Dobson et al. (2002) did not 

consider seasonal changes. The potential for higher diversity and abundance of macroinvertebrate taxa 

during the rainy than the dry season cannot be ignored. For instance, as part of their life-history 

strategies, some tropical insects mature and emerge during the rainy season (Mathooko, 2001; 

Jacobsen et al., 2008). Moreover, water quality in some streams deteriorates during the dry season 

(Masese et al., 2009a). Most shredder taxa in this study occurred in low abundance, so a seasonal 

sampling scheme was needed to avoid missing important taxa. For example, 4 of the 19 shredders 

identified were collected only during the rainy season. Last, the sampling method was adjusted to 

capture large invertebrates that could avoid capture by standard sampling methods. The rapid sampling 

method enabled capture of many crabs in closed-canopy streams where they were most prevalent. 

Crabs (Potamonautes spp.) occurred in some streams sampled by Dobson et al. (2002), but many were  
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Table 3.5. Comparison of the number of shredder taxa among aquatic invertebrates across low order (1st-3rd 
order) streams from different regions and climates around the world. The number of shredders taxa include 
obligate and facultative (in brackets) shredders in studies with separation between the 2 groups. Taxa assigned 
partially to shredders (multiple functional feeding groups) were considered as facultative shredders. 

Region/ stream or 
catchment 

Country Climate Number of 
shredder taxa 

Remarks References 

Mara streams Kenya  Tropical 19 10 closed-canopy 
streams 

Present study 

Mara streams Kenya Tropical 12 10 open-canopy 
streams 

Present study 

Central highlands Kenya Tropical 5 Forest and open 
canopy streams 

Dobson et al. 2002 

Bougainville island Papua New 
Guinea  

Tropical 7 - Yule 1996 

Queensland Australia Tropical 10 (4) Forested upland Cheshire et al. 2005 
Malaysian streams Malaysia Tropical 22 12 upland streams Yule et al. 2009 
Austaralian Wet 
Tropics 

Australia Tropical 12 Six streams  Camacho et al. 2009 

Panamanian 
streams 

Panama Tropical 16 Six streams Camacho et al. 2009 

Otun River basin 
  

Colombia Tropical 9 3 forested streams Chara-Serna et al. 
2011 

Hong Kong China Tropical 6 (2) 5 shaded streams Li and Dudgeon 2008 
Hong Kong China Tropical 3 (1) 5 unshaded streams Li and Dudgeon 2008 
Belum Malaysia Tropical 12 Forested catchment Salmah et al. 2013 
Berembun Malaysia Tropical 13 Forested catchment Salmah et al. 2013 
Gunung Angsi Malaysia Tropical 13 Forested catchment Salmah et al. 2013 
Gunung Tebu Malaysia Tropical 10 Forested catchment Salmah et al. 2013 
Hulu Gombak Malaysia Tropical 15 Forested catchment Salmah et al. 2013 
Keledang Saiong Malaysia Tropical 15 Forested catchment Salmah et al. 2013 
Sarawak Borneo Tropical 14 Forested catchments Jinggut et al. 2012
Mambucaba River 
Basin 

Brazil Tropical 12 (5) Forested catchments De Oliveira and 
Nessimian 2010 

Argentina Argentina Temperate 14 - Miserendino and 
Pizzolon 2004 

North Carolina United States Temperate 13 - Stone and Wallace 
1998 

New Hampshire United States Temperate 14 - Hall et al. 2001 
West Virginia United States Temperate 19 - Angradi 1996 
Southwest Ireland Ireland Temperate 16 - Murphy and Giller 

2000 
Southeast England England Temperate 10 - Dobson and Hildrew 

1992 
Northeast France France Temperate 25 - Dangles and Guérold 

2000 
Southeast France France Temperate 12 Nutrient enriched Lecerf et al. 2006 
Finnish streams Finland Temperate 17 - Heino 2009 

 

not captured by the method they used. Later studies have revealed high density and biomass of crabs 

in Kenyan highland streams (Dobson et al., 2007b; Magana et al., 2012).  

Most of the shredder taxa identified in this study are represented in temperate streams. Baetids 

(Ephemeroptera), crabs (Potamonautidae), and Pisuliidae (Trichoptera) are the exceptions. The 2 

baetid shredders so far identified in Kenyan streams (Dobson et al., 2002, this study), the genera 

Barba (Leptophlebiidae) from Papua New Guinea (Yule, 1996), and Atalophlebia (Leptophlebiidae) 

from the Australian tropics (Cheshire et al., 2005) are shredders, whereas members of these groups are 
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mostly collector–gatherers or scrapers in temperate streams (e.g., Merritt et al., 2008). Crabs are 

widespread in African streams where they display high endemism (Dobson, 2004) and are responsible 

for rapid breakdown of leaf litter (Moss, 2007). On the other hand, key shredder taxonomic groups in 

temperate streams were either poorly represented or absent in my streams. Plecoptera, which is diverse 

with many shredder species in temperate streams, was depauperate in my streams and was represented 

by only 1 species (Neoperla spio, Perlidae), which is a predator. Decapod shrimps are major shredders 

in temperate and some tropical streams, but the single Atyidae species in my streams is a collector. 

Common shredder taxa in temperate streams that have been found in other tropical streams, but not in 

my study, include Limnephilidae, Sericostomatidae, Peltoperlidae, Leuctridae, and Nemouridae 

(Cheshire et al., 2005; Yule et al., 2009; Salmah et al., 2013).  

Most remarkable were the large sizes, high densities, and high biomasses of Potamonautes spp. and 

Tipula spp. in closed- and open-canopy streams, respectively. Large size (Plate 3.2) seems to be 

common feature of Potamonautes spp. in east African highland streams (Abdallah et al., 2004; 

Dobson et al., 2007a,b; Moss, 2007) and is important for the breakdown of recalcitrant leaves in 

tropical streams (Wantzen and Wagner, 2006; Moss, 2007; Yule et al., 2009). No detailed analysis has 

been done of nutritional quality of riparian vegetation in highland streams in Kenya, but most tree 

species have waxy leaves that are not favorable to shredders (Dobson et al., 2002). 

4.3 Physical-habitat effects 

Season influenced structural and functional organization of macroinvertebrates by accentuating 

differences in water quality and habitat characteristics. The abundance of most taxa was considerably 

lower in the dry than in the wet season (see also Harrison and Hynes, 1988; Mathooko and Mavuti, 

1992; Masese et al., 2009a). However, in other studies of tropical streams, abundance increased during 

the dry season (Tumwesigye et al., 2000; Arimoro et al., 2012). Flow reduction during the dry season 

contributes to seasonal variability in physicochemical conditions that could influence 

macroinvertebrate communities. For instance, I recorded the lowest DO and highest conductivity 

during the dry season in open-canopy streams. These streams were in areas frequented by people and 

livestock and were subject to sedimentation and input of nutrients and organic wastes by runoff. Thus, 

algal food sources for scrapers probably were smothered during the wet season. An increase in the 

number of scrapers in these streams during the dry season probably was related to increased algal 

availability as a result of reduced turbidity.  

Canopy cover strongly influenced the distribution and abundance of scrapers and shredders. Nine of 

the 19 shredder taxa found during my study occurred only in closed-canopy streams. Crabs do occur in 

open-canopy streams in agricultural areas, but their abundance is very low (occasionally 1 or 2 mature 

individuals were captured). The importance of canopy cover is supported by observations that 
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reproduction in crabs is more successful in forest streams which serve as nurseries from which adults 

migrate downstream (Dobson et al., 2007a). Changes in water temperature, conductivity, and litter 

input probably contributed to the skewed occurrence of shredder taxa in closed-canopy streams. Open-

canopy streams were warmer and leaf-litter input was lower and dominated by the exotic Eucalyptus 

spp. than closed-canopy streams where riparian vegetation was speciose. Water temperature and leaf-

litter characteristics are globally important factors affecting shredder abundance and diversity (Boyero 

et al., 2011a,b,c).  

Difference in stream size as determined by discharge, width and depth were a reflection of human 

activities both at the reach and catchment scales. Open-canopy streams were flashy resulting in higher 

discharge levels during spates. In-stream human and livestock activities also widened channels in 

open-canopy streams. These human- and livestock-induced changes in stream size are different from 

the natural increases in stream order whose effects on FFGs were not evident in the 1st-3rd order 

streams considered in this study. 

4.4 Ecosystem attributes 
I used the ratio of scrapers (shredders + total collectors) as a surrogate for P/R, and applied thresholds 

proposed by Cummins et al. (2005) for tropical Brazilian streams to the P/R ratios in streams in this 

study. Most streams were heterotrophic, but open-canopy streams in agricultural areas tended to be 

autotrophic. Some open-canopy streams, such as Issey III, Issey IV, and Tenwek, receive organic 

pollution from livestock. These streams had high abundances of collectors (oligochaetes and 

Chironominae), which shifted abundance-based P/R ratios in these potentially autotrophic streams 

toward heterotrophy. Most shredders in the study area, such as crabs, tipulids, and trichopterans 

(Pisulia sp. and Lepidostoma sp.), were large. The presence of large shredders, especially crabs 

(Potamonautes spp.), in closed-canopy and in some open-canopy agricultural streams shifted biomass-

based P/R ratios toward greater heterotrophy.  

The influence of shredder body size also was evident in the CPOM/FPOM ratio that addresses the 

integrity of the riparian zone. When biomass data were used, all closed-canopy streams and 9 of 10 

open-canopy streams passed the criteria for a functioning riparian zone. However, when abundance 

data were used, only 4 of the closed- and 2 of the open-canopy streams passed this criterion. These 

results raise the issue of potential bias in biomass-based surrogates for measures of ecosystem 

functioning when large-bodied shredders are dominant. Assessments based on abundance-based 

surrogate ratios reflected assessments based on visual evidence of impacted riparian zones and 

removal of indigenous vegetation along open-canopy streams in agricultural areas. Closed-canopy 

streams are not spared from human influences, and it is common to find domestic animals grazing and 

selective cutting of trees for timber and firewood (Minaya et al., 2013). Thus, the uniformly positive 

biomass-based assessments of riparian-zone integrity in closed-canopy streams are suspect. 
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High abundance of predators was evidence of strong top-down control in some open canopy streams, 

such as Bomet and Borowet, where flow decreased considerably during the dry season and pools were 

dominated by predacious families, such as Notonectidae (backswimmers) and Lestidae. Fewer closed-

canopy streams had an overabundance of predators, but this assessment probably would change if 

omnivorous crabs were included in the predator category. Crabs exert top-down controls on other 

macroinvertebrates and take part in rapid breakdown of leaf litter in other streams in the region (Moss, 

2007; Lancaster et al., 2008).  

Overall, the FFG ratios provided evidence of widespread human influences in the study area. 

Examination of mouth parts to separate collectors into filterers and gatherers will provide more 

rigorous and complete criteria for assessing the effects of riparian disturbances, sedimentation, and the 

quality of FPOM transported by these streams (Merritt and Cummins, 2006). The threshold values for 

heterotrophy vs autotrophy should be re-examined in these streams, given that very few studies are 

available in the tropics for comparison, and the role of livestock should be investigated further. 

Conclusions 

The task of assigning stream macroinvertebrates to FFGs is not straightforward, and is, at times, 

controversial, especially when assignments are not supported by details on feeding modes and the 

structure of mouthparts. Some taxa have too variable a diet to be assigned to a FFG, and some taxa 

undergo ontogenic shifts in diet. Nevertheless, gut-content analysis enabled me to classify 

macroinvertebrates collected in this study into FFGs and to contribute information to the growing data 

on the functional organization of tropical streams, including dietary requirements and trophic 

relationships. The FFG ratios offered a glimpse into the overall functioning of these streams and 

reflected a shift from heterotrophy to autotrophy arising from changing land use and clearing of 

riparian vegetation. This study highlights the importance of shredders in these streams and the effects 

of riparian alterations on invertebrate community composition and ecosystem functioning. The wider 

consequence of these effects on ecosystem services merits further research and serious consideration 

when planning future landuse changes in eastern Africa.  
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Chapter  
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Litter processing and shredder distribution as indicators of riparian and 

catchment influences on ecological health of tropical streams 
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Abstract  
Terrestrial plant litter is the main source of energy for food webs in forest headwater streams. Leaf 

litter quality often changes when native tree species are replaced by exotic ones and land use change in 

the watershed can alter physico-chemistry and functional composition of invertebrate communities, 

ultimately impairing associated ecosystem processes. The composition of invertebrate functional 

feeding groups (FFGs) and the ecosystem process of leaf breakdown were used as structural and 

functional indicators, respectively, of ecosystem health in upland Kenyan streams. During dry and wet 

conditions, invertebrates were sampled in 24 streams within forest (10), mixed (7) and agriculture (7) 

catchments. Five forest and five agriculture streams were subsequently used for leaf litter breakdown 

experiments using two native (Croton macrostachyus and Syzygium cordatum) and one exotic 

(Eucalyptus globulus) species differing in quality. Coarse- and fine-mesh litterbags were used to 

compare microbial (fine-mesh) with shredder + microbial (coarse-mesh) breakdown rates, and by 

extension, determine the role of shredders in litter processing in these streams. Seasonal influences on 

water quality were observed across catchment land uses.  Total suspended sediments, turbidity and 

total dissolved nitrogen were consistently higher during the wet than dry season. However, seasonal 

influences on FFGs were inconsistent. Catchment land use influenced invertebrate functional 

composition: 21 taxa, including eight shredders, were restricted to forest streams, but abundance was a 

poor discriminator of disturbance. Breakdown rates were generally higher in coarse- compared with 

fine-mesh litterbags for the native leaf species and the relative differences in breakdown rates among 

leaf species remained unaltered in both agriculture and forest streams. Shredder and microbial 

breakdown of leaf litter displayed contrasting responses with shredders relatively more important at 

forest compared with agriculture streams. However, these patterns were inconsistent across leaf 

species over the dry and wet seasons. Overall, shredder mediated leaf litter breakdown was dependent 

on leaf species, and was highest for C. macrostachyus and lowest for E. globulus. This suggests that 

replacement of indigenous riparian vegetation with poorer quality Eucalyptus species has the potential 

to reduce nutrient cycling in streams, with foodwebs becoming more reliant on microbial processing 

of leaf litter, which cannot support diverse consumers and complex food webs.  

1. Introduction 

Developing landscapes to meet human needs has altered surface water hydrology, geomorphology and 

physico-chemistry, impacting the ecology of streams (Allan, 2004; Dudgeon et al., 2006; Vorosmarty 

et al., 2010). Land-use changes in catchments and along riparian corridors have replaced natural 

forests with agriculture, pastures and exotic forestry species (Ferreira et al., 2006; Hladyz et al., 2011). 

Loss of natural riparian corridors alters stream light and temperature regimes and the timing, quality 

and quantity of inputs of leaf litter and dead wood (Elosegi and Johnson, 2003; Wantzen et al., 2008), 

in turn increasing nutrient inputs and primary production (Scarsbrook and Halliday, 1999; Baxter et 
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al., 2005). These changes typically reduce habitat complexity and biodiversity, and affect organic 

matter dynamics, nutrient cycling, water purification and erosion processes (Palmer and Filoso, 2009; 

Acuña et al., 2013).  

Riverine ecosystems exhibit extreme heterogeneity in environmental conditions at multiple temporal 

and spatial scales ranging from microhabitats to whole landscapes (Frissell et al., 1986; Poff et al., 

1997). Tropical streams and rivers are highly dynamic and water quality is influenced by both 

catchment land use, and riparian and in-stream activities (Jinggut et al., 2012; Minaya et al., 2013; 

Silva-Junior et al., 2014). For example, elevated concentrations of nutrients and sediments have been 

recorded in streams draining agricultural catchments during the wet season due to run-off from 

unpaved roads, footpaths and farmlands (Kilonzo et al., 2013). In rural catchments, in-stream human 

activities (water abstraction, bathing, washing and watering of livestock) are influenced by weather 

conditions, being more common during the dry season (Mathooko, 2001; Yillia et al., 2008).  The 

quality and quantity of leaf litter inputs into these streams is also seasonally variable and dependent on 

catchment and riparian conditions (Wantzen et al., 2008).  

Assessing anthropogenic disturbances on streams relies mostly on monitoring metrics of aquatic 

communities and physico-chemistry (Barbour et al., 1999; Bonada et al., 2006).  The relative 

abundances of various taxa and functional feeding groups (FFGs) of stream benthic invertebrates have 

been used as structural indicators (Rosenberg and Resh, 1993; Barbour et al., 1999), while functional 

components (Gessner and Chauvet, 2002; Young et al., 2008) have tended to be neglected. Structural 

and functional indicators are not necessarily concordant, highlighting the need to consider both during 

bioassessment (Gessner and Chauvet, 2002; Bonada et al., 2006). Breakdown of leaf litter is an 

important functional indicator that links riparian vegetation, environmental conditions, microbial and 

invertebrate activities (Vannote et al., 1980; Hladyz et al. 2010; Woodward et al., 2012). However, 

while the use of leaf litter breakdown as a measure of ecosystem functioning is receiving increased 

attention in temperate streams (Gessner and Chauvet 2002; Young et al., 2008; Woodward et al., 

2012), studies in the tropics are limited (Jinggut et al., 2012; Silva-Junior et al., 2014), and the 

influence of seasonality is not well understood. Moreover, variability of leaf litter decomposition is 

likely across climatic regions that differ in environmental factors and invertebrate functional 

composition (Pozo et al., 2011).  

Despite under-representation in the literature, the functioning of freshwater tropical ecosystems is 

highly impacted by human disturbance (Dudgeon et al., 2006). For Africa, balancing increased 

demands for economies, food production, clean water and environmental quality is an increasing 

challenge (McClain, 2013; McClain et al., 2014). Many catchments in East African montane forests 

and high potential agro-ecological zones have lost extensive areas of native vegetation to exotic 

forests, farming, settlement and grazing (Mati et al., 2008; Maitama et al., 2009).  Many landscapes 

are criss-crossed with unpaved roads and footpaths with extensive areas under grazing and farmlands 
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of mainly fast maturing crops. This risks increased soil erosion and sediment loading to streams and 

rivers; most notably during the rainy season.  Indigenous vegetation along streams and rivers in 

agriculture catchments is increasingly replaced by exotic Eucalyptus species. Even though Eucalyptus 

spp. belong to the same group (Family:Myrtaceae) as Syzygium cordatum that is endemic and 

dominant along riparian areas (Mathooko and Kariuki, 2000), Eucalyptus leaves are highly 

sclerophyllous (Graça et al., 2002). As a result, most leaf litter that enters agriculture streams is 

refractory and high in polyphenolic compounds. This can significantly alter microbial, fungal and 

invertebrate communities that colonize leaves, leaf-litter breakdown rates, and the higher trophic 

levels supported by allochthonous resources (Graça et al., 2002; Ardón and Pringle, 2008). 

Partitioning effects of pressures on stream biota at different spatial and temporal scales is often 

lacking, but necessary to guide management and safeguard ecosystem services.  With few exceptions, 

data on ecosystem functioning and the extent of anthropogenic influences on East African streams 

remain limited (Masese and McClain, 2012).  

Leaf litter breakdown in streams is driven by resource quality, activity of consumers and 

environmental conditions (Tank et al., 2010). The chemical composition and physical structure of leaf 

litter influence preferences of shredders and microbial colonization rates (Graça et al., 2001; Ligeiro et 

al., 2010). Nutrient enrichment of streams can accelerate leaf litter breakdown by stimulating 

microbial activities and invertebrate consumption (Rosemond et al., 2002; Gulis and Suberkropp, 

2003), but the stimulation effect is also dependent upon the quality of leaf litter (Ferreira et al., 2006; 

Gulis et al., 2006).  However, land use influences on the diversity and abundance of shredders, which 

are more sensitive to nutrient pollution compared with microbes (Hieber and Gessner, 2002), imply 

that contrasting responses to resource quality among microbes and shredders might be expected. In the 

tropics, higher temperatures stimulate fast rates of microbial breakdown of litter and may reduce food 

availability for shredders (Irons et al., 1994; Boyero et al., 2011c).  Despite the narrow temperature 

range in the tropics, agriculture streams are warmer and with higher electrical conductivity, suspended 

sediments and dissolved nutrients compared with forest streams (Kasangaki et al., 2008; Kilonzo et al., 

2013; Minaya et al., 2013). Effects of these changes on ecosystem functioning are poorly understood 

in African tropical streams where land use change has been linked to terrestrial biodiversity loss and 

changes in the natural flow regimes of rivers (Maitama et al., 2009; Mango et al., 2011; McClain et al., 

2014).  

In this study, I compared the use of functional and structural indicators to detect changes in land use. I 

used leaf litter breakdown as a functional indicator and the composition of invertebrates FFGs as 

structural indicators to assess the influence of rural land use and riparian conditions on ecosystem 

functioning of Kenyan highland streams. Wet and dry seasons functional organization of benthic 

invertebrates were characterized in 24 streams distributed among forest, mixed and agriculture 

catchments. Leaf breakdown experiments were conducted using two native (Croton macrostachyus 
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and Syzygium cordatum) and one exotic (Eucalyptus globulus) leaf species in five forest and five 

agriculture streams. The two native species represent nearly the extremes of the litter quality range of 

native riparian trees in the study area, and the exotic species used has lower litter quality and is 

common along farm edges, and planted as woodlots in riparian areas as well as in commercial 

plantations. I hypothesize that: 1) the influence of land use and riparian disturbance on invertebrate 

structural and functional organization are accentuated by seasonality, 2) breakdown rates of all plant 

species will be higher in agriculture streams than in forest streams, 3) the relative importance of 

invertebrates shredders on litter breakdown will be lower in agricultural than in forest streams, and 4) 

breakdown rates will be species-specific with the nutrient poor species displaying the slowest response 

to land use.  

2. Materials and Methods 

2.1 Study area 

The study was conducted in mid-altitude (1900 m – 2300 m a.s.l) first to third order streams draining 

the western slopes of the Mau Escarpment within the Kenyan Rift Valley. A total of 24 sites were 

selected in the headwaters of the Mara River, which flows to Lake Victoria. The river drains the 

extensive tropical moist broadleaf Mau Forest Complex (MFC) that is a source of rivers draining into 

Lakes Baringo, Nakuru and Victoria (Figure 4.1). Vegetation in the MFC is diverse, with over 95 tree 

species (Blackett, 1994). Catchment and sub-catchments were delineated and land use categorized 

using a combined digital elevation model (DEM), remote-sensing images (Landsat 5 Thematic 

Mapper data of 2008, 30 m resolution) and topographic maps (1:50,000 survey of Kenya 1971). The 

area of each land use type for each sub-catchment draining to a sampling site (point) was calculated. 

Sites were selected in one of 3 catchment-scale land uses that were defined as:  a) forest sites (FOR, n 

= 10) draining catchments with >60% forest; b) agriculture sites (AGR, n = 7) draining catchments 

with >60% agriculture; and c), mixed sites (MIX, n = 7) located in agricultural areas with the upstream 

catchments comprising different proportions of the two main land uses, forestry and agriculture, but 

none with >60%. FOR sites had a mean (±SD) value of 95.3±13.4 % of total catchment area under 

forestry with other land uses (grasslands, shrubland) comprising <10% (Table 1). All FOR sites did 

not have any proportion of agricultural land use. AGR sites had a mean (±SD) of 93.8±3.4% of total 

catchment area under agriculture with the rest of the land uses (roads, bare ground, urban areas) 

comprising <10% of the land area. All AGR sites did not have any proportion of forest land use. MIX 

sites had means of 51.4±11.4% and 44.0±8.6% of land area under forestry and agriculture, 

respectively. Among the three land uses, sites were selected based on accessibility, stream size 

(discharge), in-stream gradient and physical habitat conditions.  
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Figure 4.1. Map of the upper Mara River basin showing position of study sites. All the 24 streams were kick-
sampled for invertebrates while the numbered streams 1-5 in the agriculture (darker shading) and forest (lighter 
shading) land uses were used for leaf litter processing experiments. Modified from Minaya et al., 2013. 
 

The present coverage of the MFC is fragmented and reduced in size because of excisions for human 

settlement, coniferous forest plantations and large- and small-scale cultivation of tea (Lovett and 

Wasser, 1993). Some intact forest blocks are protected as part of forest reserves and national parks 

(Lovett and Wasser, 1993). People living in the adjoining areas are involved in semi-intensive 

smallholder agriculture, characterized by cash crops (mainly tea), food crops (mainly maize, beans and 

potatoes) and animal husbandry. This has also resulted in the loss of indigenous riparian vegetation 

along agriculture streams and rivers where exotic Eucalyptus dominate.  

Climate of the MFC is characterized by low ambient temperatures, falling below 10°C during the cold 

months of January-February. Annual precipitation ranges from 1000 - 2000 mm and is bimodal. Dry 

conditions occur during January-March and July and two wet conditions during April-June and 

October-November, which are periods for the long and short rains, respectively. 
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Table 4.1. Mean (±SE) values for different proportions of land uses in the Agriculture, Mixed and Forest streams 
in the upper Mara River basin, Kenya; agriculture - n = 7, mixed - n = 7, forest - n = 10.  

  Stream types 
Land use proportions Agriculture Mixed Forest 
% Forest - 51.4±11.4 95.3±13.4 
% Agriculture 93.8±3.4 44.0±8.6 - 
% Other land uses 6.3±4.2 4.6±1.2 5.8±3.3 

 

2.2 Physical and chemical variables 

At each site, percent canopy cover, stream width, water depth, velocity and discharge were determined 

over a 100m reach. Percent canopy cover above each stream was estimated visually. Stream width was 

measured at 10 transects located at mid-points of 10-m intervals. On each transect, water depth was 

measured at least at 5 points across the river using a 1-m ruler. Velocity was measured at the same 

points as depth using a mechanical flow meter (General Oceanic 2030). Stream discharge was 

estimated using the velocity-area method (Wetzel and Likens, 2000). Presence or absence of leaf litter 

was noted at each point where depth measurements were made and used to estimate percentage of 

substratum covered by leaf litter. The proportion of riffles and pools in the stream was determined by 

identifying whether each of the 10 transects crossed a pool or a riffle, and recorded as a percentage of 

the 100-m reach. Concurrent measurements of pH, dissolved oxygen (DO), temperature and electrical 

conductivity were measured in situ using a YSI multi-probe water quality meter (556 MPS, Yellow 

Springs Instruments, Ohio, USA), and turbidity was measured using a portable Hach turbidity meter 

(Hach Company, 2100P ISO Turbidimeter, USA). Water samples were collected from the thalweg 

using acid washed HDP bottles for analysis of nutrients, major anions and cations, dissolved organic 

carbon (DOC) and particulate organic matter (POM). For total suspended solids (TSS) and POM 

stream water samples were immediately filtered through pre-weighed glass-fibre filters (Whatman 

GF/F, pre-combusted at 450°C, 4 h). GF/F filters holding suspended matter were carefully folded and 

wrapped in aluminium foil before transport in a cooler box at 4 C to the laboratory. Both the filtered 

and unfiltered water samples were stored and transported in a cooler box and frozen within 10 hours of 

sampling. 

Water quality variables determined in the laboratory were alkalinity, TSS, POM, DOC, total dissolved 

nitrogen (TDN), total dissolved phosphorus (TDP), total phosphorus (TP), soluble reactive phosphorus 

(SRP) and total nitrogen (TN).  Alkalinity (mmol l-1) was determined by potentiometric titration of 

200 ml of filtrate with 0.1 N HCl acid (3.65 g l-1) to a pH of 4.3. GF/F filters holding suspended matter 

were dried (95°C) to constant weight and TSS was determined by re-weighing on an analytical 

balance and subtracting the filter weight. Filters were ashed at 500°C for 4 h and re-weighed for 

determination of POM as the difference between TSS and ash-free-dry weight. DOC and TDN 

concentrations were determined using a Shimadzu TOC-V-CPN with a coupled total nitrogen analyzer 
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unit (TNM-1). TDP was determined using the ascorbic acid spectrophotometric method, while TP, 

SRP NH4-N and TN were determined using standard calorimetric methods (APHA, 1998). Major 

anions, nitrate (NO3
-), ortho-phosphate (PO4

3-), chloride (Cl-) and sulphate (SO4
2-), were determined by 

Ion Chromatography (Dionex ICS-1000) and the major cations, sodium (Na+), potassium (K+), 

calcium (Ca2+), magnesium (Mg2+), dissolved silicates (DSi), using an ICP-MS. Organic matter in kick 

samples was washed into a 100-μm-mesh sieve to remove inorganic materials. This size of organic 

matter that is > 100 μm is collectively referred to as particulate organic matter (POM) in this study. 

POM was dried to a constant mass at 68°C for at least 48 h, and the different fractions (leaves, sticks, 

seeds and flowers) weighed separately using a Sartorius balance. 

2.3 Leaf litter breakdown  

Leaf litter breakdown experiments were conducted during wet- (May-July 2011) and dry- (January-

March 2012) seasons at five forest streams and five agriculture streams in rural agriculture catchments.  

These ten sites were part of the 24 sites for invertebrate kick sampling, and were a compromise 

between representativeness of environmental conditions and effort.  

Three different leaf species were used to test the influence of litter quality on invertebrate colonisation 

and breakdown. I chose two indigenous leaf species- Lace-leaf Croton macrostachyus Hochst. ex 

Delile (Family Euphorbiaceae) [henceforth Croton] and Syzygium cordatum Hochst ex Krauss (Family 

Myrtaceae) [henceforth Syzygium]- that are typical riparian trees along streams in the region and are 

among the ten most dominant species in the MFC (Blackett, 1994; Mathooko and Kariuki, 2000), and 

one exotic species -Eucalyptus globulus Labill. (Family Myrtaceae) [henceforth Eucalyptus]- which is 

the most common replacement species along streams in agriculture catchments in the region (Kenya 

Forestry Service, 2009). Croton leaves are soft and fast decaying and thus were chosen to represent 

high quality leaf litter in the region. In contrast, Syzygium has tough and smooth leaves whose 

breakdown was hypothesized to be comparable with that of Eucalyptus. Syzygium has also been used 

in decomposition studies in the region and was chosen for comparison (Mathooko et al., 2000).  

Abscised leaves were air dried at room temperature for two weeks to attain constant mass before 

weighing. Thereafter leaves were enclosed in either coarse-mesh (10 mm) or fine-mesh (0.5 mm) bags 

(~4 g of each species per bag). Unlike the coarse-mesh, the fine-mesh was meant to exclude shredders 

so that breakdown rates could be attributed to microbial processing only (Gessner and Chauvet 2002). 

Before deployment 252 litterbags were arranged into sets of four replicates per litterbag type (2 types) 

per plant species (3 plant species) in each stream (10 streams = 240 litterbags) per season. The 12 

extra litterbags were used to determine initial ash-free-dry mass (AFDM) for each leaf species. 

Litterbags were deployed at each site and secured by nylon lines sufficiently far apart to avoid overlap. 

Bags were retrieved after 56 days. Loss of invertebrates and leaf fragments was avoided by enclosing 

bags in 300-μm mesh net before removal. Individual bags were preserved in 75% ethanol.   
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2.4 Invertebrates  

Stream invertebrate kick samples were collected once each during the dry (January-February 2011) 

and wet season (May-July 2011). Sample sites included ten least-disturbed forest (FOR) streams 

located in Transmara Forest, seven agriculture (AGR) streams in catchments draining agriculture lands 

and seven mixed (MIX) streams in catchments that were partly forest and partly agriculture (Figure 

4.1). At each site and occasion, and along a 100-m reach of stream, five random kick samples each 

were collected, respectively, from riffles and pools (total 10 samples) using a dip net of 300 μm mesh-

size. An area covering approximately 30 × 50 cm was disturbed rapidly for 10 seconds and all contents 

from the net preserved in 75% ethanol and stored in polythene bags. The rapid sampling method was 

necessary to capture large invertebrates, especially fast moving crabs (Magana et al., 2012).  

2.4.1 Community structure and functional composition  

Kick samples: After sorting from debris, invertebrates were identified to the lowest possible 

taxonomic level or morphospecies with a series of guides (Day et al. 2002a,b,c; de Moor et al., 

2003a,b; Stals and de Moor, 2007; Merritt et al., 2008). All samples from pools and riffles were 

composited for each site per season. Invertebrates were assigned into four FFGs – collectors, 

predators, scrapers and shredders according to Masese et al. (2014a). In summary, gut contents were 

removed under 40 × magnification onto a glass slide before being mounted with polyvinyl 

lactophenol. Using a compound microscope, estimates were made of percent of different food items in 

guts, assumed to be 100% full. Food items identified included vascular plant material (VPM - particles 

>1 mm), coarse particulate organic matter (CPOM – particles from 50 μm to 1 mm), fine particulate 

organic matter (FPOM – particles <50 μm), algae and animal material. Shredders were invertebrates 

whose gut contents comprised mainly leaf and wood fragments >1 mm, while predators fed mainly on 

animal material. Collectors were assumed to consume CPOM and FPOM and scrapers FPOM and 

algae. For invertebrates whose guts were empty or food items indistinguishable, literature was used to 

determine FFG (Dobson et al., 2002, Merritt et al., 2008). 

Litterbag samples: During retrieval, some litterbags were lost to sedimentation and this reduced the 

number of analyzed replicates to 3 per mesh size per leaf species. Invertebrates in litterbags were 

sorted under a stereo microscope and identified to the lowest possible taxonomic level.  Leaves and 

leaf fragments from bags were rinsed and oven-dried at 105ºC for 24-48 h to yield dry mass and then 

ashed at 550 ºC for 4 h and reweighed to calculate percent ash and AFDM.  

2.5 Statistical analyses 

Habitat conditions expressed as percentages were arcsin [�(x/100)] transformed while physico-

chemical variables, except pH, were ln (x+1) transformed before analysis to meet assumptions for 

parametric tests (Zar, 1999). Invertebrate count data were ln (x+1) transformed for parametric tests 
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while un-transformed data were used for non-parametric tests. The arcsin ( (x/100) transformation is 

appropriate for data expressed as a percentage while ln(x+1) transformation is appropriate for count 

data with values less than 10 (Zar, 1999). All statistical analyses were performed with Statistica 

(Version 7, StatSoft, Tulsa, Oklahoma), unless otherwise indicated. Two-way ANOVA was used to 

test for differences in physico-chemical variables, riparian and organic matter variables among land 

uses (AGR, MIX, FOR) and seasons (dry and wet) with land use and seasons as main factors and a 

land use×season interaction term. Where there were no significant seasonal differences, data were 

pooled and one-way ANOVA tested for differences among land uses followed by Tukey multiple post 

hoc comparisons of the means. Principal Component Analysis (PCA) was used to summarize variation 

in physico-chemical variables, riparian and organic matter characteristics among land uses and sites.  

Community structure and functional composition of invertebrates in kick samples and coarse-mesh 

litterbags were described as abundance (number of individuals per sample or litterbag), taxa richness 

(number of taxa per sample or litterbag) and the four FFGs -collectors, predators, scrapers and 

shredders. General linear models (GLMs) were used to test differences in total abundance of all taxa, 

richness of all taxa (number of taxa), shredder and non-shredder richness and shredder abundance in 

kick samples between seasons (dry and wet) and among land uses, followed by post hoc Tukey tests to 

identify differences among land uses and land use×season interactions.  

Non-metric multidimensional scaling (NMDS) was used to visualise invertebrate community structure 

and functional composition in the kick samples among land uses and seasons. Dissimilarity matrices 

based on the Bray–Curtis coefficients (Bray and Curtis, 1957) were derived for 4 data sets: taxa 

presence–absence data of taxa richness for all invertebrates, un-transformed abundances for all 

invertebrate taxa, un-transformed abundances for the four functional groups, and taxa presence–

absence for the four functional groups. Goodness of fit of the ordination was assessed by the 

magnitude of the associated stress value; a value of <0.2 corresponds to a good ordination (Kashian et 

al., 2007). The percentage contribution of each taxon to the overall dissimilarity between agriculture 

and forest land use were quantified by the similarity percentages (SIMPER) routine in Paleontological 

Statistics (PAST) software package (Version 2.17; Hammer et al. 2001). SIMPER is a strictly pairwise 

analysis between two factor levels (Clarke and Warwick, 2001); in this case agriculture and forest.  

Leaf breakdown rates were estimated using an exponential decay model Wt = W0e-kt (Wt = remaining 

AFDM at time t (56 days); W0 = initial AFDM; -k = decay rate (Boulton and Boon, 1991). Breakdown 

rates for fine- (kf) and coarse-mesh (kc) litterbags were calculated separately. To determine the effect 

of excluding potential invertebrate shredders from fine-mesh litterbags on breakdown, kc /kf 

coefficients were calculated for each stream. Similarly, ki /kr coefficients (i for impacted [agriculture] 

and r for reference [forest] streams, respectively) were calculated for coarse- and fine-mesh litterbags 

(Gessner and Chauvet, 2002) to determine the effect of land use on shredder and microbial breakdown, 
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respectively. GLMs were used to compare total taxa richness, shredder and non-shredder taxa 

richness, and shredder abundance in coarse-mesh litterbags for forest and agriculture streams. Four-

way ANOVA explored variation in leaf breakdown rates (-k) with season (wet and dry), land use 

(forest and agriculture), leaf species (Croton, Syzygium and Eucalyptus) and treatment by mesh size 

(fine- or coarse-mesh litterbags) as the main factors, including interactions. Because of lack of 

season×land use×leaf species×treatment-by-mesh-size interactions and to partition seasonal influences 

on breakdown, three-way ANOVAs were re-run separately for the wet and dry seasons with land use, 

leaf species and treatment by mesh size as the main factors, including interactions.  

3. Results 

3.1 Environmental conditions 

Streams in agriculture and forest catchments showed differences in physico-chemical and organic 

matter characteristics, with mixed streams being intermediate (Table 4.2). Factor 1 in the PCA 

ordinations accounted for most variation, distinguishing most forest from agriculture sites (Figure 

4.2abcd). Variables most related to Factor 1 were related to water quality (temperature, turbidity TSS) 

and stream size (discharge, width and depth), which increased towards agriculture and mixed streams. 

Riparian and organic matter characteristics (% canopy cover, % leaf litter and litter biomass) increased 

towards forest streams (Figure 4.2abcd). Canopy cover was >80% in most forest streams with 

decomposing leaf litter and woody debris dominating in pools. In agriculture streams, canopy cover 

was less than 50% and discontinuous in stream reaches frequented by people and livestock. Area 

covered by decomposing litter (% leaf litter) did not differ between seasons but was higher in forest 

than in both agriculture and mixed streams (one-way ANOVA, F2 = 28.62, p <0.001). There were 

significant differences in POM standing stocks among the land uses (one-way ANOVA, F2 = 8.44, p 

<0.05), but not with season (Table 4.2).  

Factor 2 was associated with nutrients (SRP and TDN) and DOC, which increased in agriculture 

streams. Forest streams were cooler (mean temperature: 14.4±0.58 ºC) than agriculture streams (mean: 

18.7±2.88 ºC).  TSS, turbidity, TDN, DOC, Cl-, SO4
-2, HCO3

-, DSi and NH4-N had significantly (p < 

0.05) higher values in agriculture streams than in forest streams (Table 4.2). TSS, turbidity, TDN, 

NH4-N and DOC were consistently higher during the wet season while Cl-, SO4
-2, and HCO3

- were 

higher during the dry season across the three land uses.  Fe++, Na+, K+ and PO4-P, NO3-N and 

conductivity showed no seasonal variation but significantly (p < 0.05) higher values in agriculture 

streams compared with forest.  
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Table 4.2. Mean (±SE) values for physico-chemical variables, riparian conditions and organic matter for streams 
within the three land use categories; agriculture, mixed and forest. Means for physico-chemical variables that 
displayed significant differences (Two-way ANOVA) between the dry and wet seasons have been presented 
separately. Similar superscripts on means indicate no significant difference for variables and organic matter 
among land use types - post hoc Tukey tests; agriculture - n = 7, mixed - n = 7, forest - n = 10 per season.  
*designates significant differences at p < 0.05.  

  Land Use     
Physico-chemical 
Variables  Agriculture Mixed Forest F p – value 

Organic matter fractions 
  Leaves (g/m2) 100. 1±14.8a 117.5±14.0b 162.9±15.2b 5.02 0.012* 
  Sticks/wood (g/m2) 55.8±7.4a 62.1±11.7a 60.22±7.4a 0.14 0.870 
  Fruits and flowers 
(g/m2) 15.9±5.5a 17.5±4.8a 24.2±5.2b 7.20 0.028* 
  Seeds (g/m2) 7.4±0.8a 3.4±0.2a 5.3±0.9a 0.45 0.799 
  Standing stock  (g/m2) 145.6±13.6a 169.1±19.2b 233.0±14.4b 8.44 0.040* 
% Litter 36.8±4.5a 45.2±3.3a 78.1±4.4b 28.62 <0.001* 
% Canopy cover 45.4±2.6a 54.2±2.9a 80.7±4.5b 27.96 <0.001* 
No seasonal variation      
Ca (mg/l) 5.2±0.1a 4.3±0.1a 2. 7±0.5a 5.62 0.051 
Mg (mg/l) 1.3±0.1a 1.4±0.1a 0.9±0.2a 4.10 0.128 
K (mg/L) 9.2±0.8a 4.6±0.3b 4.3±0.2b 8.31 0.016* 
Na (mg/L) 11.8±1.3a 7.7±0. 5b 6.2±0.5b 16.00 <0.001* 
Fe (mg/l) 2.0±0.9a 2.4±1.2a 0.9±0.4b 8.57 0.015* 
NO3-N (mg/l) 1.2±0.3a 1.2±0.4a 0.3±0.1b 11.62 0.003* 
PO4-P (mg/l) 0.2±0.1a 0.2±0.2a 0.1±0.01b 8.97 0.011* 
pH 5.0±0.8a 6.5±1.1a 6.7±0.4a 0.54 0.764 
DO (mg/l) 6.7±0.7a 5.7±1.0a 7.3±0.2a 3.42 0.181 
Conductivity (μS/cm) 167.3±29.6a 116.1±25.8a,b 87.3±11.2b 10.021 0.007* 
Temperature (°C) 18.7±2.9a 16.4±1.9ab 14.4±0.6b 7.61 0.022* 
TP (mg/l) 0.3±0.1a 0.3±0.1a 0.2±0.1a 2.94 0.231 
TN (mg/l) 1.3±0.25a 1.6±0.34a 0.6±0.1b 9.61 0.008* 
SRP (μg/l) 17.2±7.6a 18.7±6.5a 1.3±0.9b 9.61 0.008* 
Seasonal variation    
TSS (mg/l)              Dry 85.7±24.6a 73.3±8.0a 22.7±7.6b 26.17 <0.001*

                           Wet 254. 9±74.1a 173.5±14.6a 36.6±20.5b 20.21 <0.001* 
                                
Turbidity (NTUs)    Dry 64.5±9.5a 38.7±6.1a 7.8±0.8b 8.89 0.012*
                              Wet 122.8±23.3a 77.1±9.2a 21.1±1.2b 7.68 0.023* 
TDN (mg/l)             Dry 1.1±0.3a 1.2±0.3a  0.3±0.2b  6.78  0.041* 

                            Wet 1.3±0.4a 2.8±0.5ab  1.0±0.4b  10.73 0.005* 
POM (mg/l)            Dry 25.0±13.5a 38.5±14.6a 10.6±8.5a 0.089 0.956 

                            Wet 70.7±17.1a 84.6±40.1ab 21.9±10.2b 6.45 0.045* 
DOC (mg/l)            Dry 3.6±0.9a 3.9±0.3a 2.7±0.4b 8.07 0.016* 

                            Wet 8.1±0.92a 4.2±1.23a 3.5±0.6b 14.11 0.001* 
Cl (mg/l)                Dry 5.6±1.4a 6.1±1.2ab 3.8±0.4b 6.38 0.046* 

                           Wet 3.9±0.6 a 5.1±1.2a 1.0±0.8b 6.72 0.035* 
SO4 (mg/l)              Dry 3.8±0.6a 6.1±1.8b 3.2±0.7 a 6.78 0.041* 

                            Wet 2.7±0.5a 4.0±2.1a 0.5±0.4b 7.78 0.020* 
HCO3 (mg/l)           Dry 59.3±18.7a 56.7±6.3ab 25.0±5.6b 10.73 0.00 

                            Wet 23.3±6.9a 29.5±2.1a 13.1±10.8a 3.02 0.223 
DSi (mg/l)              Dry 25.9±2.4a 39.2±2.8a 27.7±2.7b 6.8 0.040* 

                            Wet 38.5±16.4a 25.1±9.3a 9.0±6.6b 4.88 0.039* 
NH4-N (μg/l)           Dry 28.2±13.6 51.3±32.4a 11.2±1.4b 10.73 0.005* 

                            Wet 11.6±7.7a 14.2±8.6a 2.5±1.2b 7.61 0.022* 
% Riffle                  Wet 49.0±2.3a 48.6±5.3a 53.3±5.4a 0.36 0.702 
                              Dry 53.6±4.4a 54.0±5.8a 43.6±2.0a 1.02 0.325 
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% Pool                   Wet 51.2±4.3a 47.9±3.4a 46.7±4.5a 0.40 0.678 
Table 4.2 Continued      

Physical variables Agriculture Mixed Forest F p – value 
                              Dry 52.0±4.8a 51.8±2.3a 62.9±5.7a 2.03 0.118 
Depth (m)              Wet 0.2±0.1a 0.2±0.1a 0.3±0.1a 0.10 0.906 
                              Dry 0.2±0.1a 0.1±0.02a 0.1±0.02a 2.20 0.137 
Width (m)              Wet 2.8±0.4a 2.3±0.3a 2.1±0.3a 1.12 0.346 

                           Dry 3.6±0.9 a 3.1±1.1 a 2.4±0.9 a 0.44 0.651 
Discharge (m3s-1)    Wet 0.6±0.1a 0.5±0.4a 0.4±0.3a 1.56 0.233 
                              Dry 0.2±0.1a 0.1±0.1a 0.1±0.1a 2.85 0.081 

 
 
 

(a)

(d)(c)

(b)

 
Figure 4.2. Principal component analysis on physico-chemical variables (a, b) and riparian and organic matter 
characteristics (c, d) during the wet (a, c) and dry (b, d) seasons. Variation explained by each axis (r2, expressed 
as a percentage) is shown; FOR- n = 10, AGR - n = 7, MIX - n = 7 per season. 
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3.2 Community structure 

A total of 25,887 individuals belonging to 109 taxa were collected. Of the 109 taxa, 81and 93 were 

collected during the dry and wet seasons, respectively. Total abundance was higher during the wet 

than dry season (F1,2 = 7.03,  < 0.05) but did not differ among land uses. Taxa richness was highest in 

forest streams (richness, F1,2 = 3.02, p <0.05), but did not differ between seasons (Figure 4.3). Ninety-

six taxa were found in forest streams, 70 in mixed streams and 60 in agriculture streams. Fifty-four 

taxa occurred in all land uses, 21 taxa were restricted only to forest streams, six to mixed streams and 

two to agriculture streams. NMDS ordinations of abundance data indicated separation of most FOR 

from AGR sites (Figure 4.4a,b), and clear separation of FOR and AGR sites for presence–absence of 

taxa (Figure 4.4c,d) indicating that the difference in invertebrate communities was not only as a result 

of differences in relative abundance, but was also caused by differences in taxa richness.  SIMPER 

identified Simuliidae, Tricorythus tinctus and Pseudocloeon sp. as taxa most influencing the difference 

between FOR and AGR communities during the wet season (Table 4.3). Other important taxa included 

Chironominae, Afronurus sp., Cheumatopsyche thomassetti, Tubifex sp., Hydropsyche sp. and 

Afrocaenis sp. The same taxa were important during the dry season, except for a decrease in 

abundance of most taxa in both FOR and AGR streams.   

3.3 Functional composition  

A total of 19 shredders, 26 collectors, 21 scrapers and 43 predator taxa were identified in the study 

area. All 19 shredder taxa occurred in forest streams, while none were restricted to the streams in 

mixed or agriculture catchments. Eight shredder taxa were restricted to forest streams and another 

eight widespread across all land uses, with a seasonal×land use interaction (F1,1 = 3.94,  < 0.05). In 

both seasons total number of taxa and number of shredder taxa were higher in forest than in agriculture 

streams. Non-shredder richness did not vary among land uses during the dry and wet seasons (Figure 

4.3). Shredder abundance was higher in forest compared with agriculture and mixed streams only 

during the wet season (Figure 4.3). Potamonautes sp.1 was the most abundant shredder in forest 

streams with a mean abundance per sample of (29.6±5.0), followed by Lepidostoma sp. (14.6±2.4) and 

Acanthiops sp. (8.3±3.4). In agriculture streams, Pyralidae sp. 1 dominated abundance (9.3±3.6) 

followed by Lepidostoma sp. (5.9±1.6), then Tipula sp.1 (4.6±1.3).  

 

NMDS ordination plots for un-transformed abundances and un-transformed presence-absence (taxa 

richness) data for the four functional groups were similar during the wet and dry seasons and separated 

most forest streams from agriculture streams on both axes (Figure 4.5abcd). While the responses 

among the various FFGs were variable, abundance and taxa richness of each FFG responded similarly 

to land use influences. 
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Figure 4.3. Mean (± S E) number of taxa, number of shredder taxa, number of non-shredder taxa and shredder 
abundance (transformed to the log[x+1]) during the dry and wet seasons at agriculture, mixed and forest sites for 
kick samples and at agriculture and forest sites for colonized coarse-mesh bags (different letter indicates 
significant differences among land uses). Note the differing range in y-axes. For kick samples FOR- n = 10, 
AGR - n = 7, MIX - n = 7 per season; for coarse litterbag samples, n = 15 for all sites per season. 
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Table 4.3. Top-ranked SIMPER contributors to % dissimilarity in the composition of invertebrate taxa between 
forest (FOR) and agriculture (AGR) sites during the wet and dry seasons. Mean abundance was calculated as the 
number of individuals/ m2 for all sites per land use. FOR- n = 10, AGR - n = 7 per season. 

 
Mean Abundance 
(individuals / m2   

Taxon FOR AGR % Contribution % Cumulative 

Wet season     
Simuliidae 412.0 148.0 17.5 17.5 
Tricorythus tinctus  2.8 115.0 7.7 25.2 
Pseudocloeon sp. 65.5 106.0 6.5 31.7 
Chironominae 65.8 63.6 4.5 36.1 
Afronurus sp. 11.3 78.4 4.4 40.5 
Cheumatopsyche thomassetti  9.7 50.9 3.0 43.5 
Tubifex sp. 5.4 30.6 2.5 46.0 
Hydropsyche sp. 10.6 34.6 2.4 48.4 
Afrocaenis sp. 36.3 10.0 2.4 50.8 
Pisidium sp. 33.4 6.6 2.4 53.2 
Orthocladinae 23.7 20.4 2.1 55.3 
Elminae 6.8 15.0 1.3 56.6 
Acanthiops sp. 14.6 9.9 1.2 57.8 
Lestidae 0.0 9.4 1.2 59.0 
Lepidostoma sp. 9.6 15.0 1.1 60.2 
Dicercomyzon sp. 0.8 22.4 1.1 61.3 
Cheumatopsyche sp. 1 10.4 12.6 1.1 62.3 
Potamonautes sp.1 15.8 0.9 1.0 63.3 
Wormalidia sp. 4.6 10.6 0.9 64.3 
Neoperla spio  13.5 1.1 0.9 65.2 
Tanypodinae 14.6 9.3 0.9 66.1 

Dry season     
Simuliidae 240.5 83.3 8.0 8.0 
Pseudocloeon sp. 46.5 83.5 7.8 15.8 
Cheumatopsyche thomassetti  8.2 80.8 7.2 23.0 
Tricorythus tinctus 4.0 98.0 6.9 29.9 
Chironominae 44.0 63.5 5.9 35.9 
Hydropsyche sp. 12.8 45.3 5.1 41.0 
Tanypodinae 14.1 32.5 3.4 44.3 
Afronurus sp. 4.5 33.0 3.1 47.4 
Pisidium sp. 28.8 5.5 2.8 50.2 
Caenis sp. 2.4 15.3 2.6 52.8 
Cheumatopsyche sp. 19.0 8.8 1.8 54.6 
Scirtidae 16.0 4.4 1.6 56.2 
Afrocaenis sp. 10.8 5.8 1.3 57.5 
Orthocladinae 8.3 8.8 1.3 58.8 
Neoperla spio  12.6 1.8 1.1 59.9 
Wormalidia sp. 10.4 4.5 1.1 61.0 
Elminae 8.3 15.1 1.1 62.1 
Propistomatidae  6.1 5.4 0.9 63.0 
Dicercomyzon sp. 0.0 8.0 0.9 63.9 
Lepidostoma sp. 9.5 4.9 0.9 64.7 
Pyralidae sp.1  0.9 7.3 0.7 65.5 
Acanthiops sp. 0.0 10.8 0.7 66.1 
Potamonautes sp 1 6.9 0.8 0.6 66.7 
Polycentropus sp. 5.3 0.6 0.5 67.2 
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3.4 Leaf litter breakdown 

Across seasons and land use, breakdown rates were species-specific and generally displayed similar 

trends with Croton having the fastest decay rate followed by Syzygium then Eucalyptus (Figure 4.6). 

Breakdown rates (-k) were higher in coarse- than in fine-mesh litterbags for the three species and in 

the two land uses, except for Eucalyptus during the wet season. Plant species and mesh-size influenced 

breakdown rates during the wet and dry seasons, but land use was only important during the wet 

season (Table 4.4). However, lack of interactions between and among the three factors implies that 

shredder and microbial contributions to litter breakdown were not consistent for all plant species 

across sites in the two land uses. During the wet season, there interaction between land use and 

treatment by mesh size was significant while that between land use and leaf species was marginally 

significant (0.05>p<0.1). This indicates that response of breakdown, by both shredders and microbes, 

to land use was dependent on leaf quality. For instance, Croton displayed the greatest response to 

microbial processing in agriculture streams during the dry and wet seasons. However, shredder 

processing were similar for Croton and Syzygium during both seasons and in the two land uses, except 

in agriculture streams during the wet season (Figure 4.6).  Total number of taxa, number of shredder 

taxa and shredder abundance in coarse-mesh litterbags were higher in forest than agriculture streams 

during the wet season. During the dry season, land use effects were not evident; shredder abundance 

was not affected by land use, although shredder taxa richness was higher in forest streams. 

The relative contribution of shredders to breakdown was higher in forest streams for the three leaf 

species and was highest for Croton, followed by Syzygium and then Eucalyptus, except in agriculture 

streams when the contribution was highest in Syzygium (Table 4.5). In coarse-mesh litterbags during 

the dry season the ki/ kr coefficients showed that shredder breakdown of leaf litter was limited in 

agriculture streams for Croton (ki /kr=0.84) but not for Eucalyptus (ki /kr=1.39) or Syzygium (ki/ 

kr=0.99). During the wet season the effects on shredder breakdown were more evident for Croton (ki 

/kr=0.82), and Syzygium (ki/ kr = 0.43) (Figure 4.6). Conversely, during the dry season microbial 

breakdown was enhanced in agriculture streams for Croton (ki /kr = 1.26) and Eucalyptus (ki /kr = 

1.38). During the wet season microbial processing in forest and agriculture streams were similar for 

Croton (ki /kr = 1.08) and Eucalyptus (ki /kr=1.01) and reduced in agriculture streams for Syzygium 

(ki /kr = 0.60).  
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(a) (b)

(c) (d)

 
Figure 4.4. Non-metric multidimensional scaling (NMDS) plots of invertebrate community composition based 
on abundance data of the various taxa during (a) wet season and (b) dry season, and species presence-absence 
data of various taxa during (c) wet season and (d) dry season in the three land uses: forest (FOR), agriculture 
(AGR) and mixed (MIX).  Presence-absence data responded more strongly to land use compared with abundance 
data.  
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Figure 4.5. Non-metric multidimensional scaling (NMDS) plots of invertebrate composition of the four 
functional groups based on abundance data during (a) wet season and (b) dry season, and based on presence-
absence data during (c) wet season and (d) dry season in the three land uses: forest (FOR), agriculture (AGR) 
and mixed (MIX).  Abundance and presence-absence of the functional feeding groups responded similarly to 
land use during the two seasons.  
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Table 4.4. Results of three-way ANOVA exploring variation in leaf breakdown rates (-k) with land use (forest 
and agriculture), leaf species (Croton, Syzygium and Eucalyptus) and treatment by mesh size (coarse and fine 
mesh) during the wet and dry season. Degrees of freedom (df), sums of squares (SS), F-statistic and p-values are 
shown (significant values at p < 0.05 level in bold). 

Source of variation df SS F p

Wet season     
  Land use (LU) 1 1.53 × 10-3 6.35 0.013 
  Leaf species (LS) 2 7.83 × 10-3 16.25 <0.001 
  Treatment by mesh size (Tr) 1 4.08 × 10-3 16.93 <0.001 
  LU × LS 2 1.25 × 10-3 2.59 0.079 
  LU × Tr 1 1.09 × 10-3 4.53 0.035 
  LS × Tr 2 1.73 × 10-4 0.36 0.699 
  LU × LS × Tr 2 3.00 × 10-4 0.63 0.538 
  Error 168 4.05 × 10-2   
Dry season     
  Land use (LU) 1 3.88 × 10-6 0.03 0.875 
  Leaf species (LS) 2 3.40 × 10-3 10.95 <0.001 
  Treatment by mesh size (Tr) 1 1.01 × 10-2 64.88 <0.001 
  LU  ×  LS 2 2.80 × 10-4 0.90 0.408 
  LU  × Tr  1 1.34 × 10-4 0.86 0.354 
  LS  ×  Tr  2 4.11 × 10-3 1.32 0.269 
  LU  ×  LS  × Tr 2 1.12 × 10-3 0.36 0.699 
  Error 168 2.61 × 10-2   

 

Table 4.5. Relationship between leaf litter breakdown rates between coarse- (kc) and fine-mesh (kf) sizes (kc /kf 
coefficient) across all streams used for litterbag experiments. The coefficients show the contributions of 
shredders (coarse-mesh) relative to microbes (fine-mesh) to litter breakdown. Coefficients have been provided 
for each leaf species separately for the dry and wet seasons. Means are for each leaf species per land use and 
season; n = 3 for site means per leaf species per season. The site numbers correspond to litterbag experiments 
site numbers in Figure 4.1. 

 Dry season Wet season 

Land use/ Site Croton Eucalyptus Syzygium Croton Eucalyptus Syzygium 
Forest   
F1 1.89 1.56 1.23 2.95 0.98 1.91 
F2 1.22 0.82 1.47 1.95 1.54 2.60 
F3 1.73 1.53 1.11 1.21 0.90 1.28 
F4 1.80 1.55 1.66 1.60 0.59 1.56 
F5 1.63 1.94 2.15 2.98 1.67 2.50 
           Means 1.65 1.48 1.52 2.14 1.14 1.97 
Agriculture       
A1 0.64 0.85 1.10 0.76 0.31 1.35 
A2 1.28 1.44 2.38 1.45 1.39 2.46 
A3 1.52 0.84 2.03 1.75 0.88 1.96 
A4 1.34 1.16 0.61 1.88 0.26 2.07 
A5 1.74 1.51 2.12 1.53 0.95 0.66 
            Means 1.30 1.16 1.64 1.48 0.76 1.70 
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4. Discussion 
Assessing the influence of catchment land use, riparian and in-stream disturbances (livestock activity, 

bathing and laundry washing) on ecological condition while accounting for natural and seasonal 

variations is essential for natural resource management. In this study, human-induced changes in 

physico-chemical variables, nutrient concentrations and organic matter (leaf litter) were propagated to 

consumers. This skewed the contribution of shredders to leaf litter breakdown in agriculture streams 

and that of microbes in forest streams.  

There were increased concentrations of major ions, turbidity, TSS, conductivity, temperature and 

dissolved nitrogen in streams in agriculture landscapes compared with those in forest. Low 

temperature in forest streams was due to high canopy cover (above 80%) provided by natural riparian 

vegetation, which protected the streams from direct insolation. Most native riparian trees tend to grow 

over the stream whereas Eucalyptus spp. are more columnar to pyramidal in shape.  

In streams that drain catchments of similar geology, variability in electrical conductivity is indicative 

of anthropogenic activities. Whereas turbidity, TSS and bioavailable nitrogen showed a relationship 

with catchment land use, they have been found to be more responsive to local human and animal 

activities in the study area (Minaya et al., 2013; Kilonzo et al., 2013), implying that even among 

agriculture streams variability is expected.  

Seasonal influences on run-off and discharge emphasized differences among land uses in some of the 

variables such as nitrogen, turbidity and suspended sediments. Increased in-stream activities by 

livestock and people observed in streams in agriculture landscapes were major sources of sediments 

during the dry season (see Mathooko, 2001; Yillia et al., 2008), whereas unpaved roads and footpaths 

became major source of sediments during the wet season. Since human activities were irregular along 

agriculture streams, physico-chemical conditions were patchy resulting in greater inter-site differences 

during the dry season.  

Reduced canopy cover due to removal of indigenous riparian vegetation and its replacement by 

Eucalyptus spp. in agriculture streams reduced the quality of litter. The allelopathy of Eucalyptus spp. 

reduce diversity and alter structural attributes of native vegetation (May and Ash, 1990). This could 

further reduce the quality of leaf litter in agriculture streams. Compared with particulate fractions, 

dissolved organic matter was higher in agriculture streams, likely contributed by enhanced primary 

production and inputs of human and animal wastes. 
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Figure 4.6. Mean (± S E) showing the effects of land use, leaf species and treatment by mesh size on leaf 
decomposition rate (-kday-1) for the (a) wet and (b) dry seasons. Similar trends are displayed for decomposition 
of the three leaf-types across land uses during the wet and dry seasons with Croton decomposing fastest followed 
by Syzygium and then Eucalyptus; n = 15 per leaf species, per land use, per season.  
 

4.1 Invertebrate assemblages 

Numerical abundance of invertebrates was a poor measure of disturbance and the abundance of most 

taxa was considerably lower during the dry season. However, these results should be interpreted with 

caution given the short period of the study. Although natural conditions influence taxon richness and 

abundance, it is likely that human activities exacerbated the effects observed in this study. Land use 

activities relating to road building, agriculture and settlements have been found to influence the 

quantity of runoff and sediments that enter recipient water bodies during the rains (Wang and Lyons, 

2003; Donohue and Irvine, 2004). However, during the peak of the dry season, conditions can worsen 

in streams and rivers because, as discharge declines fines accumulate, temperatures rise and dissolved 

oxygen becomes limiting (Harrison and Hynes, 1988; Mathooko and Mavuti, 1992; Shivoga, 2001). 

Long-term studies are needed in these streams to elucidate temporal trends and to differentiate 

between natural variability arising from insect adult emergence and human-induced declines in water 

and habitat quality. 
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Taxa richness varied with land use and season with higher numbers in forest streams compared with 

agriculture streams. However, there was a decrease in land use related influences during the wet 

season and an increase in reach-scale influences during the dry season. During the wet season, spates 

and scouring make the stream substratum more uniform and reduces inter-site differences in 

community structure (Leung et al., 2012). Flow increases connectivity enabling taxa to colonize new 

areas. There is also a notable reduction in human and livestock disturbance during the wet season 

when harvested rainwater is the main source of water for domestic and livestock use, reducing the 

pressure on streams (pers. obser.). In contrast, human and livestock activities (bathing, laundry 

washing and livestock watering) in streams are higher during the dry season (Yillia et al., 2008). As 

this happens at select reaches, impacts are irregularly spaced, resulting in greater spatial variability and 

among land use differences. Rheophilic taxa (e.g., Simuliidae, Tricorythus tinctus, Cheumatopsyche 

spp.) responded to land use influences, signifying the important role played by flow in structuring 

invertebrates in these streams. As flow remains interstitial and exposes riffles, rheophilic taxa are 

disadvantaged while burrowing and pool taxa such as Tubificidae and Chironomidae thrive (Mathooko 

et al., 2005; Masese et al., 2009a). Studies that explore flow-ecology relationships in these highly 

hydrologically variable systems are needed to inform sustainable water resources development 

(McClain et al., 2014). 

During the dry and wet seasons, abundance and taxa richness of FFGs responded similarly to land use 

influences. Shredders exhibited highest diversity in forest streams while collectors were dominant in 

agriculture streams. Changes in water quality and organic matter characteristics can explain the 

skewed distribution of shredder taxa in forest streams. Although shredder numbers are quite variable 

in the tropics, water temperature and leaf litter characteristics play important roles (Yule et al., 2009; 

Boyero et al., 2011a,b,c). In this study, agriculture streams were warmer and with higher nutrient 

concentrations and suspended sediments, and leaf litter was mainly of the exotic Eucalyptus species.  

4.2 Litter breakdown and ecosystem functioning 

The importance of microbes relative to shredders as agents of breakdown in agriculture streams 

compared with forest streams connects land use with stream processes, even though microbial 

breakdown was not measured directly but inferred from the exclusion of shredders in fine-mesh 

litterbags. Shredders, although important in agriculture streams during the dry season, were generally 

disadvantaged for Eucalyptus. Nevertheless, the combined effects of increased microbial activity and 

high abundance and widespread distribution of certain shredders such as Tipula sp.1 and Lepidostoma 

sp. are interpreted to have contributed to increased breakdown rates in some agriculture streams during 

the dry season. This also implies that both seasonal and reach-scale influences were highly relevant for 

invertebrate assemblage structure, and consequently litter decomposition as a metric of function. 

Microbial processing responded more to higher ambient nutrient concentrations in agriculture streams 
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for the higher quality Croton than for Syzygium and Eucalyptus. These results conform to the 

hypothesis that leaf quality mediates the effects of elevated nutrients on microbial processing (Ardón 

et al., 2006). The poorer quality (C:N ratio, 63.7-89.7) of Eucalyptus for shredders compared with 

Croton (10.6-16.2) and Syzygium (38.9-50.9) (unpublished results) is supported by this study. In most 

sites, the kc/kf coefficients were highest in Croton, indicating that invertebrate –mediated breakdown 

was also affected by litter quality.  

Even though reported for individual leaf species, the kc/kf coefficients for Croton and Syzygium 

incubated in forest streams are comparable with a value of 1.98 reported for a litter mixture in a forest 

stream in Borneo (Yule et al., 2009). The decomposition rates of Syzygium in coarse-mesh litterbags 

found in my agriculture streams during the wet season (0.010-0.043 d-1) are also comparable to those 

found by Dobson et al. (2003, 0.022 d-1). Like the Bornean forest stream (Yule et al., 2009), forest 

streams in this study contained diverse and abundant shredder taxa.  

The results of this study have important implications on the management of riverine ecosystems in the 

region. First, catchment-scale pressures influence ecosystem functioning as can be inferred from the 

restricted occurrence of 21 taxa, including eight shredder taxa, in forest streams. The importance of 

reach-scale influences was illustrated by inter-site differences in some physico-chemical variables and 

assemblage characteristics among streams with similar catchment land uses.  To maintain ecological 

integrity of these streams management actions addressing both catchment- and reach-scale are 

required. Second, shredder diversity response to changes in allochthonous POM quality demonstrates 

the potential to affect nutrient cycling when indigenous vegetation is replaced by Eucalyptus species. 

Accumulation of significant amounts of slowly decomposing leaf litter reduces the capacity to support 

diverse consumers and complex food webs via detrital pathways.  Replacing riparian forests with 

exotic tree species also increases available light, stimulating benthic algal production and overall 

ecology of shallow streams and a shift in the relative importance of allochthonous relative to 

autochthonous sources of carbon for food webs. Thirdly, through its controls on discharge, depth and 

material load (particulate and dissolved) seasonality accentuate differences in environmental 

conditions among land uses and within sites among agriculture and mixed land uses.  

Conclusions  
In addition to highlighting the applicability of leaf litter processing and the composition of invertebrate 

FFGs as functional and structural indicators, respectively, of ecological health, this study highlights 

interactions among catchment land use, riparian activities and seasonality as drivers of ecosystem 

functioning in upland tropical streams. While catchment land use is an important determinant of 

temperature and litter biomass in the studied streams, reach-scale influences that affect leaf litter 

quality through exotic introductions and reduced water quality were equally important in structuring 
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invertebrate communities, with effects propagating to consumers and processing of leaf litter. The 

relative differences in breakdown rates among the three plant species remained unaltered in both 

agriculture and forest streams irrespective of mesh-size; Croton was fastest followed by Syzygium 

while Eucalyptus was the slowest. The fast leaf breakdown in fine-mesh litterbags observed in this 

study has been observed in other tropical stream studies, but the comparatively higher rates in coarse- 

compared with fine-mesh litterbags in forest sites in this study (kc/kf  > 1.5) indicate that shredders 

contributed to leaf breakdown. However, shredder contribution to leaf breakdown was dependent on 

leaf species suggesting that replacement of indigenous riparian vegetation with poorer quality 

Eucalyptus species has the potential to reduce nutrient cycling. If unchecked, riparian and watershed 

deforestation will shift the functioning of these streams with foodwebs becoming more reliant on 

autochthonous sources and microbial processing of leaf litter, which cannot support diverse consumers 

and complex food webs.  
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Abstract  

This study assessed the influence of land use change on the composition of dissolved organic matter 

(DOM) and its links with ecosystem metabolism in upland Kenyan streams. A total of 50 sites in 34 

streams spread out across a land use gradient were sampled for spatial variation in DOM composition.  

Whole-stream rates of GPP and ER were determined using the upstream-downstream (two stations) 

diurnal dissolved oxygen change technique at 10 streams in forest (n = 5) and agriculture (n = 5) land 

uses during dry and wet conditions. Water samples were analyzed for fluorescence and absorbance 

spectra of DOM, concentrations of dissolved organic carbon (DOC), nutrients and major ions. 

Agriculture increased conservative ions and nutrients but the concentration of DOC did not differ 

among land uses. Absorbance and fluorescence spectrophotometry of DOM indicated notable shifts in 

DOM composition along the land use gradient. Forest streams were associated with higher molecular 

weight and terrestrially derived DOM whereas agriculture streams were associated with 

photodegradation, autochthonously produced and low molecular weight DOM due to the open canopy. 

Streams draining mixed land use displayed intermediate characteristics that were largely driven by 

near-stream reach-scale influences. However, aromaticity (SUVA254) was high at all sites irrespective 

of land use, indicating that soils in agricultural areas were sources of humic and high molecular weight 

DOM that is likely mobilized during tillage.  Longitudinal stream-size-dependent shifts in DOM 

composition were noted but trends mimicked and bore an imprint of land use. Gross primary 

production (GPP) and ecosystem respiration (ER) where generally higher in agriculture streams 

favoured by the low canopy and higher nutrient concentrations compared with forest streams. Both 

GPP and ER responded to seasonality with higher rates during the dry season at both forest and 

agriculture streams. GPP also increased with stream size consistent with increased primary production 

and changes in DOM composition with opening of the canopy. There were links between GPP and ER 

rates and DOM composition whereby optical properties of DOM largely agreed with direct measures 

of ecosystem metabolism as demonstrated by relationships between DOM indices (fluorescence and 

freshness indices, , and FI) and GPP and ER rates. This is one of the first studies to link land-use 

change, organic matter dynamics and ecosystem metabolism in African tropical streams, extending the 

geography in which these global-change processes have been documented. The potential consequences 

of these changes in East Africa are significant because of the close linkages between ecosystem 

services and human wellbeing and livelihoods.  

1. Introduction 

Headwater streams in uence the ecology and geomorphology of higher order streams as sources of 

water, sediments, organic matter, woody debris and nutrients (Wipfli et al., 2007; Lamberti et al., 

2010). The contribution of headwater streams to the biogeochemical budgets of watersheds is also 

important, especially in terms of transfer and transformation of carbon, nitrogen and associated 
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elements (Williamson et al., 2008). It is now recognized that streams are not just conduits of material 

delivery but also play a major role in the global carbon cycle (Cole et al., 2007; Battin et al., 2008; 

Aufdenkampe et al., 2011). One way to determine whether headwater streams work as sinks or sources 

of carbon is through the analysis of whole-stream ecosystem metabolism. Ecosystem metabolism 

integrates processes that control nutrient cycling and organic matter dynamics in streams and its 

determination is a good indicator of both ecosystem functioning and health (Young et al., 2008; Tank 

et al., 2010; Staehr et al., 2012).  

Dissolved organic matter (DOM) is the most ubiquitous form of carbon in aquatic ecosystems and 

plays an important role in nutrient cycling (Bormann and Likens, 1967; Wetzel, 1992). In headwater 

streams, DOM is primarily derived from leaching of leaf litter, but this allochthonous resource is 

considered to be more refractory to bacterial growth (Meyer et al., 1998). On the other hand, DOM 

derived from primary production and microbial activities in streams is generally more labile and 

bioavailable (Farjalla et al., 2009). The application of spectrophotometric techniques to measure 

optical properties of DOM has enabled its characterization for different purposes, including 

differentiating among allochthonous, autochthonous, waste-derived and agricultural sources in aquatic 

ecosystems (Jaffé et al., 2008; Fellman et al., 2010).  

Much of our understanding of the effects of land use change on organic matter dynamics in streams 

and rivers is based on studies of temperate ecosystems (see Staehr et al., 2012 and references therein). 

This is disproportionate considering that tropical streams and rivers transport >60% of the global 

riverine carbon (Ludwig et al., 1996; Schlünz and Schneider, 2000), and display higher rates of CO2 

flux than their temperate counterparts (Aufdenkampe et al., 2011). The limited number of studies on 

ecosystem metabolism and carbon cycling in tropical streams has hampered generalizations about 

determinants of ecosystem functioning and predicting impacts of regional and global human 

disturbances, notably land use change and climate change. 

Catchment land use change and loss of riparian corridors to deforestation have had a disproportionate 

influence on the functioning of headwater streams mainly through changes in biological communities, 

organic matter dynamics, nutrient input and metabolism rates (Bilby and Bisson, 1992; Bernot et al., 

2010).  Because DOM quality is as important as DOM quantity in the understanding of carbon 

dynamics in streams (Battin et al., 2008; Tank et al., 2010), many studies have sought to link 

catchment land use and DOM quality (composition) in streams. The influence of agricultual land use 

on DOM composition has been uneiquivocal, although the responses in specific properties of DOM 

have been variable. For instance, increased contributions of microbially derived and structurally less 

complex DOM to agriculture streams have been reported (Wilson and Xenopoulos 2009; Williams et 

al., 2010). In contrast, Graeber et al. (2012) found the percentage of land under agricultural use to 

increase the amount of structurally complex and aromatic DOM in streams. These apparently 
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divergent findings suggests that the proportion of agricultural land use within a catchment alone is 

unlikely to explain patterns in DOM composition in recipient streams. Land use history, soil type, 

tillage practice or technique, catchment topology, climate and alterations to hydrological residence 

time and flow paths, in addition to the uptake rates and provenance to metabolism of the different 

pools of DOM,  have all been identified to contribute somewhat to DOM concentration and 

composition in streams (Ogle et al., 2005; Ewing et al., 2006; Cawley et al., 2014). However, despite 

the potential linkage between DOM composition and ecosystem metabolism in aquatic ecosystems 

(Cammack et al., 2004; Barrón et al., 2014), few studies have investiaged this linkage in streams 

(Halbedel et al., 2013; Kaushal et al., 2014). To improve our understanding and models of global 

carbon cycles, more data are needed on headwater streams across different biomes and climates 

(Battin et al., 2008). More studies that examine the spatio-temporal variability in DOM amount and 

composition and its relationship with ecosystem metabolism are also needed to improve understanding 

of the functioning of riverine ecosystems in the current times of change.  

Studies on fluvial metabolism and its controls in African tropical streams are very limited. As is the 

case with temperate low order streams, dense canopy cover in African tropical streams in humid 

montane forests limits light availability and maintains low water temperature (Chapman and 

Chapman, 2003), conditions that can lead to net heterotrophy. However, land use change as a result of 

deforestation is widespread (Foley et al., 2005; Chapman and Chapman, 2003; Fidelis, 2014), resulting 

in increased water temperature, inputs of nutrients and sediments and reduced leaf litter input 

(Magana, 2001; Kasangaki et al., 2008; Masese et al., 2014a,b).  These changes have implications on 

organic matter dynamics, light regimes, primary production and the diversity and composition of 

biological communities. Even with the limited data on direct measures of ecosystem metabolism in 

African tropical streams, indirect measures based on macroinvertebrate functional feeding groups in 

streams across a land use gradient from forestry to agriculture have reported accompanying shifts in 

ecosystem functioning from heterotrophy to increasing autotrophy (Masese et al., 2014a).  

In this study, I determined possible effects of agricultural land use on DOM composition and 

ecosystem metabolism in headwater streams. The spatial variation in DOM concentration and 

composition was compared at 50 sites located among 34 streams draining different proportions of 

forest and agricultural land in the headwaters of the Mara River basin, Kenya. Following the strong 

temporal flow variations in tropical streams, I also examined seasonal variation in land use-related 

patterns of DOM amount and composition at 10 streams (5 forest and 5 agriculture) that were sampled 

during the dry and wet seasons. The same sites were also used for direct measurements of ecosystem 

(whole-stream) metabolism (gross primary production and ecosystem respiration). I also investigated 

possible linkages between DOM composition and ecosystem metabolism in the 10 streams. I 

hypothesized that (1) the land use change from forest to agriculture has affected DOM composition in 

agriculture streams, (2) agriculture streams have higher rates of ecosystem metabolism as a result of 



95 
 

increased nutrient concentrations and reduced canopy cover and finally, (3) because DOM 

composition can influence its bioavailability for metabolism and, reciprocally, ecosystem metabolism 

can affect DOM composition, I hypothesized that such dependencies should lead to relationships 

between measures of ecosystem metabolism and DOM composition in streams draining different land 

uses. To better understand sources of DOM and its cycling in tropical streams, I also investigated the 

longitudinal variation in the composition of DOM as streams increase in size (Vannote et al., 1980).  

2. Methods 

2.1 Study Area 

The study was conducted in mid-elevation (1900 m – 2300 m a.s.l) streams draining the western 

slopes of the volcanic Mau Escarpment, which forms part of the Kenyan Rift Valley. The streams 

form the headwaters of the Mara River that flows to Lake Victoria. The river drains the extensive 

tropical moist montane broadleaf Mau Forest Complex (MFC) that is a major water tower in Kenya 

(Figure 5.1). The MFC is the largest single block of montane forest in East Africa, but its present 

coverage is much fragmented and reduced because of excisions for human settlement, coniferous 

forest plantations and large-scale and small-scale cultivation of tea (Lovett and Wasser, 1993). 

However, some intact forest blocks remain and are protected as part of forest reserves and national 

parks. People living in the adjoining areas are involved in semi-intensive smallholder agriculture, 

characterized by cash crops (mainly tea), food crops (mainly maize, beans and potatoes) and animal 

husbandry. This has also resulted in the loss of indigenous riparian vegetation along agriculture 

streams and rivers where exotic Eucalyptus species dominate riparian vegetation. Moreover, with 

human population growth averaging 3% p.a., land use practices in the region are bound to intensify 

with remnant forest along river corridors likely to be cleared for farming and other uses.  

Climate of the area is relatively cool and seasonal, characterized by distinct rainfall seasons and low 

ambient temperatures that fall below 10°C during the cold months of January-February. Annual 

precipitation ranges from 1000 - 2000 mm. Dry conditions occur during January-March and two wet 

conditions during March-May and October-December, which are periods for the long and short rains, 

respectively. Temporal variability in wet and dry conditions is high due to other controlling factors, 

especially variable sea-surface temperatures in the Indian Ocean, which strongly influence the short 

rains (Black, 2005). Spatially, rainfall in the river basin varies as a function of elevation, with higher 

rains on the Mau Escarpment. 

The region contains moderate levels of species richness and relatively low rates of endemism in 

comparison to other tropical eco-regions around the equatorial belt of Africa (Obati, 2007). MFC is 

part of Kenyan montane forests that are found in the central and western highlands. The volcanic 

mountains contain evergreen seasonal forests and evergreen forests.  Vegetation patterns of the MFC  
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Figure 5.1. Location of metabolism sites and spatial dataset sites in the upper Mara River basin, Kenya. 
 

are diverse, but there is a broad altitudinal zonation. Pockets of less-disturbed montane forest hold 

Olea capensis, Prunus africana, Albizia gummifera and Podocarpus latifolius, Xymalos monospora, 

Syzigium guienense, Celtis africana, Aningeria adolfi-friederieri and Zanthoxylum gilletii indicating 

fewer disturbances (Obati, 2007). Croton macrostachyus and Syzygium cordatum are common along 

riparian corridors of streams in the region and are among the ten most dominant species in the MFC 

and the surrounding areas (Blackett, 1994; Mathooko and Kariuki, 2000). Above 2300 m a.s.l the 

montane forest gives way to thickets of Bamboo Arundinaria alpina mixed with forest and grassland, 

and finally to montane sclerophyllous forest near the escarpment crest. Substantial parts of the high 

Juniperus-Podocarpus-Olea forest have been encroached and cleared, although sections remain in 

good condition. Cleared areas have been converted to plantation forest with pine and cypress species 

(Obati, 2007).  

During the dry season shedding of leaves is higher in the region (Magana, 2001), and some tree 

species are known to shed all their leaves (pers. obser.). This phenological characteristic makes the 
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forest canopy to slightly open; it is much easier to walk through the forest and along streams for the 

same reason, as opposed to during the wet season when the vegetation is denser and undergrowth 

more impenetrable. Consequently shading in streams is minimized and insolation is higher and for 

longer periods due to limited cloud cover.  

2.2 Sampling design 

To capture spatial variability in dissolved organic matter characteristics, nutrient concentrations and 

water physicochemistry, 50 sites were selected along 34 streams on December 2011-January 2012. 

Sites were located in streams draining a gradient of catchment land use from 100% forestry to 100% 

agriculture and classified into three broad land use categories depending on the proportions of forest 

and agriculture land uses. Based on the Digital Elevation Model of Kenya (90 m by 90 m), obtained 

from the Shuttle Radar Topography Mission, catchments were delineated and the area of each land use 

category upstream of each sampling site calculated. Forest sites (FOR) and agriculture sites (AGR) 

drained catchments with the proportion of catchment land use under forestry and agriculture >70%, 

respectively. Mixed (MIX) sites did not meet the catchment land use criteria for FOR and AGR sites. 

Data collected from the 50 sites constitute the synoptic data set used to explore effects of catchment 

land use on organic matter characteristics, water quality, nutrient concentrations and DOM 

composition in AGR, MIX and FOR streams. In addition, ecosystem metabolism measurements and 

its links to DOM composition were conducted at 10 streams (5 AGR and 5 FOR) during the wet 

(November - December 2011) and dry (January - March 2012) seasons. These data constitute the 

experimental data set. 

2.3 Physical and chemical variables 

At the synoptic and experimental sites, pH, dissolved oxygen (DO), DO saturation, temperature and 

electrical conductivity were measured in situ using a YSI multi-probe water quality meter (556 MPS, 

Yellow Springs Instruments, Ohio, USA). Turbidity was measured using a portable Hach turbidity 

meter (Hach Company, 2100P ISO Turbidimeter, USA). Water samples were collected from the 

thalweg using acid washed HDP bottles for analysis of nutrients, major anions and cations, dissolved 

organic carbon (DOC) and particulate organic matter (POM). For total suspended solids (TSS) and 

POM, water samples were filtered immediately through pre-weighed and pre-combusted (450°C for 4 

h) GF/F filters (Whatman International Ltd., Maidstone, England). All samples were stored and 

transported in a cooler to the laboratory and frozen within 10 hours of sampling.  

Water samples for DOM characterization were collected in 30 ml amber glass bottles. The bottles 

were cleaned with 0.1M HCl, soaked overnight in distilled water and then combusted (450°C, 4 h) 

before transport to the field. Water samples were filtered on site using pre-combusted (500 °C, 4 h) 

GF/F filters. For the synoptic data set replicate samples were taken per site. For the experimental data 
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set, samples were taken from upstream and downstream of each study reach. Samples were wrapped in 

aluminium foil and transported in a cooler before being frozen in the laboratory until analysis. 

Freezing of samples was necessary because of the long period of storage of samples before analysis in 

Delft, the Netherlands. However, freezing has been shown to reduce specific ultraviolet absorbance 

(SUVA), total dissolved phosphorus and DOC concentration (Spencer et al., 2007; Fellman et al., 

2008). Short-term cold storage in a refrigerator has similar effects as single freezing and thawing 

(Hudson et al., 2009), hence stronger long-term effects of cold storage due to continuous oxidation and 

microbial activity that would occur were potentially avoided by freezing and thawing the samples only 

once and processing them identically. It is therefore assume that this impacted all samples similarly 

and had minimal influence on the results. 

2.4 Ecosystem metabolism  

Whole-stream rates of GPP and ER were determined using the upstream-downstream diurnal 

dissolved oxygen (DO) change technique (Marzolf et al., 1994; Young and Huryn, 1998) in a 100 m 

study reach in each stream. This method allows metabolism estimates in a parcel of water flowing 

between two points in a reach by attributing changes in O2 to photosynthesis, respiration and re-

aeration. DO and temperature were measured using Hydrolab sondes (MS5 equipped with luminescent 

dissolved oxygen sensors, Hach Hydromet) that were set to record data every 5-20 minutes at 

upstream and downstream stations over a 24-h period. Oxygen flux was calculated based on the 

average oxygen saturation deficit or excess within the study reach. The re-aeration rate (k) was 

measured from changes in dissolved propane concentration during steady-state injection of propane 

and a conservative tracer (Cl-) used to account for dilution of propane caused by groundwater inflow 

(Genereux and Hemond, 1992). The re-aeration rate of propane was converted to oxygen using a 

factor of 1.39 (Rathbun et al., 1978). For comparison, k was also calculated using the physical 

characteristics of the stream channel using the energy dissipation model (EDM, Tsivoglou and Neal, 

1976) as follows: k20 = K' x S x V where k20 is the oxygen re-aeration rate at 20 °C (day-1), K' is an 

empirical constant equivalent to 28.3 x 103 s m-1 day-1 for streams with discharge values < 280 L s-1, S 

is the channel slope (m m-1) and V is velocity (m s-1). k obtained from the two methods were corrected 

for water temperature according to Elmore and West (1961). Although there are a number of 

physically based methods for estimating re-aeration rate (Genereux and Hemond, 1992), I chose EDM 

because it has been recommended for use in open-system methods for determining metabolism in 

streams (APHA, 1998). 

Gaseous O2 exchange with the atmosphere ( DO) was calculated based on the oxygen saturation 

deficit or excess within the study reach and corrected for re-aeration ( k) following Marzolf et al. 

(1994): M = ((Ct - Cto)/ t – KO2D)*Z, where Cto is the O2 concentration at the upstream site (g O2 m-3), 

Ct is the O2 concentration at the downstream site,  t is the travel time, KO2 is the temperature-
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corrected re-aeration coefficient of O2, D is the saturation deficit or excess  and Z is mean stream 

depth. Ecosystem respiration (ER) was calculated by summing the re-aeration-corrected �DO 

measured during the night while daytime ER was determined by extrapolating between the net oxygen 

change rate during the 1-h predawn and postdusk periods. Gross primary production (GPP) was 

calculated by summing the respiration rate during the photoperiod and �DO. GPP and ER were used 

to calculate net ecosystem production, which reflects the balance between autotrophic and 

heterotrophic processes in the ecosystem, as the difference between GPP and ER (i.e., NEP = GPP – 

ER). 

A number of physical, chemical and biological characteristics were determined at each study reach to 

establish relationships with stream metabolism. Canopy cover above each stream was estimated 

visually and expressed as a percentage. Stream width, depth and water velocity were measured at 11 

transects located along each reach, and discharge was estimated using the velocity-area method. 

Known volumes of water were filtered through a 0.7 μm pore-sized GF/F filters for water column 

chlorophyll a determinations. In addition, samples from each major benthic substrate type were 

collected for benthic chlorophyll a determination. For hard surfaces (e.g. cobbles), a recorded area of 

substrate was scrubbed for biofilm and the slurry filtered through a 0.7 μm GF/F filtrers. For soft 

sediments (gravel, sand and silt), a fixed area of the top 20mm of substrate was removed using a cut-

off 60ml syringe. All chlorophyll a samples were wrapped in aluminium foil to prevent exposure to 

light, transported on ice and stored frozen in the laboratory until analysis. Triplicate samples of coarse 

particulate organic matter (CPOM) were collected from pools, riffles and runs by kicking a standard 

1m2 of stream bottom using a kick net (mesh size 1 mm). The standing crop of detrital fine benthic 

organic matter (FBOM) was determined according Mulholland et al. (2000). An open-ended bucket 

was placed into the stream and sediments vigorously agitated to a depth of about 10 cm. The slurry 

was subsampled using 500 ml HDEP bottles. Because of logistical constraints, comprehensive data on 

particulate organic matter quantity and instream characteristics were collected only during the dry 

season. 

2.5 Laboratory analyses 

Alkalinity, total dissolved phosphorus (TDP), total phosphorus (TP), soluble reactive phosphorus 

(SRP) and total nitrogen (TN) were determined using standard colorimetric methods (APHA, 1998). 

GF/F filters holding suspended matter were dried (95°C) to constant weight and TSS was determined 

by re-weighing on an analytical balance and subtracting the filter weight. The filters were then ashed 

at 500°C for 4 h and re-weighed for determination of POM as the difference between TSS and ash-

free-dry weight. Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) concentrations 

were determined using a Shimadzu TOC-V-CPN with a coupled total nitrogen analyzer (TNM-1) and 

used to calculate C:N ratio. Dissolved organic nitrogen (DON) was calculated by subtracting the 
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inorganic nitrogen (NO3-N and NH4
+) from TDN. Chlorophyl a pigments were extracted by 90% 

ethanol and concentrations were determined spectrophotometrically (APHA, 1998). Major anions 

NO3
-, ortho-phosphate (PO4

3-), Cl- and SO4
2- were determined using a Dionex ICS-1000 ion 

chromatographer equipped with an AS-DV auto sampler, and the major cations Na+, K+, Ca2+, Mg2+, 

dissolved silicates (DSi) and NH4
+ using an ICP-MS. CPOM samples were sorted to remove 

invertebrates and inorganic materials and dried to a constant mass at 68°C for  48 h. The mass of 

different CPOM fractions- leaves, sticks, seeds and flowers - were weighed separately using a 

Sartorius balance (precision 0.1 mg). The FBOM samples were dried (68 °C), then weighed, 

combusted (500 °C) and reweighed to determine AFDM. CPOM and FBOM biomass were expressed 

per unit area sampled. 

2.5.1 Optical properties of DOM 

Absorption spectra (200 to 600 nm) of DOM were measured on a UV-2501PC UV/VIS 

spectrophotometer (Shimadzu, Duisburg, Germany) using a 1 cm quartz cuvette.  Prior to analysis, 

samples were brought to room temperature. MilliQ-Water was used as a blank. Absorption 

coefficients were determined following a  = 2.303 A( ) / l where A( ) is the absorption coefficient at 

wavelength  (in nm) and l the cuvette path length (m). A number of optical properties of DOM were 

calculated from the scans. The absorption coefficient ratio a254/a410 was calculated as an indicator of 

molecular weight and aromaticity (Baker et al., 2008).  The specific UV absorbance at 254 nm 

(SUVA254) which is the ratio between the UV absorbance at 254 nm (m-1) and DOC concentration (mg 

L-1) was calculated as an indicator of aromaticity and DOM concentration (Weishaar et al., 2003). A 

commonly used ratio of absorption coefficients E2:E3 (a :a  was calculated and used to provide 

further information about DOM aromaticity and molecular weight (Peuravuroi and Pihlaja, 1997; 

Helms et al., 2008). The spectra slope ratio (SR) was computed as the ratio of the short wavelength 

slope (S275-295) and the long wavelength slope (S350-400). Both SR and S275-295 are inversely correlated 

with average molecular weight of DOM and are associated with photodegradation (Helms et al., 

2008).  

Fluorescence of DOM was measured with a FluoroMax-3 spectro-fluorometer (Jobin Yvon [now 

HORIBA Scientific], Longjumeau, France). Excitation-emission matrices (EEMs, Figure 5.2) were 

obtained by a 3D-scan of fluorescence over an excitation range of 220 to 450 nm (at 10 nm 

increments) and at an emission range of 350 to 600 nm (at 2 nm increments) using methods outlined in 

Cory and McKnight (2005) and Cory et al. (2010). To correct for instrument bias related to 

wavelength-dependent efficiencies, instrument specific files supplied by the manufacturer were 

applied. Normalized blank EEMs were subtracted from each sample EEM to eliminate effects of 

Raman and Rayleigh scattering.  EEMs were also corrected for inner-filter effects and normalized to 

Raman units (in nm-1, Raman peak area of the blank at 350 nm excitation). The processing of EEMs  
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Issey II Issey I

Mosoriot Sara

Bomet Kaki

Kips TNK

 
Figure 5.2. Excitation-emission matrices (EEMs) from wet season water samples collected from forest (Issey II, 
Issey I, Mosoriot and Sara) and agriculture (Bomet, Kaki, Kips and TNK) streams in the upper Mara River basin, 
Kenya. 
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was done in MATLAB 8.2 (Mathworks, MATLAB 2013) and yielded three fluorescence indices: 

fluorescence index (FI) (McKnight et al., 2001); freshness index ( : ) (Wilson and Xenopoulos, 2009) 

and biological autochthonous index (BIX) (Huguet et al.,  2009). The FI provides information on 

DOM origin, distinguishing terrestrially derived DOM (FI~1.3) from microbially derived DOM 

(FI~1.8) (McKnight et al., 2001). :  indicates the proportion of recently produced DOM relative to 

more decomposed DOM (Parlanti et al., 2000; Wilson and Xenopoulos, 2009).  values > 1 indicate 

that DOM is primarily of autochthonous origin and values < 0.6 indicate primarily allochthonous 

origin (Huguet et al. 2009). BIX estimates autochthonous biological activity with values higher than 

0.8 indicating freshly released and autochthonously produced DOM whereas lower values indicate less 

autochthonous DOM (Huguet et al., 2009).  

2.6 Statistical analysis 

For the synoptic data set, one-way analysis-of variance (ANOVA) was used to test for differences in 

water quality variables, optical properties of DOM and its concentration among land uses followed by 

post hoc Tukey’s Honestly Significant Difference (HSD) multiple comparisons of means.   Principal 

Component Analysis (PCA) was used to summarize variation in physico-chemical variables and 

optical properties of DOM among land uses. Effects of land use and river distance (RDS) were tested 

on the first four principal components arising from the PCAs using analysis-of-covariance 

(ANCOVA) with land use, percent of land use under agriculture (arcsine of % AGR) and RDS 

(calculated as the as drainage area [DA]) as covariates. The length of stream paths leading to a point 

in the drainage can be expressed as a power function of the DA which has been estimated to be 0.5 

(Gregory and Walling, 1973). Rasmussen et al. (2009) notes that DA represent the average distance 

covered by tributaries before they join at a point in the mainstem. Thus, DA was used both as a 

measure of a size of a stream and its longitudinal distance. Consequently, to more closely examine the 

effect of RDS on DOM composition, relationships between optical properties of DOM and RDS were 

explored by pair-wise simple linear regression (SLR).  

For experimental data set, PCA was used to condense and summarize data that were grouped into four 

multivariate data sets; (i) water physico-chemistry including conservative ions and nutrients (but 

excluding all carbon-related information), (ii) all absorbance and fluorescence indices (optical 

properties) describing the quality of DOM), (iii) all data related to organic matter quantity (both 

dissolved and particulate), including TSS and canopy cover, and (iv) measures of stream size 

(catchment area, discharge, depth, wetted and flowing width). The first four PCA-axes (principal 

components) of the multivariate data sets were subsequently used as factors controlling rates of GPP 

and ER in simple and stepwise multiple regressions. Other factors considered were Ln TDN, Ln NO3-

N, Ln NH4
+, Ln DOC, Ln FBOM, Ln CPOM, arcsine % canopy cover, arcsine % AGR land use,  Ln 

C:N ratio and arcsine % POM in TSS. Correlation analysis was used to examine the association  
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Plate 5.1: Effects of runoff on suspended sediments in (a) agriculture and (b) forest streams in the upper Mara 
River basin. The photos were taken minutes after a rain event. 

 

between rates of GPP and ER. Simple linear regressions were used to examine relationships between 

metabolism measurements and DOM composition by season. Both the individual optical indices 

(absorbance and fluorescence based) and the first four PCA-axes of DOM composition were 

considered. Mann-Whitney U tests (Mann and Whitney, 1947) were used to test for differences in 

GPP and ER rates between season and land uses. Statistical analyses and graphs were done in 

Statistica (Statistica, Version 7, StatSoft, Tulsa, Oklahoma), SigmaPlot Version 12.0 (Systat Software, 

San Jose, CA) and Microsoft Excel 2007. Data were appropriately transformed using natural-log or 

arcsine transformations before analysis to meet assumptions for parametric tests.  

3. Results 

4. Land use effects on water quality and DOM composition  

Synoptic data set: Streams in agricultural (AGR) and forest (FOR) catchments showed differences in 

physico-chemistry and DOM composition (Plate 5.1, Table 5.1).  Mixed streams (MIX) displayed no 

particular pattern in some of the variables and behaved as either AGR or FOR streams or both. 

Following PCA ordinations to establish land use effects on water quality and DOM composition 

(Figure 5.3abcd), Factor 1 (PCA-axis 1) accounted for most variation (52.8%) in the water quality 

PCA ordinations. Higher concentrations of nutrients (TDN and NO3-N) and conservative ions (Cl-, 

SO4
-2) were associated with agriculture streams (Figure 3ab).  Land use driven variation of DOM  
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Table 5.1. Land use affects stream water nutrients, conservative ion concentrations and optical properties of 
DOM and organic matter. Mean (±SD) physico-chemical water quality variables and optical properties of 
dissolved organic matter and its concentration, carbon to nitrogen (C:N) ratio, organic matter standing stocks and 
chlorophyll a concentrations for three catchment land use categories mixed (MIX), forest (FOR) and agriculture 
(AGR) in the upper Mara River basin, Kenya. Statistics of one-way analysis of variance (ANOVA) results 
among three land use categories are presented together with post hoc Tukey’s HSD comparisons among means. 
Similar superscripts among means indicate lack of significant differences between land uses at p < 0.05. Model 
degrees of freedom (df) = 2 and residual df = 31. *asterisk indicate significant differences at p < 0.05, one-way 
ANOVA. # 

Land use means ± SD Statistics

FOR MIX AGR F p

RDS (sqrt DA in Ha) 38.1±21.8a 206.6±69.0b 19.7±18.0a 67.5 0.0000* 

DOC (mg/L) 1.7±0.4a 1.1±0.4a 1.4±0.7a 3.0 0.0642 

TDN (mg/L) 1.2±0.5a 1.7±1.2a 6.6±2.6b 44.3 0.0000* 

TDON (mg/L) 0.2±0.1a 0.2±0.2a 0.5±0.2b 8.8 0.0009* 

Dissolved C:N# 10.2±4.0a 8.5±6.9a 4.0±2.6b 9.3 0.0007* 

TDP (mg/L) 0.05±0.06a 0.03±0.01a 0.03±0.01a 2.2 0.1238 

Chloride (mg/L) 3.2±0.7a 2.7±0.7a 6.3±3.4b 11.5 0.0002* 

NO3-N (mg/L) 1.0±0.4a 1.5±1.1a 6.1±2.6b 46.1 0.0000* 

SO4 
-2 (mg/L) 2.6±0.2a 1.8±0.6b 4.6±3.3a 7.0 0.0031* 

NH4-N (mg/L) 0.02±0.01a 0.02±0.01a 0.04±0.03b 6.2 0.0053* 

FBOM (g/m2) 515±570a 629±709a 1203±1090a 2.3 0.0813 

CPOM (g/m2) 145.6 ± 13.6a 169.1 ± 19.2b 233.0 ± 14.4b 8.4 0.0410* 

Water column chlorophyll a 
( g/L) 6.1±6.5a 9.8±7.1a 37.5±21.1a 3.9 0.0303* 

Benthic chlorophyll a ( g/M2) 2.7±1.5a 14.3±4.8a 17.5±11.1a 7.7 0.0031* 

TSS (mg/L) 36.6 ± 20.5a 173.5 ± 14.6b 254.9 ± 74.1b 20.21  0.0001* 

% carbon in TSS 13.2±4.2a 8.7±6.4ab 4.1±3.2a 7.6 0.0023 

SUVA254 24.3±9.9a 28.0±4.9a 42.3±18.5b 8.5 0.0012* 

a254/a410 6.2±4.9a 5.3±0.5ab 4.9±0.8b 7.2 0.0027* 

FI 1.3±0.14a 1.4±0.06b 1.4±0.07b 6.3 0.0051* 

:  0.4±0.3a 0.9±0.1b 0.7±0.1b 8.9 0.0009* 

BIX 0.7±0.1a  0.8±0.3ab  0.9±0.1b 7.1 0.0029* 

Total absorbance (200-600 nm) 11704.5±3081.5a 10782.5±4561.8a 20359.4±9927.1b 9.9 0.0005* 

SR 1.2±0.1a 1.2±0.1a 1.4±0.2b 8.9 0.0009* 

S275-295 0.013±0.001a 0.013±0.001a 0.013±0.001a 1.8 0.1828 

E2:E3 3.8±0.2a 3.7±0.4a 4.0±0.4a 3.0 0.0640 
#Note: RDS = river distance expressed as the square root (sqrt) of drainage area (DA) in hectares (Ha). Dissolved C:N was calculated 
as ( DOC/12000)/(TDN/14000). FBOM, water column chlorophyll a and benthic chlorophyll a data were collected mainly from 
experimental sites used for metabolism measurements. CPOM data was obtained during the dry season – for details see Chapter 4. 
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composition was visible along the first and second PCA-axes (Factor 1 and 2) with most FOR and 

AGR sites separated along PCA-axis 1 (44.9%) and MIX sites lying intermediate (Figure 5.3cd). 

However, the separation was not complete along PCA-axis 2, implying that despite the catchment land 

use influences reach-scale influences also affected some DOM properties. AGR sites were associated 

with higher proportions of recently produced ( ), autochthonously produced (BIX) DOM, 

aromaticity (SUVA254) and the spectra slope ratio (SR) (Table 5.1).  

Using PCA-scores derived from water quality (WQ) variables as dependent variables in ANCOVA, 

there were significant effects (p<0.05) of land use and the proportion of agricultural land use (arcsine 

% GAR) and river distance on WQ-PC 1 only (Table 5.2). For DOM composition, a significant land 

use effect occurred along DOM-PC 2 and DOM-PC 3 whereas arcsine % AGR had a significant effect 

on DOM-PC 1 and DOM PC 4. River distance had a significant effect (p<0.05) along DOM-PC 4 

only. WQ-PC 1 displayed a significant inverse relationship with DOM-PC 1 (SLR, R2
adj = 0.23, p < 

0.01) and DOM-PC 3 (R2
adj = 0.34, p < 0.001), but since DOM-PC 1 and DOM-PC 3 are orthogonal 

axes of a PCA, they captured different aspects of variability in DOM composition. For instance, only 

DOM-PC 1 was related with arcsine % AGR (R2
adj = 0.21, p < 0.01). This implies that DOM-PC3 

responded more to catchment-scale driven influences such as nutrient loading and declines in water 

quality, while DOM-PC1 responded more to reach-scale influences such as loss of canopy cover and 

nutrient loading. The other important DOM-PC axes (DOM-PC 2 and DOM-PC 4) were not related to 

any WQ-PC-axes. However, DOM-PC 2 responded to land use indicating similar responses to DOM-

PC 3. Similar to DOM-PC 1, DOM-PC 4 responded to arcsine % AGR suggesting that shifts along 

this axis could have been driven by increases in primary production and photodegradation as a result 

of reduced canopy cover. 

Based on the SLR models used to test for longitudinal changes in DOM composition, aromaticity 

(SUVA254), short wavelength slope (SR), and total absorbance (200-600 nm) reduced with river 

distance, whereas the proportion of recently produced DOM ( : ) and biological-autochthonous index 

(BIX) increased with river distance (Figure 5.4) consistent with increased autochthonous DOM 

production as streams widen. Microbially derived DOM (FI), molecular weight (a254/a410 and E2:E3) 

and short wavelength slope (S275-295) did not show any relationships with river distance. However, : , 

SR and FI are highly correlated (Figure 5.3) and have higher values in AGR streams (Table 5.1).   

Experimental data set: Similarly to the synoptic data set, AGR sites were associated with higher 

electrical conductivity, temperature and concentrations of dissolved nutrients (NH4-N, NH3 and NO3-

N) and major ions (Cl-, Ca+2, mg+2 and SO4
-2) (Figure 5.5a,d).  Land use influenced changes on organic 

matter quantity along the first PCA-axis (OM-PC1, Figure 5.5b). On the second PCA-axis (OM-PC2) 

the separation was also significant with four of the five AGR sites and three of the five FOR sites   
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Figure 5.3. Results of principal component analysis (PCA) on water quality and DOM composition of the spatial 
dataset. (a) shows  the scores for the land uses based on water quality and (b) shows the loadings of  the water 
quality data (n=47). (c) shows the scores for the land uses based on the optical properties of DOM and (d) the 
loadings of the optical properties of DOM (n=35); Fresh Index= freshness index ( :  
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Table 5.2. Results of analysis of covariance (ANCOVA) showing effects of land use, % agricultural land use (% 
AGR) and river distance (RDS, sqrt of drainage area in hectares) on PCA combined response matrices based on 
water quality (WQ-PC axes) and optical properties of DOM (DOM-PC axes) on the first four principal 
components. * = p < 0.05. 

Source of variation df MS F p
WQ- PC 1     
  Land use 1 87.65 46.60 <0.001* 
  Arcsine of % AGR 1 22.95 12.20 0.001* 
  RDS  1 17.13 9.11 0.004* 
  Error 43 1.88   
WQ-PC 2     
  Land use 1 0.02 0.02 0.900 
  Arcsine of % AGR 1 4.88 3.31 0.076 
  RDS  1 1.178 0.80 0.377 
  Error 43 1.48   
WQ- PC 3     
  Land use 1 0.68  0.68 0.414 
  Arcsine of % AGR 1 2.99  2.98 0.092 
  RDS  1 0.37  0.378 0.546 
  Error 43 1.01   
WQ-PC 4     
  Land use 1 0.341968 0.838 0.367 
  Arcsine of % AGR 1 0.355930 0.868 0.358 
  RDS  1 0.159968 0.39 0.537 
  Error 43 0.412007   
DOM- PC 1     
  Land use 1 3.00 1.56 0.221 
  Arcsine of % AGR 1 22.45 11.66 0.002* 
  RDS  1 0.0002 0.0001 0.991 
  Error 31 1.93   
DOM-PC 2  
  Land use 1 8.88 6.35 0.017* 
  Arcsine of % AGR 1 0.72 0.51 0.480 
  RDS  1 1.96 1.40 0.245 
  Error 31 1.40   
DOM-PC 3    
  Land use 1 13.49 15.72 <0.001* 
  Arcsine of % AGR 1 2.34 2.72 0.109 
  RDS  1 0.004 0.004 0.948 
  Error 31 0.86  
DOM-PC 4    
  Land use 1 0.52 1.67 0.206 
  Arcsine of % AGR 1 2.43 7.79 0.009* 
  RDS  1 1.43 4.58 0.040* 
  Error 31 0.31   
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Figure 5.4. Longitudinal changes in log-transformed optical properties of dissolved organic matter as determined 
by regression models between river distance as an independent predictor and optical properties of DOM as 
dependent variables.   

separated along this axis. AGR sites were associated with higher concentrations of DOC, benthic and 

water column chlorophyll a, TSS and lower C:N ratio (also Table 1). FOR sites were associated with 

higher biomass of CPOM, canopy cover, proportion of carbon (OM) in TSS (% POM) and C:N ratio. 

There were no clear distinctions between AGR and FOR streams in terms of stream size characteristics 

(Figure 6e). 

Land use-associated variation of DOM composition was visible along the first PCA-axis (DOM-PC1) 

during the dry season (Figure 5.5c). Two FOR streams, which were also the widest (see Table 3 for 

details), were associated with autochthonously produced DOM (BIX), while the rest were associated 

with aromaticity (SUVA254) and higher molecular weight of DOM (a310/a410, E2:E3). AGR sites were 

associated with photodegradation (SR) and recently produced DOM ( : ). Trends were unclear during 

the wet season as PCA failed to identify land use-linked influences on DOM composition for many of 

the sites (Figure 5.5f). Both AGR and FOR streams had a mixture of DOM sources with both lower 

(E2:E3 and SR) higher molecular weight DOM and aromaticity (a254/a410).  
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Figure 5.5. Separation of land use influences in PCA on the experimental data set based on (a, d) water physico-
chemistry, including major ions and nutrients, (b) measures of organic matter quantity, (e) stream size variables, 
and (c, f) optical properties of dissolved organic matter, during the dry (a, b, c, e) and wet (d, f) seasons. 
Variation explained by each PC-axis, (Factor 1 and 2) is indicated by the regression coefficient (R2) which is 
expressed as a percentage. F index = freshness index (also : ), FI = fluorescence index. 
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3.3 Whole-stream metabolism 

The location, drainage area, stream order and physical characteristics of experimental streams in which 

whole-stream metabolism experiments were conducted are presented in Table 5.3.  Agriculture 

streams had lower canopy levels and higher water temperature than forest streams. Most streams were 

net heterotrophic (GPP/ER < 0.5 g O2 m-2 day-1) during both the dry and wet seasons (see details in 

discussion, Table 5.4. Dry season GPP and ER rates were higher than wet season rates for most 

streams. Lowest GPP and ER rates were measured in FOR streams and highest rates in AGR streams, 

although there were some overlaps. However, GPP rates in all FOR streams were lower (range 0.14-

1.66 g O2 m-2 day-1) than the lowest GPP rate (3.59 g O2 m-2 day-1) in an AGR stream. The lowest GPP 

rates in FOR streams were 0.13 and 0.14 g O2 m-2 day-1 during the wet and dry seasons, respectively 

(Table 5.4). Comparatively, the lowest GPP rates in AGR streams, 0.71 and 3.59 g O2 m-2 day-1 during 

the wet and dry seasons respectively, were more than five times higher than the lowest GPP rates in 

FOR streams. Similarly, the highest GPP rates in AGR streams were more than four times the highest 

GPP rates in FOR streams during both the dry and wet seasons.  

The ER rates were highly variable among streams within similar land uses. ER rates ranged from -1.04 

to -4.83 and -4.52 to -8.09 g O2 m-2 day-1 at FOR streams during the wet and dry seasons, respectively. 

In AGR streams ER rates ranged from -2.88 to -49.17 and -4.52 to -56.87 g O2 m-2 day-1 during the 

wet and dry season, respectively. There was a significant, positive correlation between GPP and ER (r 

= 0.86, p < 0.0001, n = 20) and the correlation was stronger during the wet (r = 0.91, p < 0.001, n = 

10), compared with the dry season (r = 0.74, p = 0.015, n = 10). 

There were significant differences (Mann-Whitney U= 22.5, p = 0.038) in GPP rates between the dry 

(Mean±SD, 4.7±5.1 g O2 m-2 day-1) and wet (2.3±4.3 g O2 m-2 day-1) seasons. Similarly, ER rates also 

differed ((Mann-Whitney U= 20.0, p = 0.023) between the dry (-15.1±16.9 g O2 m-2 day-1) and wet (-

8.4±14.5 g O2 m-2 day-1) seasons. There were significant difference in GPP rates between FOR and 

AGR streams during the dry (Mann-Whitney U= 15.0, p = 0.009) and wet (Mann-Whitney U= 15.0, p 

= 0.009) seasons, but ER rates did not differ. The same AGR site (Bomet) recorded the highest rates of 

GPP and ER rates during the wet (14.39 and 49.17, respectively) and dry (15.34 and 56.87) seasons.  

There were no significant differences in NEP between the dry (Mean ± SD, -10.3±12.2) and wet (-

6.2±10.2) seasons (Mann-Whitney U= 29.0, p = 0.112) and between forest and agriculture land uses 

during the dry (Mann-Whitney U= 9.0, p = 0.465) and wet (Mann-Whitney U= 9.0, p = 0.548) 

seasons. During the wet season NEP in forest streams ranged from -4.31 g O2 m-2 day-1 to -0.91 g O2 

m-2 day-1 (P/R range: 0.09–0.17) . During the same period NEP in agriculture streams ranged from -

34.78 g O2 m-2 day-1 to -1.41 g O2 m-2 day-1 (P/R range: 0.17–0.51). During the dry season NEP in 

forest streams ranged from -7.95 g O2 m-2 day-1  to -2.86 g O2 m-2 day-1 (P/R range: 0.02–0.37) while  
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Table 5.3. Location, drainage area, stream order and physical characteristics of experimental streams in 
agriculture and forest catchments in the upper Mara River basin, Kenya; ¥identifies forest streams, #sampled 
during the wet and sampled during the dry season only.* 

Site Season Latitude (S) Longitude (E) DA (Ha) Stream 
order 

Gradient 
(m m-1) 

k 
(measured) 

k 
(calculated) 

Issey I¥ Dry 0° 44' 48.8'' 35° 32' 07.7'' 2320 2nd 0.015 34.9 35.4
Wet 39.6 

Issey II¥ Dry 0° 49' 47.1'' 35° 26' 53.1'' 3198 3rd 0.019 29.6 32 
Wet 44.9 

Bondet¥ Dry 0° 44’ 27.7’’ 35° 27’ 15.0’’ 207 1st 0.038 29.4 29.9 
Wet 39.6 

Mosoriot¥ Dry 0° 42’ 18.2’’ 35° 25’ 28.8’’ 455 1st 0.025 4.1 13.1 
Wet 19.5 

Sara¥ Dry 0° 44’ 41.1’’ 35° 28’ 24.9’’ 996 1st 0.021 28.3 24.8 
Wet 27.73 

Masai  Dry 0° 45’ 36.6’’ 35° 25’ 0.3’’ 202 1st 0.022 30.9 47.2
Issey IV# Wet 0° 46’ 50.7’’ 35° 26’ 55.1’’ 5985 3rd 45.4 
Kaps Dry 0° 44’ 46.9’’ 35° 22’ 06.7’’ 236 1st 0.025 37 39.3 

Wet 43.6 
Bomet Dry 0° 47’ 47.9’’ 35° 20’ 05.5’’ 1398 2nd 0.022 2 3.7 

Wet 25.9 
Kaki Dry 0° 50’ 34.6’’ 35° 27’ 35.1’’ 698 1st 0.021 3.5 9.2 

Wet 14.8 
TNK Dry 0° 45’ 53.7’’ 35° 22’ 20.1’’ 1270 2nd 0.021 51.6 33 
  Wet             39.5 

Table 5.3 continued 

Site Season   
Discharge 

(L/s) 

Wetted 
width 
(m) 

Depth 
(m) 

% canopy 
cover 

Temperature 
(ºC) 

Issey I¥ Dry 0° 44' 48.8'' 35° 32' 07.7'' 64.4 3.1 0.17 55 12.9 
Wet 187.6 3.4 0.28 70 14.9 

Issey II¥ Dry 0° 49' 47.1'' 35° 26' 53.1'' 71.8 4.1 0.15 35 16 
Wet 119.9 4.8 0.16 40 15.3 

Bondet¥ Dry 0° 44’ 27.7’’ 35° 27’ 15.0’’ 3.1 2.4 0.09 70 14.4 
Wet 58.6 2.5 0.22 85 14.3 

Mosoriot¥ Dry 0° 42’ 18.2’’ 35° 25’ 28.8’’ 2.65 1.8 0.08 70 13.1 
Wet 22.2 2.3 0.12 90 14.2 

Sara¥ Dry 0° 44’ 41.1’’ 35° 28’ 24.9’’ 18.2 1.7 0.15 70 14.1 
Wet 57.7 1.9 0.19 75 14.3 

Masai  Dry 0° 45’ 36.6’’ 35° 25’ 0.3’’ 6.7 2 0.08 40 16.6
Issey IV# Wet 0° 46’ 50.7’’ 35° 26’ 55.1’’ 116.8 3.7 0.27 50 17.6 
Kaps Dry 0° 44’ 46.9’’ 35° 22’ 06.7’’ 21.7 1.8 0.18 35 19.1 

Wet 62.8 2.2 0.15 40 18.2 
Bomet Dry 0° 47’ 47.9’’ 35° 20’ 05.5’’ 2.7 1.6 0.15 35 17.6 

Wet 189.6 2.1 0.29 40 17.8 
Kaki Dry 0° 50’ 34.6’’ 35° 27’ 35.1’’ 3.5 1.2 0.11 25 18.8 

Wet 54.9 1.9 0.15 30 18.3 
TNK Dry 0° 45’ 53.7’’ 35° 22’ 20.1’’ 13.6 1.5 0.09 45 18.1 
  Wet 116.5 1.7 0.28 50 18.6 

*Note: k (measured) was determined from the propane evasion method only during the dry season, while k (calculated) was 
determined using the energy dissipation model during both the dry and wet seasons. Discharge, wetted width, depth and % 
canopy cover values are means calculated from transects throughout the study reach during both the dry and wet seasons. 
Temperature values are means of logged data (Hydrolab, MS5 sondes) from upstream and downstream stations during the 24-
h whole-stream metabolism period.   
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Table 5.4. Dry and wet season gross primary production (GPP), ecosystem respiration (ER) rates and net 
ecosystem production (NEP) in streams in agriculture  and forest catchments in the upper Mara River basin, 
Kenya; ¥identifies forest streams; sampled only during the #wet and *dry seasons, respectively. 

 Wet season Dry season 

Site 
GPP 

(gO2 m-2 
day-1) 

ER 
(gO2 m-2 

day-1) 

NEP 
(gO2 m-2 

day-1) 

GPP/ER GPP 
(gO2 m-2 

day-1) 

ER 
(gO2 m-2 

day-1) 

NEP 
(gO2 m-2 

day-1) 

GPP/ER 

Issey I¥ 0.52 -4.83 -4.31 0.11 1.63 -5.66 -4.02 0.29 

Issey II¥ 0.29 -2.70 -2.41 0.11 1.34 -7.13 -5.78 0.19 

Bondet¥ 0.18 -2.02 -1.84 0.09 0.14 -8.09 -7.95 0.02 

Mosoriot¥ 0.13 -1.04 -0.91 0.13 1.47 -7.72 -6.25 0.19 

Sara¥ 0.70 -4.12 -3.43 0.17 1.66 -4.52 -2.86 0.37 

Issey IV# 1.33 -8.02 -6.69 0.17 - - -  

Masai* - - -  3.59 -7.01 -3.42 0.51 

Kips 2.76 -6.09 -3.33 0.45 11.53 -31.12 -19.59 0.37 

Bomet 14.39 -49.17 -34.78 0.29 15.34 -56.87 -41.53 0.27 

Kaki 1.47 -2.88 -1.41 0.51 7.20 -7.86 -0.66 0.92 

TNK 0.71 -3.08 -2.37 0.23 3.82 -4.52 -0.70 0.85 
 

in AGR streams the range was from -41.53 g O2 m-2 day-1 to -0.66 g O2 m-2 day-1 (P/R range: 0.27–0.92). 

At all streams GPP rates were lower than ER rates, and using the 0.5 as the thresholds between 

autotrophy (P/R > 0.5) and heterotrophy (Meyer, 1989), all forest streams were heterotrophic during 

both the dry and wet seasons. In comparison, one and three AGR streams were autotrophic during the 

wet and dry seasons, respectively.  

Stepwise multiple regression models identified predictors of ecosystem metabolism that are linked to 

catchment and riparian land use (Table 5.6).  Ln TDN, proportion of catchment area under agriculture 

(arcsine % AGR) and stream size (streamsize-PC1 and streamsize-PC2 for ER) were linked to GPP, ER 

and NEP during the dry season. During the wet season, canopy cover, and stream size (wetted width) 

were linked to GPP rates, in addition to nutrients (Ln TDN) and agricultural land use (arcsine % AGR). 

Nutrient loadings (Ln TDN) and canopy cover were also linked to ER rates and NEP.  

3.4 Linkage between metabolism and DOM composition 

There were significant relationships between GPP and ER rates and DOM composition (Figure 5.6). 

GPP and ER rates during the dry season were positively related to DOM-PC1 (simple linear regression, 

R2 = 0.61, p = 0.005, n = 10 and R2 = 0.45, p = 0.020, n = 10, respectively) and negatively related to 

DOM-PC2 (R2 = 0.73, p = 0.001, n = 10 and R2 = 0.62, p = 0.004, n = 10). DOM-PC1 was associated 

with low molecular weight, freshly and autocthonously produced DOM, as indicated by its strong 

positive correlation with the fluorescence index (FI, r = 0.77, p = 0.007). DOM-PC2 was positively 

correlated with higher molecular weight DOM and aromaticity (SUVA254, r = 0.71, p = 0.019) and 
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negatively correlated with the freshness index ( , r = -0.84, p < 0.0001). Consequently, GPP and ER 

rates were related with FI and  during the dry season (Fig. 7b,d) and with FI during the wet season 

(Fig. 7d,h).  In addition, GPP and ER rates were related to DOM-PC2 during the wet season (R2 = 0.64, 

p = 0.003, n = 10 and R2 = 0.58, p = 0.004, n = 10, respectively. DOM-PC2 was positively related to FI 

(r = 0.86, p < 0.0001) indicating that this PC-axis was associated with freshly and autochthonously 

produced DOM.  

4. Discussion 

4.1 Effects of land use change on DOM composition 

I report notable shifts in DOM composition and ecosystem metabolism as a result of catchment land use 

change from forestry to agriculture. The land use influence was also expressed through water physico-

chemistry with major ions, suspended solids and dissolved nutrients increasing in agriculture streams 

(Figure 3ab). FOR streams were associated with higher molecular weight and terrestrially derived 

DOM, while AGR streams were associated with fresher, autochthonously produced and low molecular 

weight DOM (Figure 3cd).  

Land use driven shifts in DOM composition were also captured by recently produced ( ), 

autochthonously produced DOM (BIX) and the slope ratio (SR) (Table 5.1). In this study,  indicates 

increased autochthonous production of DOM in AGR and MIX streams (Wilson and Xenopoulos, 

2009). Increased autochthonous DOM production in AGR and MIX streams was further supported by 

BIX whereby values >0.8 in MIX and AGR streams were indicative of predominantly fresher and 

autochthonous produced DOM (Huguet et al., 2009). Higher SR values in AGR streams were evidence 

of photodegradation as a result of exposure to sunlight as a result of open canopy, and this lowers the 

molecular weight of DOM (Helms et al., 2008). Predominance of low molecular weight DOM in AGR 

streams was further supported by low a254/a410   values (Baker et al., 2008).  

However, despite a significant influence of catchment land use on the emergent patterns of DOM 

composition, reach-scale influences were also noted with sites not completely separating according to 

land use along PCA-axes (Figure 3c). In-stream activities by livestock and people in agriculture streams 

were patchy and led to losses of canopy cover and wider channels (Minaya et al., 2013; Masese et al., 

2014a, b).  Similar values of molecular weight (E2:E3) and short wavelength slope (S275-295) at FOR, 

MIX and AGR streams (Table 5.1) captured the effects of pockets of canopy cover along streams which 

were sources of allochthonous litter input. On the contrary, areas with open canopy and wider channels 

exposed streamwater to photodegradation. Additionally, the low FI values (1.3-1.4) were indicative of a 

predominance of terrestrially derived and structurally complex DOM (Fellman et al., 2010; Huguet et 

al., 2009) in both AGR and FOR streams.  Evidence of structurally complex DOM in AGR streams was 

further supported by higher SUVA254 values. In the study area livestock watering in streams is a  
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Table 5.6. Results of step-wise multiple linear regression for controls of rates of gross primary production (GPP), 
ecosystem respiration (ER) and net ecosystem production (NEP) (n = 10 for each analysis).* 

Dependent variable Independent variable Parameter estimate (SE) R2 P – value 

Dry season 
GPP Intercept -2.743 (0.765) 

Ln TDN 2.827 (0.425) 0.850 <0.001
Arcsine % AGR  2.716 (0.764) 0.058 0.012 
Streamsize-PC1 -0.723 (0.264) 0.051 0.034 
Full model 0.959 <0.001

ER Intercept -10.757 (0.871) 
Ln TDN   15.374 (0.478) 0.961 <0.001 
Arcsine % AGR -2.699 (0.654) 0.013 0.009
Streamsize-PC1  -0.721 (0.227) 0.005 0.025 
Streamsize-PC2   4.876 (0.682) 0.018 <0.001 
Full model 0.997 <0.002

NEP   Intercept   8.661 (0.816) 
Ln TDN 12.549 (0.458) 0.889 <0.001 
Arcsine % AGR  4.877 (0.609) 0.057 <0.001
Strmsize-PC2  -5.511 (0.648) 0.049 <0.001 

  Full model 0.995 <0.001 
Wet season 
GPP Intercept  22.145 (3.630) 

Arcsine % canopy cover   -3.946 (0.780) 0.671 0.004 
Ln TDN    3.316 (0.582) 0.154 0.002 
Arcsine % AGR    2.832 (1.163) 0.092 0.059 
Ln wetted width    0.978 (0.439) 0.042 0.076 
Full model 0.959 0.001 

ER Intercept   83.661 (13.419) 
Arcsine % canopy cover  -17.425 (3.196) 0.596 <0.001 
Ln TDN     7.010 (2.351) 0.226 0.020 
Full model 0.822 0.002 

NEP Intercept   -58.912 (9.598) 
Arcsine % canopy cover    12.062 (2.286) 0.559 0.001 
Ln TDN      5.275 (1.681) 0.258 0.016 

  Full model 0.817 0.003 

*Note: Considered variables include streamsize-PC1-4, water-quality (WQ)-PC1-4, Ln TDN, Ln DOC concentration, Ln 
FBOM, Ln CPOM, Ln C:N ratio, arcsine % canopy cover, arcsine % AGR land use, arcsine % POM in TSS, Ln NO3-N and Ln 
NH4

+. Criterion for entry into the model was p = 0.05, except for GPP during the wet season where results for a lenient entry 
criterion (p = 0.1) are also given. 

 

common occurrence and the footpaths created by their hoof action can be major sources of inert pools 

of DOM, in addition to farmlands, when it rains. Land use effects on TSS were stronger than on POM 

(Table 5.1), suggesting increased soil erosion in the agriculture-dominated catchments (Foley et al., 

2005; Quinton et al., 2010).   

4.2 Stream size and longitudinal variability in DOM composition 

The proportion of recently ( ) and autochthonous produced DOM (BIX) increased with river distance 

and stream size (Figure 5.4).  This is consistent with increasing primary production as streams widen 

and canopy cover reduces (Vannote et al., 1980).  The longitudinal trends observed for total absorption 

(200-600 nm) agree with shifts in absorbance as large molecules of DOM originating from forest is  
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Figure 5.6. Simple linear regressions models between gross primary production (GPP, g O2 m-2 day-1) and 
ecosystem respiration (ER, g O2 m-2 day-1) rates and dissolved organic matter (DOM) composition by season. The 
optical properties considered were the fluorescence index (FI), freshness index ( ) and the autochthonous 
biological index (BIX) and the first four PC-axes derived from PCA ordinations of DOM composition data. 
During the dry season (a, b, e, f) GPP rates were related to (a) DOM –PC1 and DOM-PC2  and (b) FI and and 
ER rates were related  to the same variables (e) DOM –PC1 and DOM-PC2  and (f) FI and During the wet 
season (c, d, g, h) GPP rates were related to (c) DOM-PC2 and (d) FI, and ER rates were related to the same 
variable (g) DOM-PC1 and (h) FI.  
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photochemically broken down along the river continuum  (Helms et al., 2008). However, because of 

changes in stream characteristics as a result of land use change, e.g., loss of canopy cover and widening 

of channels, longitudinal patterns resemble patterns across a land use gradient (McTammany et al., 

2007). Consequently, longitudinal patterns observed for some variables were likely confounded by land 

use change since most of the largest streams fall under the mixed land use category (Figure 5.1 and 5.4).  

Evidence for the influence of land use on longitudinal patterns was observed for aromaticity (SUVA254) 

and short wavelength slope (SR) which reduced with river distance (Figure 5.4). It would be expected 

that SR would increase in MIX streams because of increased photodegradation as streams widen (Helms 

et al., 2008), and that SUVA254 would display higher values in FOR streams where aromatic terrestrial 

sources dominate as compared with AGR and MIX streams. For SUVA254 a number of factors can 

explain the higher values observed in AGR streams compared with FOR streams. Firstly, sampling was 

done towards the end of the rainy season, and it has been observed that DOC concentrations, which 

would have tracked SUVA254 in this case, follow hysteresis with a nearly linear increase during the 

rising limb of the hydrograph, followed by a gradual drop during peak discharge and falling limb 

(Sanderman et al. 2009; Lambert et al. 2011; Bouillon et al., 2012). It is therefore likely that at the time 

of sampling, forest soils had been flushed effectively reducing the levels of aromatic and higher 

molecular weight DOC.  On the other hand, land tillage has been reported to mobilize inert pools of 

DOM increasing the input of higher molecular weight DOM in streamwater (Ogle et al., 2005; Graeber 

et al., 2012). Evidence of increased soil erosion in AGR streams is captured by significantly higher 

levels of TSS and lower POM and proportions of carbon in TSS (Table 5.1). Secondly, aromaticity in 

AGR streams could have also been due to selective utilization of labile DOM by microbes (Ortega-

Retuerta et al., 2009). Indeed, GPP and ER rates in these streams are coupled (details below) suggesting 

that much of the labile autochthonous produced DOM is respired (Townsend et al. 2011; Griffiths et al. 

2013), and this selective utilization could increase the proportion of recalcitrant allochthonous DOM in 

AGR streams. However, priming of recalcitrant DOM pools by labile DOM has been seen to foster its 

metabolism, further coupling GPP and ER rates and driving streams more into heterotrophy (Guenet et 

al., 2010; Townsend et al., 2011). Lastly, it has been demonstrated that aromatic compounds deriving 

from lignin degradation dominate the DOM fraction absorbing at 254 nm (Kalbitz et al., 2003). Most of 

the AGR streams are lined with Eucalyptus spp. whose leaves are known to have high concentrations of 

lignin and phenolic compounds, and their leachates could be contributing to higher SUVA254 values. 

Evidently, the behavior of DOM pools in streams in this study was complex and subject to a number of 

controls whose effects are difficult to distinguish. 

4.3 Ecosystem metabolism  
To my knowledge, this is the first study to directly measure GPP and ER rates in African tropical 

streams. However, the results of this study are comparable to studies in both tropical and temperate  
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Table 5.7. Comparison of GPP, ER and NEP rates across 1st-3rd order headwater streams from different regions 
around the world and dry season results of the present study. For all streams the open-channel method (Marzolf et 
al. 1994, Young and Huryn 1998) was used to estimate metabolic rates.* 

Stream Region, climate GPP (gO2 
m-2 day-1)

ER (gO2 
m-2 day-1)

NEP (gO2 
m-2 day-1)

Land use/ 
comments Reference 

Ag North Kansas, temperate 7.03 6.94 0.09 Agriculture  Riley and Dodds, 2013 
N04D Kansas, temperate 10.17 6.08 4.09 Bison grazing Riley and Dodds, 2013 
Campus Creek Kansas, temperate 1.37 2.43 -1.06 Urban Riley and Dodds, 2013 
Natalie’s Creek Kansas, temperate 0.78 3.45 -2.67 Cattle grazing Riley and Dodds, 2013 
Swine Creek Kansas, temperate 4.94 3.77 1.17 Mixed  Riley and Dodds, 2013 
Shane Creek Kansas, temperate 3.45 5.3 -1.85 Prairie Riley and Dodds, 2013 
Hugh White Creek North Carolina, 

temperate 
0.21 10.1 -9.89 Forest Mulholland et al., 1997 

Walker Branch Tennessee, 
temperate 

0.32 4.12 -3.8 Forest Mulholland et al., 1997 

Walker Branch Tennessee, 
temperate 

1.4 4.0 -2.6 Forest Roberts et al., 2007 

Sycamore Creek Arizona, 
temperate 

15 8.3 6.7 - Mulholland et al., 2001 

Ditch Creek Wyoming, 
temperate 

1.94 6.45 -4.51 Little 
disturbance 

Hall and Tank, 2003 

Pilgrim Creek 
channel 2 

Wyoming, 
temperate 

0.13 1.59 -1.46 Little 
disturbance 

Hall and Tank, 2003 

Spread Creek Wyoming, 
temperate 

3.11 8.37 -5.26 Little 
disturbance 

Hall and Tank, 2003 

Glade Creek Wyoming, 
temperate 

1.08 13.3 -12.22 Little 
disturbance 

Hall and Tank, 2003 

Bailey Creek Wyoming, 
temperate 

1.04 2.02 -0.98 Little 
disturbance 

Hall and Tank, 2003 

S1 Iceland, temperate 12.99 25.46 -12.47 Grassland 
dominated 

Rasmussen et al., 2011 

S2 Iceland, temperate 9.64 14.72 -5.08 Grassland 
dominated 

Rasmussen et al., 2011 

S3 Iceland, temperate 2.37 9.44 -7.07 Grassland 
dominated 

Rasmussen et al., 2011 

S4 Iceland, temperate 0.66 5.55 -4.89 Grassland 
dominated 

Rasmussen et al., 2011 

Bears Creek Manitoba, 
temperate 

3.21 9.62 -6.41 Mixed  Yates et al., 2012 

N. Shanno Creek Manitoba, 
temperate 

10.08 14.94 -4.86 Mixed Yates et al., 2012 

Deadhorse Creek Manitoba, 
temperate 

11.38 10.55 0.83 Mixed Yates et al., 2012 

Q. Concepción Peruvian Amazon, 
tropical 

0.07 5.17 -5.1 2nd growth forest Bott and Newbold, 
2013 

Q. Abejitas Peruvian Amazon, 
tropical 

0.19 15.02 -14.83 Pasture Bott and Newbold, 
2013 

Q. Tambopata Peruvian Amazon, 
tropical 

0.08 1.88 -1.8 Forest Bott and Newbold, 
2013 

Tai Po Kau Hong Kong, 
China, tropical 

0.09 - - Forest, riffle Dudgeon, 1999 

Tai Po Kau Hong Kong, 
China, tropical 

0.22 - - Forest, Pool Dudgeon, 1999 

Bisley Puerto Rico, 
tropical 

0.19 2.44 -2.25 Natural forest Ortiz-Zayas et al., 2005 

Puente Roto Puerto Rico, 
tropical 

1.77 4.07 -2.3 Natural forest Ortiz-Zayas et al., 2005 

La Vega Puerto Rico, 
tropical 

1.15 4.96 -3.81 Natural forest Ortiz-Zayas et al., 2005 

Pristine stream 1 Brazil, tropical <0.1 8 -7.9 Natural forest Gücker et al., 2009 
Pristine stream 2 Brazil, tropical 0.3 6.2 -5.9 Natural forest Gücker et al., 2009 
Pristine stream 3 Brazil, tropical 0.2 5.6 -5.4 Natural forest Gücker et al., 2009 
Agriculture stream 1 Brazil, tropical 0.4 4.3 -3.9 Agriculture Gücker et al., 2009 
Agriculture stream 2 Brazil, tropical 0.8 3.2 -2.4 Agriculture Gücker et al., 2009 
Agriculture stream 3 Brazil, tropical 0.8 2.2 -1.4 Agriculture Gücker et al., 2009 
Many streams Australia, tropical 6.1(<0.01, 

29.9)* 
6(0.1, 
23.4)* 

-0.1(-11.4, 
18.4)* 

Mixed land uses Fellows et a., 2006 

Mitchell River# Australia, tropical 2.12 4.47 -2.35 Forest Hunt et al., 2012 
*Note: values presented include the mean and the min and max values in brackets. #the river is more than 3rd order. 

 



118 
 

streams that have used the open-system method (Table 5.7). In forest streams, the range of GPP rates 

during the dry and wet seasons (0.13-1.66 g O2 m-2 day-1) were similar to ranges reported for forest 

streams in Puerto Rico (GPP, 0.19-1.77 g O2 m-2 day-1; Ortiz-Zayas et al., 2005) and Pennsylvania 

(0.62-1.85 g O2 m-2 day-1; Bott et al., 2006a). For agriculture streams, the range of GPP rates was much 

wider (0.71-15.34 g O2 m-2 day-1) but fall within ranges reported for a number of steams draining mixed 

land uses in tropical Australia (<0.01-29.9 g O2 m-2 day-1; Fellows et al., 2006). The ranges are also 

similar to rates in a number of streams in different biomes and land uses (<0.1-15 g O2 m-2 day-1; 

Mulholland et al., 2001) and in those draining mixed land uses in Kansas (0.78-10.17 g O2 m-2 day-1; 

Riley and Dodds, 2013).  

Comparatively, the range of ER rates in forest streams (-1.04 to -8.09 g O2 m-2 day-1) were similar to 

values in forest streams in Puerto Rico (-2.44 to -4.96  g O2 m-2 day-1; Ortiz-Zayas et al., 2005),  New 

Zealand (-1 to -8 g O2 m-2 day-1; Young and Huryn, 1999), and a number of streams draining mixed land 

uses in New York (-1.39 to -8.30 g O2 m-2 day-1; Bott et al., 2006b) and Wyoming (-2.02 to -8.37 g O2 

m-2 day-1; Hall and Tank, 2003). For agriculture streams, the range for both the dry and wet seasons (-

2.88 to -56.87 g O2 m-2 day-1) represent one of the highest ranges in the literature.  However, the highest 

ER rate was measured in a stream (Bomet) that is influenced by nutrients and organic waste inputs from 

a town nearby. Bomet stream also experiences reduced dry season flows (Table 5.3) and has a flushy 

flow during the wet season. Excluding Bomet stream, ER rates in agriculture streams (range -2.88 to -

34.78 g O2 m-2 day-1) are similar to ranges obtained during continuous one year-long measurements in 

an agricultural stream in mid-western United States (-0.9 to -34.8 g O2 m-2 day-1, Griffiths et al., 2013), 

and first- and second-order streams in a prairie watershed in Illinois (-6.2 to -34.0 g O2 m-2 day-1; Wiley 

et al. 1990). The ER rates for three out of the five agriculture streams also fall within ranges in streams 

draining mixed land uses in tropical Australia (-0.1 to -23.4 g O2 m-2 day-1; Fellows, et al., 2006). 

Compared with forest streams, agriculture streams were more metabolically active with higher rates of 

GPP and ER during both the dry and wet seasons. The lower nutrient levels and high canopy cover in 

forest streams can explain the comparatively lower rates in FOR streams. On the contrary, canopy cover 

in agriculture streams was much reduced, < 50% overall and light availability and higher nutrient levels 

can explain the higher GPP rates (Roberts et al., 2007; Griffiths et al., 2013).  

GPP had a significant positive correlation with ER (r = 0.85, p < 0.001, n = 20) suggesting a tight 

coupling of the two processes. The occurrence and strength of the relationship between ER and GPP 

differs among stream systems. A study on streams in New York also showed a positive relationship 

between GPP and ER (Bott et al., 2006b) as was the case with Wiley et al. (1990) and Bunn et al. 

(1999). However, some studies have found weak or non-existent relationships (Mulholland et al., 2001). 

In this study, ER was consistently much higher than GPP, indicating that these streams are 

heterotrophic, as would be expected for headwater streams (Vannote et al. 1980). However, GPP and 
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ER rates were higher at AGR streams suggesting a shift towards autotrophy, especially during the dry 

season.  Shifts from heterotrophy to autotrophy following land use change are consistent with a number 

of studies in tropical and temperate biomes (Bunn et al., 1999; Young et al., 2008), although in some 

cases similar findings have not been reported (Young and Huryn 1999; Bernot et al. 2010). Moreover, 

the threshold for autotrophy and heterotrophy is itself controversial. While a value of P/R equal to 1 has 

been used as the boundary, Meyer (1989) suggested using a P /R < 0.5 for streams supported 

predominantly by allochthonous inputs. The explanation is that if a stream has a P/R equal to 1, a small 

input of allochthonous material would drive it into heterotrophy (Rosenfeld and Mackay 1987). Using 

P/R equal to 0.5 as the boundary in this study, most of the agriculture streams were predominantly 

fuelled by autochthonous resources, less so during the wet season, whereas all forest streams were 

predominantly fuelled by allochthonous resources. As an integrated assessment of total metabolic 

activity of the ecosystem in the study reaches, the more negative NEP values for agriculture streams 

would suggest that they were more heterotrophic. However, this can be interpreted also to mean that 

agriculture streams processed significantly greater amounts of organic matter per unit channel length 

than forest streams. Indeed, agriculture streams were recipients of both animal and human wastes that 

included excreta, sediments and organic wastes. Higher ER rates in agriculture streams can also be 

linked to higher nutrient levels and temperature.  

Measuring ecosystem metabolism in streams is challenging because of diel variability in reaeration 

which makes extrapolation of daylight (most re-aeration experiments are done during the day) estimates 

for 24 hour period sometimes unrealistic. This is especially so during the wet season when re-aeration 

changes with rain events. In this study, I experienced a series of heavy storms during the wet season that 

likely affected estimates of re-aeration. However, during the dry season I was able to measure and 

calculate re-aeration using propane evasion and the energy dissipation methods, respectively. The dry 

and wet season calculated (EDM) reaeration rates were significantly correlated (r = 89, p<0.001, n = 

10). The measured and calculated reaeration (EDM) rates during the dry season were also significantly 

correlated (r = 84, p = 0.002, n = 10). Similarly, Riley and Dodds (2013) found a significant relationship 

(Kendall’s  correlation analysis = 0.73, p = 0.039) between measured and calculated (EDM) k in 

Kansan streams. These relationships support my estimates of both GPP and ER rates which are largely 

comparable with previous studies in the tropics (Table 5.7).  

4.4 Factors controlling ecosystem metabolism 

Significant spatial variability in GPP and ER rates were noted among streams and linked to both local 

and reach-scale influences. TDN concentration, stream size (channel width), canopy cover and the 

proportion of agricultural land use in the catchment (arcsine % AGR) were linked with GPP, ER and 

NEP during the dry season (Table 5.6). These variables are good proxies for both catchment-scale 

(proportion of agricultural land use) and reach-scale (nutrient loading and widening of stream channels 
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and loss of canopy cover) influences in the study area. The stream size effect was related to the 

combined effects of reducing canopy cover and increasing primary production along the riverine 

continuum (Vannote et al., 1980). The lower canopy levels and wider channels implies higher levels of 

photosynthetically active radiation, which I did not measure but is a key factor controlling metabolism 

in streams and rivers (Mulholland et al., 2001; McTammany et al., 2007). Higher TDN concentrations 

in AGR streams can be attributed to runoff from farmlands (farmers use nitrogenous fertilizers for 

topdressing) and inputs by livestock when watering in streams, as well as leakages from toilets in 

human settlements. Consequently, at Bomet and Kips streams inputs of nutrients from Bomet town 

(20,000 people without sewerage services) and by livestock, respectively, likely contributed to the high 

GPP and ER rates. Evidence of input of nitrates from human settlements and animal excreta into 

agriculture streams in these streams has been supported by 15N values of basal resources (including 

filamentous algae and periphyton) and invertebrates (Masese et al., 2015).  

Seasonality was an important factor and through its control on canopy cover and discharge in both 

forest and agriculture streams (Table 5.3), longitudinal connectivity and terrestrial-aquatic hydrologic-

linkages, dry- and wet-season differences in GPP and ER rates were observed. Higher rates of GPP and 

ER were recorded during the dry compared with the wet season. Seasonal changes in discharge can 

cause storms that trigger scour and deposition in streams with an in uence on metabolism rates (Roberts 

et al., 2007; Griffiths et al., 2013). During the wet season increased levels of turbidity likely smothered 

streambeds and limited light availability for primary production. Even though conducted during short 

periods in the dry and wet seasons, the findings of this study show that GPP and ER rates can change 

seasonally in response to wet-dry conditions caused by rainfall variability, as opposed to the 

temperature- and light-driven seasonal changes in temperate streams. However, yearlong continuous 

studies are needed in these streams to capture the whole range of seasonal variability and determine the 

longterm controls of DOM composition and metabolism in these streams (Roberts et al., 2007; Jaffe et 

al., 2008). 

4.5 Linkage between DOM composition and ecosystem metabolism 

Land use driven shifts s in DOM composition can influence its availability for metabolism and, 

reciprocally, ecosystem metabolism (GPP and ER) can affect DOM composition via consumption or 

production through primary production (Cammack et al., 2004; Halbedel et al., 2013; Barrón et al., 

2014). I hypothesized that these dependencies should lead to pronounced relationships among measures 

of ecosystem metabolism and DOM composition in streams draining a land use gradient (see Halbdelet 

al., 2013). Optical properties of DOM largely agreed with direct measures of ecosystem metabolism as 

demonstrated by significant relationships between DOM indices and GPP and ER rates (Figure 5.6). 

During the dry and wet seasons, GPP and ER rates were positively related with the fluorescence index 

and PCA-derived DOM-axes associated with freshly and autochthonously produced DOM (OM-PC1) 
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during the dry season and DOM-PC2 during the wet season. The higher GPP rates in AGR streams, 

which were associated with fresher and autochthonously derived DOM of lower molecular weight, 

suggest a linkage between DOM composition and ecosystem metabolism in these streams. It is likely 

that the autochthonously produced DOM increased metabolism rates in AGR streams because of its 

lability and bioavailability. Since GPP and ER rates in these streams were tightly coupled, it is also 

likely that much of the carbon produced was respired rather than incorporated into biomass (Bunn et al., 

1999; Griffiths et al., 2013). Additionally, changes in the DOM matrix driven by photochemical 

processes can boost the respiration of microbial communities (Anesio et al., 2000). Therefore, the 

higher rates of ER in AGR streams could have also been driven by photodegradation of allochthonous 

DOM, as evidenced by the higher SR values (Table 5.1).  

In comparison with AGR streams, FOR streams recorded lower rates of GPP, and hence were more 

heterotrophic and mainly fuelled by allochthonous resources (Vannote et al., 1980). This is also 

confirmed by the predominance of terrestrially derived and higher molecular weight DOM. The high 

canopy cover and low nutrient levels in FOR streams did not support primary production, in comparison 

with AGR streams that were wider (low canopy cover) and with higher nutrient levels. 

4.6 The land use gradient and downstream implications 

The findings of this study have important implications for the functioning of the Mara River as a 

system. In addition to the results of this study, previous works in streams and rivers have shown that 

land use change and increased inputs of bioavailable carbon and nitrogen can have strong influences on 

DOM composition and concentration and productivity (Bernot et al., 2010; Halbedel et al., 2013; 

Cawley et al., 2014). The Mara River basin has witnessed extensive deforestation in its upper reaches 

and conversion of savanna grasslands into settlements and farmlands in the middle reaches (Mati et al., 

2008). Moreover, indigenous riparian vegetation is being replaced with exotic species, changing organic 

matter input regimes, its quality and the structure of benthic invertebrate communities (Masese et al., 

2014a, b). Increased microbial processes in agriculture streams have also been reported with 

implications on nutrient cycling, organic matter availability and energy transfer to higher trophic levels 

(Masese et al., 2014b, 2015). These upstream changes have implications on the Mara River and the 

provision of valuable services such as water quality, support for wildlife, fisheries and recreation. The 

findings of this study and the consequences they signify for the Mara River reinforces a need for 

improved understanding of land use-driven and longitudinal changes in organic matter quality, 

processing and export since these are critical for predicting downstream alterations of ecosystem 

functions and provision of services (Seitzinger and Sanders 1997; Petrone et al. 2009). Given that forest 

conversion is increasing across many watersheds globally (Foley et al. 2005), changes in the processing 

and composition of dissolved carbon in streams and rivers are likely to increase in the future. 
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Conclusions 

This study identified effects of land use on the sources and composition of dissolved organic matter 

(DOM) and ecosystem metabolism in upland streams in the Mara River, Kenya. I was able to 

distinguish between different and spatially varying properties of DOM in forest and agriculture streams. 

I used a combination of fluorescence and absorbance indices of DOM, and whole-stream metabolism as 

a new integrated approach for assessing the functioning of streams across a land use gradient. Compared 

with agricultural streams, forested streams exported structurally complex and high molecular weight 

DOM, a difference that was significant during both the dry and wet seasons. However, aromaticity of 

DOM was high at all sites regardless of land use, suggesting a predominance of ubiquitous terrestrial 

source of DOM even in agriculture streams. In agriculture streams aromaticity could be linked to 

erosion of the upper soil layers from farmlands and subsequent transport into streams by runoff. During 

the rains, agriculture streams were much turbid compared with forest streams. Measures of ecosystem 

metabolism responded to the land use change with higher rates of GPP and ER in agriculture streams.  

DOM composition seemed to track this variability; forest streams were heterotrophic and hence 

transported terrestrially derived DOM, whereas agriculture streams were more autotrophic and 

transported a mixture of DOM that was dominated by fresh and autochthonously produced DOM. 

Seasonality was important and through its control on canopy cover (Table 5.3) and hydrologic linkages, 

dry- and wet-season differences in GPP and ER, and in extension the composition of DOM, were 

observed. Analysis of DOM composition on the longitudinal gradient of streams captured shifts from 

predominantly allochthonous to predominantly autochthonous inputs which agree with the river 

continuum concept (Vannote et al., 1980). Stream size mainly influenced the molecular size of DOM 

through photodegradation as streams became wider and insolation increased. However, the longitudinal 

gradients also mimicked the land use gradient making is difficult to reconcile patterns in some 

properties of DOM, such as reducing SUVA254 and SR with increasing stream size.  

These findings help elevate the role of land use and specifically agriculture, as a source of structurally 

altered DOM to surface waters. The results also demonstrate a link between DOM composition and 

ecosystem metabolism in headwater streams influenced by forest and agriculture land use. Potential 

differences in catchment characteristics, and for my case land use history and usage and the techniques - 

plough and hoe vs intensive mechanization- need to be addressed in future studies to better constrain the 

effect of different agricultural practices and intensities on DOM quantity and composition in aquatic 

ecosystems. Measures of ecosystem metabolism in these streams have helped compliment the role of 

tropical streams and rivers as important components of the global carbon cycle and adds to the growing 

understanding of the effects of agriculture on ecosystem functioning.  
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Chapter  

6 
 
Partitioning the relative importance of different sources of energy for consumers 

on the longitudinal gradient of the Mara River, Kenya
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Masese FO, Abrantes KG, Gettel GM, Bouillon S, Irvine K, McClain ME. (2015). Large herbivores as 
vectors of terrestrial subsidies for riverine food webs. Ecosystems, in press.
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Abstract  

The African tropical savanna has undergone rapid land-use change, accompanied by a dramatic 

reduction in native large mammalian herbivore populations. Consequences of these developments for 

energetic terrestrial-aquatic linkages are largely unknown. In this study the importance of herbivore-

mediated subsidies for consumers were determined in the Mara River, Kenya by quantifying spatial and 

temporal patterns of carbon flow using natural abundances of stable carbon ( 13C) and nitrogen ( 15N) 

isotopes.  Potential primary producers (terrestrial C3 and C4 producers and periphyton) and consumers 

(invertebrates and fish) were collected from sites along the river that represent different effects of 

human and herbivore (livestock and wildlife) influence. Sampling was conducted during the dry and 

wet seasons to represent a range of contrasting flow conditions. Stable Isotope Analysis in R (SIAR) 

Bayesian mixing models was used to partition terrestrial and algal sources of organic carbon supporting 

consumer trophic groups. The relative importance of organic carbon sources differed among sites and 

with season. Overall periphyton dominated contributions to consumers during the dry season. During 

the wet season the importance of terrestrial-derived carbon for consumers was higher with the 

importance of C3 producers declining with distance from the forested headwaters as the importance of 

C4 producers increased in river reaches receiving livestock and hippo inputs. This study highlights the 

importance of large mammalian herbivores on the functioning of riverine ecosystems and the 

implications of their loss from savanna landscapes that currently harbour remnant populations. While 

the importance of C4 terrestrial carbon in most river systems has been reported to be negligible, the 

evidence from this study suggest its contribution to streams, mediated by livestock, is widespread.  

1. Introduction 

The importance of different sources of organic carbon to riverine food webs has been postulated to vary 

longitudinally along the river continuum (Vannote et al., 1980; Junk et al., 1989; Thorp and Delong, 

2002). Transfers of terrestrial organic matter and nutrients can provide important subsidies to receiving 

aquatic ecosystems, enhancing primary and secondary production (Polis et al., 1997; Paetzold et al., 

2007). While much of organic matter and nutrient fluxes into streams occurs through direct litterfall 

from riparian vegetation and hydrologic transport through surface and sub-surface flowpaths, the 

movement of herbivores can actively transfer organic matter and nutrients into river through defecation 

and urination in the water (Naiman and Rodgers, 1997; Grey and Harper, 2002; Bond et al., 2012). 

However, large populations of herbivorous mammals that were once key features of many landscapes in 

temperate and tropical biomes have been decimated by human actions and replaced to some extent by 

domesticated cattle (Prins, 2000; Ogutu et al., 2011; Wardle et al., 2011). The effects of this occurrence 

on energetic terrestrial-aquatic food web linkages are largely unknown. 

Trophic resources are dynamic in space and time depending on prevailing environmental conditions, 

and this dynamism is propagated to the structure of food webs (Woodward and Hildrew, 2002; de 
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Ruiter et al., 2005). For instance, flow variation in rivers influences ecosystem size, organic matter flux, 

light and nutrient availability for primary production (Power et al., 1995; Tank et al., 2010). Subsidy 

pathways can also change seasonally because of changes in connectivity, flowpaths and transport 

vectors (Paetzold et al., 2007; Wip i and Baxter, 2010).  For instance, during the dry season, higher 

metabolic activity means that animals need to visit watering points more frequently (Bond et al., 2012). 

In savanna landscapes, water availability is a strong determinant of herbivore distributions with many 

herbivores congregating near watering points (du Toit et al., 1990; Ogutu et al., 2010). The effects of 

transfers also depend on the quality of the subsidy relative to local resources. Algal carbon contributes 

significantly to metazoan biomass in mid-sized and large rivers despite forming a small proportion of 

available food resources, with detritus from vascular plants playing only a minor role (Lewis et al., 

2001; Thorp and Delong, 2002). Studies have also shown that because of its poorer quality C4 grasses 

contribute minimally to food webs compared with C3 vegetation (Clapcott and Bunn, 1997; Roach, 

2013), and basal production sources supporting consumers can change seasonally (Huryn et al., 2001; 

Zeug and Winemiller, 2008). 

Stable isotope analysis (SIA) provides a time-integrated measure of carbon flow in food webs (Fry and 

Sherr, 1989; Post, 2002). The ratio of 13C to 12C isotopes (expressed as 13C values) is used to partition 

different organic carbon sources and to infer energy flow through food webs because of the small 

fractionation (0–1%) from food source to consumer (Fry and Sherr, 1989; McCutchan et al., 2003). 

Alternatively, the ratio of 15N to 14N isotopes (expressed as 15N values) is used to infer the trophic 

position of a consumer (Post, 2002). The use of two or more isotopes strengthens the discrimination 

between potential food sources, especially in cases where sources overlap in one of the isotopes 

(McCutchan et al., 2003). However, the isotopic composition of potentially important aquatic primary 

producers such as periphyton can vary spatially and temporally (Finlay, 2004; Hadwen et al., 2010b). 

Therefore, sampling across seasons to capture potential variability in primary producer isotopic 

composition is important for estimating of food web dynamics in aquatic ecosystems.  

East African rivers display highly seasonal flow regimes with well defined wet and dry seasons 

(McClain et al., 2014), leading to annual cycles in habitat and nutrient availability and productivity 

(Marwick et al., 2014a). The degree of terrestrial-aquatic linkage in the supply of nutrients and carbon is 

influenced by seasonal hydrologic changes reported to be greatest in deforested and grazing areas 

during the wet season (Augustine et al., 2003; Dutton 2012; Defersha and Melesse, 2012).  The input of 

animal-mediated subsidies is dependent on animal behaviour and population densities (Plate 6.1) (Bond 

et al., 2012; 2014). Human activities on catchments and riparian corridors influence the distribution of 

vegetation and mammalian herbivores thereby directly influencing the functioning of rivers. For 

example, deforestation mobilises nutrients and suspended matter, increasing turbidity and limiting 

primary production during the wet season (Huryn et al., 2001; Mead and Wiegner, 2010). The loss of 
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large populations of herbivores through conversion of their grazing lands to agriculture likely reduces 

the supply of terrestrial organic matter and nutrients to rivers.  

The Mara River (Kenya, Tanzania) traverses a landscape gradient that presents a unique case for 

studying the influence of both human and animal populations on terrestrial-aquatic food web linkages. 

Upper reaches are forested, with a transition into mixed small-scale and large-scale agriculture and 

human settlements at the foot of the Mau Escarpment (Mati et al., 2008). Livestock and land use change 

have been linked to shifts in the characteristics of organic matter and nutrients (Masese et al., 2014a), 

with likely influences on the structure and functioning of the river (Plate 6.1).  

The aim of this study is to investigate energy sources for consumers in river reaches strongly influenced 

by terrestrial subsidies and how these subsidies interact with seasonal discharge (seasonality) to 

influence ecosystem functioning. It is hypothesized that the relative contributions of sampled carbon 

sources to consumers differ between wet and dry seasons. Terrestrial producers are predicted to 

dominate contributions to consumers during the wet season when run-off transport these materials from 

the catchment and adjacent riparian zone, and reduce the availability of algal sources via scouring and 

sedimentation (Huryn et al., 2001). To address these hypotheses, I sampled regions with different 

surrounding vegetation (C3 or C4), and used 13C and 15N to identify the main sources of energy 

supporting consumers in different reaches of the Mara River.  

2. Materials and Methods 

2.1 Study area 

This study was conducted on the Kenyan part of the Mara River which then crosses into Tanzania and 

discharges into Lake Victoria. The Mara River drains a number of forest blocks that are part of the Mau 

Forest Complex (MFC), which is the most extensive tropical moist broadleaf forest in East Africa 

(Wass, 1995). Until the middle of the past century, the 13 500 km2 river basin was covered by montane 

forest in its headwaters and a mixture of shrublands and grasslands throughout its middle reaches (Mati 

et al., 2008, Serneels et al., 2001). Two perennial tributary rivers, the Nyangores and Amala, drain the 

forested headwaters and join to form the Mara mainstem (Figure 6.1). Tributaries draining the 

grasslands and shrublands of the middle and lower basin are ephemeral.   

On the highlands, climate is relatively cool and seasonal, characterized by distinct rainfall seasons and 

low ambient temperatures that falls below 10°C during January-February. Rainfall varies with altitude 

with the highlands receive around 1500 mm of rainfall per annum while the lowlands receive < 1000 

mm. Dry conditions are experienced during December-March and August-September, while two wet 

seasons occur during March-May and October-December. Potential evapotranspiration varies between 

1400 mm in the highlands to 1800 mm in the lowlands (Jackson and McCarter, 1994). 
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Figure 6.1. Map of the study are showing the position of the study sites. The main food web sampling sites are 
named while the basal resources sites are indicated with small black circles. The OMB and NMB sited were 
combined into Mara Main site for food web analysis. 

The basin hosts substantial numbers of mammalian herbivores of varying densities. The upper reaches 

are under crop farming and husbandry of small herds of improved breeds of cattle. The middle reach 

rangelands of the Maasai contain large herds of cattle. Over 220,000 cattle are estimated to graze within 

the middle Mara and Talek regions (Lamprey and Reid, 2004; Ogutu et al., 2011). The savanna 

grasslands in Masai Mara National Reserve (MMNR) and Serengeti National Park harbour millions of 

resident and migratory ungulates, including 4000 hippos (Hippopotamus amphibius) that graze on 

terrestrial grasses at night and defecate into the river during the day (Lamprey and Reid, 2004; Kanga et 

al., 2011). Agricultural expansion over the basin has been on the increase. While cultivated land 

accounted for approximately 1500 km2 of the basin in 1973, farms and tea plantations had expanded to 

nearly 4500 km2 by the year 2000 (Mati et al., 2008).  

2.2 Sampling protocols 

Sites were selected depending on catchment land use and riparian influences by people, livestock and 

hippos along the river (Table 6.1). Four sites were sampled weekly for eight weeks during the dry 

(February-March 2013) and wet (May-July 2012) seasons to cover the temporal variation is isotopic 

composition of basal sources: one site (Ngetuny) was located in the forest zone where C3 vegetation  
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Plate 6.1: Large herbivore influences on the functioning of the Mara River, Kenya. (a) cattle drinking in the river, 
(b) hippos in the maistem of the Mara River, (c) accumulated cattle dung on the banks of one of the watering 
points in the middle reaches, and (d) water quality downstream of one of the hippo pools in one of the tributaries 
of the Mara River. Photos, F.O. Masese 

dominates the catchment and which experiences minimal human and animal activities.; three sites 

(Tenwek, Issey and Kapkimolwa) more downstream were located in areas influenced by agriculture and 

livestock to different degrees. Three additional sites were sampled only once during the dry season 

(March 2013) and once during the wet season (July 2012): the Olbutyo site being influenced by both 

livestock grazing and agriculture, and two sites (OMB and NMB, combined and referred to hereafter as 

the Mara Main site) being located on the maistem Mara River within the MMNR, in river sections 

inhabited by large populations of hippos (Kanga et al., 2011). 

Measurements of pH, dissolved oxygen (DO), temperature and electrical conductivity were done in situ 

using a YSI multi-probe water quality meter (556 MPS, Yellow Springs Instruments, Ohio, USA). 

Water samples were collected from the thalweg using acid washed HDP bottles for analysis of nutrients, 

dissolved organic carbon (DOC) and particulate organic matter (POM). For total suspended solids 

(TSS) and POM, stream water samples were immediately filtered through pre-weighed glass-fibre 

filters (Whatman GF/F, pre-combusted at 450°C, 4 h). GF/F filters holding suspended matter were 

carefully folded and wrapped in aluminium foil before transport in a cooler box at 4 �C to the 

laboratory. For water column chlorophyll a (Chla) concentrations, a measured volume of water was 

filtered through a 0.7 μm pore-sized glass fibre filter, which was then wrapped in aluminium foil to  
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Table 6.1. Characteristics of the sampling sites used for food web studies in the Mara River basin, Kenya. 
Reach-scale influences capture the main land use activities in the adjoining areas of the sites while % agriculture, 
grasslands and forest represent the areal coverage in the catchments. River distance (RDIS) is calculated as the 
square root (sqrt) of drainage area (DA) upstream of the sampling site. Also presented is the density of 
herbivores (livestock and wildlife) within a kilometre of each sampling site.  

Sampling 
site 

Reach-scale 
influences 

RDIS (Sqrt of 
DA in km2) 

% 
Agriculture 

% 
Grasslands 

% 
Forest 

Herbivore 
density 

individuals/ 
km2 

Ngetuny Forest 12.3 21.7 0.9 77.4 5 
Issey  Agriculture & 

livestock 
8.0 37.5 3.9 58.6 35 

Tenwek Agriculture & 
livestock  

25.7 34.4 3.1 62.5 24 

Kapkimolwa Agriculture & 
livestock  

26.4 41.8 16.4 41.8 60 

Olbutyo Agriculture & 
livestock 

28.0 38.3 6.6 55.1 44 

OMB Hippos, ungulates 
and C4 grasslands 

54.6 49.4 15.0 35.6 98 

NMB Hippos, ungulates 
and C4 grasslands  

80.7 23.2 53.4 23.4 104 

prevent exposure to light, transported on ice, and stored frozen in the laboratory prior to analysis. Both 

the filtered and unfiltered water samples were stored and transported in a cooler box and frozen within 

10 hours of sampling. 

Samples for stable isotope analyses were collected during both the wet (May-July 2011) and dry 

(January-April 2012) seasons. At each site samples of the dominant riparian vegetation and emergent 

and submerged macrophytes were collected by hand. Replicate benthic samples of coarse particulate 

organic matter (CPOM) were collected from pools, runs and riffles using a dip net (500 μm mesh-

size). Net contents were washed with site water to remove invertebrates and inorganic materials. 

Samples were immediately placed in polythene bags in cooler boxes for transport to the laboratory 

where they were frozen until further analysis. Fine benthic organic matter (FBOM) was collected by 

disturbing an area by hand and filling 500 ml high density polyethene (HDPE) bottles with the 

mixture. Algal samples (including filamentous algae and periphyton) were collected using a scalpel. 

Care was taken during sample collection and processing to eliminate cross-contamination of samples. 

Periphyton were scrubbed from submerged surfaces (mainly slippery rocks) in riffles and runs after 

washing gently with site water to remove any attached invertebrates and inorganic materials. After 

decanting, the samples were stored in 30 ml HDPE bottles then transported to the laboratory in cooler 

boxes for further processing. Seston was collected by placing a 30 μm plankton net in riffles or runs at 

each site. After decanting and removing CPOM and other visible large fractions of material, the 

sample was stored in 30 ml HDPE bottles and placed in cooler boxes for transport to the laboratory.  

Invertebrates were collected from riffles, runs, pools and vegetated littoral areas at each site using a 

dip net (500 μm mesh-size). Aquatic primary producers and macroinvertebrates were collected more 
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frequently within eight weeks prior to fish sampling to better characterise the isotopic composition of 

lower trophic levels. To accommodate logistical and resource constraints, fish were collected towards 

the end of low- and high-flow periods. Fish were electroshocked from all sections of the river (riffles, 

runs, pools and around littoral habitats). Length and weight measurements were done immediately in 

the field for each individual fish. For SIA analysis, fish tissue was extracted from the white dorsal 

muscle in the field, as it is less variable in 13C and 15N than other tissue types (Pinnegar and Polunin, 

1999). SIA samples were wrapped in aluminium foil and stored on ice in cooler boxes for transport to 

the laboratory where they were frozen until further analysis.  

2.3 Sample preparation and analysis 

Water quality variables determined in the laboratory included total suspended solids (TSS), particulate 

organic matter (POM), dissolved organic carbon (DOC), total dissolved nitrogen (TDN), total 

phosphorus (TP), total nitrogen (TN) and water column Chlorophyll a.  GF/F filters holding suspended 

matter were dried (95°C) to constant weight and TSS was determined by re-weighing on an analytical 

balance and subtracting the filter weight. The filters were then ashed at 500°C for 4 h and re-weighed 

for determination of POM as the difference between TSS and ash-free-dry weight. POC was estimated 

from POM using a conversion factor of POM = 2*POC (Galois et al., 1996). DOC and TDN 

concentrations were determined using a Shimadzu TOC-V-CPN with a coupled total nitrogen analyzer 

unit (TNM-1). TP and TN were determined using standard colorimetric methods (APHA, 1998). Chla 

pigments were extracted by 90% ethanol in a water bath and concentrations were determined 

spectrophotometrically. 

Organic samples were immediately prepared for SIA on return to the laboratory or stored in a -20 C 

freezer for later processing. Coarse particulate organic matter samples were thoroughly washed with de-

ionized water to remove any inorganic materials and organisms. Bottom FPOM and seston were 

examined under a microscope to remove any living organisms. To clean periphyton the slurry was 

centrifuged so as to decant any heavier inorganic fractions and allow the lighter periphyton to float on 

the surface. After that the periphyton was decanted onto a petri dish and excess water evaporated in an 

oven at 60 °C for 48 h. The dry sample was then ground using a mortar and pestle, weighed and then 

packaged in tin cups for SIA. 

Before being frozen, invertebrates were kept in polyethene bags filled with river water for at least 12 h 

to evacuate their guts. For confirmation, animals were then examined under a dissecting microscope to 

remove guts and contents. In most cases, individuals of a given taxa from each site were pooled to 

produce sufficient dry tissue to meet the required dry weight for SIA, except for crabs (Potamoutidae: 

Potamonautes spp.) and odonates, which were sufficiently large. To avoid contamination by 

carbonates, which can be enriched in 13C compared with living tissues, muscle tissues were removed 

from crabs and mollusca, rather than using a chemical dissolution treatment which can affect 15N 
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ratios (Carabel et al., 2006). Individual fish were analysed separately. Prior to drying, muscle samples 

were rinsed in distilled water and inspected for stray scales and bones. All samples were oven-dried at 

60 C for 48h. Samples were then ground and weighed into tin cups for SIA. 

Stable isotope analyses were performed using continuous flow EA-IRMS (elemental analyser-isotope 

ratio mass spectrometry). Samples were analysed on either a ThermoFinnigan DeltaPlus stable isotope 

mass spectrometer (Thermo Scientific) coupled to a Costech ECS 4010 EA elemental analyzer 

(Costech Analytical Technologies) at the Yale Earth System Center for Stable Isotopic Studies 

(ESCSIS, Yale University, CT, USA) or on a Thermo DeltaV Advantage coupled to a Carlo Erba 

EA1110 at the Katholieke Universiteit Leuven (KU Leuven, Belgium). Stable isotope ratios (13C/12C 

and 15N/14N) are expressed as parts per thousand (‰) deviations from standard, as defined by the 

equation: 13C, 15N = [(Rsample/Rreference) - 1] × 103, where R = 13C/12C for carbon and 15N/14N for 

nitrogen. The global standard for 13C is V-PDB and for 15N is atmospheric nitrogen. Each run 

included an internal standard interspersed within samples to provide an estimate of instrument error. 

For samples analyzed at ESCSIS the internal standard for animals was CBT (trout, Salvelinus 

fontinalis) muscle tissue ( 13C = –29.0‰, 15N = 15.7‰; 12.2% N, 49.2% C) and for plants it was 

cocoa (Theobroma cacao) ( 13C = –28.7‰, 15N = 5.1‰; 4.0% N, 47.9% C). The standard deviations 

of replicate samples of trout analyzed at ESCSIS were 0.29‰ for 13C and 0.09‰ for 15N, and for 

cocoa they were 0.27‰ for 13C and 0.10‰ for 15N. For KU Leuven samples, Acetanilide and 

Leucine were used as internal standards for 13C (two point, with blank correction) and 15N 

calibration. C and N contents were assessed from the TCD signal of the EA, using acetanilide (71.09% 

C, 10.36% N) as a standard. Replicate samples for internal standards had standard deviations of 

<0.3‰ for 13C and <0.2‰ for 15N during runs. Outputs from the two laboratories were compared by 

running 17 fish tissue samples in both. No systematic differences were obtained (paired 2-sample t-

test, t32 = 0.02, p = 0.983 for 13C and t32 = 1.05, p = 0.309 for 15N) and, therefore, the results from the 

two laboratories were combined.   

For fish with molar C:N ratios >3.5, 13C were corrected for lipid content based on C:N ratios using 

the equation recommended by Post et al. (2007), whereby: corrected 13C = 13C - 3.32 + 0.99 × C:N. 

Invertebrate 13C were not corrected for lipid content because the shifts in 13C associated with lipid 

removal can be very variable and taxon-specific (Logan et al., 2008).  

2.4 Trophic guilds and normalization of isotope values 

Classifications of fish trophic guilds were based on available literature regarding consumer diets 

(Corbet, 1961; Raburu and Masese, 2012) and stomach contents. Barbus altianalis, B. cercops, B. 

paludinosus, B. kerstenii, B. neumayeri and Clarias liocephalus were considered representative of the 

insectivore guild. Labeo victorianus and Clarias gariepinus represented the omnivore guild. 
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Chiloglanis sp. and Bagrus dokmac represented the piscivore guild. Macroinvertebrate trophic groups 

and functional feeding groups (FFGs) were based on Masese et al. (2014a) and references therein.  

The isotope values of all samples were normalized to account for spatial variation in 15N and 13C 

that exists at the base of the food webs and prevents absolute isotope values from providing 

information about trophic level or the ultimate source of carbon (Cabana and Rasmussen, 1996; 

Vander Zanden and Rasmussen, 1999). Invertebrate herbivores (IH) have been considered as a 

baseline for trophic enrichment (Vander Zanden and Rasmussen, 1999; Abrantes et al., 2013). 

Consequently, the isotope baselines for each site and sampling occasion were obtained by averaging 

the mean isotope values of all invertebrate herbivores. The isotope values were then normalized by 

subtracting the isotope baseline of nitrogen (IBN). The advantage of using primary consumers rather 

than primary producers as the trophic fractionation index is that primary consumers provide reliable 

estimates of the isotopic ratios because they integrate both temporal and spatial variation in the 

isotopic signatures of primary producers (Cabana and Rasmussen, 1996; Vander Zanden and 

Rasmussen, 1999).  

 
2.5 Calculation of trophic positions of consumers 

This was done using the following equation (Post, 2002): TP =  + (( 15Nconsumer – 15Nbaseline)/F), 

where  is the trophic level of consumers estimating the food web base, 15Nconsumer is the nitrogen 

isotopic signature of the predator being evaluated, 15Nbaseline is the average nitrogen isotope signature 

of the consumers used to estimate the base of the food web, and F is the per trophic level fractionation 

of nitrogen, 2.54 in this case (Vanderklift and Ponsard, 2003). A 15N baseline signature was 

calculated independently for each study site using invertebrate herbivores, and this made it possible to 

compare estimates of trophic positions among sites. 

Trophic enrichment/ fractionation in both 13C and 15N values between different consumer trophic 

groups and their putative food sources were determined (Bunn et al., 2013). Trophic groups and food 

resources considered included algae (periphyton) as a food source for all consumer groups and 

herbivorous invertebrates (IH) as a food source for the omnivorous and predatory consumer groups. I 

used herbivorous invertebrates (IH) as a food source for predatory invertebrates; the mean 13C and 
15N of algae and herbivorous and predatory invertebrates (IP) as the food source (as well as the 13C 

and 15N of these sources individually) for omnivorous fishes; and the mean 13C and 15N of 

herbivorous and predatory invertebrates (as well as the 13C and 15N of these sources individually) for 

predatory fishes (also Bunn et al., 2013). 

2.6 Data analysis 

For each sampling site, river distance (RDIS) was calculated as the square root of drainage area. It has 

been demonstrated that the length of stream paths of tributaries leading to a point in the drainage can 
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be expressed as a power function of the drainage area (DA0.5, Smart, 1972). RDIS was used in this 

study as the independent variable against which longitudinal changes in isotopic values of basal 

sources were tested along the river using linear regression; relationships were estimated separately for 

dry and wet seasons. To capture the influence of large herbivores (mainly livestock and hippos) on 

basal resources in the river, the relationships between the population density of mammalian herbivores 

per sampling site and the stable isotopic composition of seston and FBOM was explored by simple 

linear regression (SLR). Herbivore (livestock, hippos and herbivorous wildlife) density was expressed 

as number of individuals/ km2 in the catchment area adjoining the sampling site. Data for livestock 

(cattle, sheep, goats and donkeys) and wildlife (ungulates and hippos) were obtained from secondary 

sources that included District Development Plans for Bomet and Narok Districts (DDP, 2008a,b), 

Ministry of Agriculture and Livestock Production reports (MALP, 2009a,b), other unpublished reports 

and publications (Reid et al., 2003; Lamprey and Reid, 2004; KNBS-IHBS, 2007; KNBS-LS, 2009; 

Kanga et al., 2011; Ogutu et al., 2011; Kiambi et al., 2012) and were expressed as number of 

individuals per river kilometre. Using simple linear regression (SLR), mammalian herbivore densities 

were replaced by the total area of catchment under grasslands and grazing lands, which are potential 

sources of C4 carbon in the rivers. Seston was used as the response variable because it would help 

track upstream-downstream connectivity of river reaches and, thus, the influence of catchment land 

use and livestock. FBOM was chosen to cater for the settling out of excreta and terrestrial OM into the 

benthos and would, thus, help assess local influences.  

Stable Isotope Analysis in R (SIAR), a Bayesian mixing model that runs in R (R Project for Statistical 

Computing, Vienna, Austria) was used to estimate the contributions of different basal sources to 

consumer diets (Parnell et al., 2010). As opposed to other commonly used mixing models (e.g., 

IsoSource; Phillips and Greg 2003), SIAR accounts for variability and uncertainties associated with 

natural systems to give a more reliable estimate of the dietary composition of consumers (Parnell et 

al., 2010). The SIAR model considers available sources to produce a range of feasible solutions while 

taking into account uncertainty and variation both in consumer and trophic enrichment factors (TEF). 

The model also provides error terms (the residual error) that give information on the variability that 

cannot be explained based on diet alone (Parnell et al., 2010). Models were run for each site and 

season separately for the different trophic guilds (for invertebrates) and/ or individual taxa (for fish). 

Prior to analyses, consumer and source data were plotted to ensure that consumers were within the 

isotopic mixing space.  

Only C3 and C4 producers and periphyton were included in the models as possible sources of energy. 

Lichens occurred at Ngetuny, Issey and Kapkimolwa, but their isotopic compositions overlapped with 

that of periphyton at the sites and were therefore combined. Macrophytes were not included because 

they occurred in very low and patchy densities at the sampled river reaches and, hence, assumed to 

contribute very little to food webs. For periphyton, mean 13C and 15N of sources, and respective 
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standard deviations, were calculated for each site and season to eliminate possible sources of error 

arising from inter-site variability in isotopic composition (Finlay, 2004). For C3 and C4 sources, data 

were pooled from all sites, as terrestrial organic matter (OM) from the overall catchment is transported 

into the system.  

Because different trophic groups were used in the models, TEFs were set to zero and, instead, the 

consumers' stable isotope composition was corrected for trophic fractionation before the analyses. 

Trophic shifts used for 15N (in relation to the first trophic level) were 0.6 ± 1.7‰ for herbivorous 

invertebrates, 1.8 ± 1.7‰ for predatory invertebrates, 4.3 ± 1.5‰ (±SD) for omnivorous fish and 5.7 ± 

1.6‰ for predatory fish (Bunn et al., 2013). To account for trophic shifts in  �13C, 0.5‰ was used 

(McCutchan et al., 2003) but a large TEF SD of 1.3‰ were set to account for uncertainty in these 

fractionation values (e.g., Post, 2002). Concentration dependencies were set to zero. Where values 

were single measurements, the SIAR model for source contributions to the consumer were run on the 

SIARSOLO code. SLR models were used to explore relationships between the proportion of C4 

vegetation cover in the catchments (expressed in %) and the importance of C4 and C3 producers to 

consumer groups in the river.  

3. Results 

3.1 Physical and chemical variables 

There were both seasonal and spatial variability in physical and chemical variables (Plate 6.2, Table 

6.2). At all sites, except the Mara Main site, DOC concentrations were higher during the wet than 

during the dry season. Similarly, at most sites TDN, TSS and TP were higher during the wet season 

compared with the dry season, while TN, conductivity and temperature were lower during the wet 

season (Table 6.2). At Tenwek, Issey and Kapkimolwa sites, % POM reduced during the wet season 

indicating input of sediments poor in organic matter. Chlorophyll a was lowest at the forest Ngetuny 

(3.2±1.1 μg/L) and highest at Olbutyo site (34.3±9.2 μg/L). Dry season mg POC: mg Chlorophyll a 

values ranged from 86±33 at Olbutyo to 1418±206 at the Ngetuny site (Table 6.2). Overall, the 

agriculture, livestock and hippo influenced sites were warmer, with higher specific conductivity, 

suspended sediments and concentrations of nutrients and Chlorophyll a than the forest Ngetuny site. 

3.2 Basal resources 

Wide scatter in �13C and �15N values for basal resources (C3 and C4 terrestrial plants, CPOM, FPOM, 

seston, biofilm, lichens, periphyton (diatoms), filamentous algae and cyanobacteria) were observed 

during the dry (Figure 6.2) and wet (Figure 6.3) seasons. The mean �13C values of the main producer 

categories collected at different sites were well differentiated (Table 6.3). However, the �13C values of 

C3 and C4 producers did not differ among sites and seasons (data not shown), so values from all sites 

and seasons were combined and the average used in the SIAR models. �13C of periphyton was lower  
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(a) (b)

(d)(c)

 
Plate 6.2: Seasonal variability in flows in the Mara River; (a) Tenwek site during the wet season and (b, c, d) Old 
Mara Bridge site during (b) wet season, (c, d) dry season. Increased primary production in backwaters was noted 
(d) during the dry season the Old Mar Bridge site.   

during the wet season compared with the dry season at all sites. Longitudinally, 13C values were 

lowest at the Ngetuny forest site (-25.8±1.8‰ in the dry and -26.9±1.1‰ in the wet season) and 

highest at the Mara Main site (-17.3±0.9‰ in the dry and -20.0±0.7‰ in the wet season). The 15N 

values of C4 producers were generally higher than those of C3 producers (Table 6.3). For periphyton, 
15N values ranged from 6.3‰ at Olbutyo to >9‰ at Issey.  There were longitudinal increases in 13C 

of seston, periphyton, CPOM, FBOM and lichens in the Mara River during both the dry and wet 

seasons, but not for filamentous algae (Figure 6.4). For sites in agricultural areas with animal inputs of 

C4 material (Issey and Kapkmolwa), 13C was higher during the dry season. During both the dry and 

wet seasons, CPOM had higher 13C values at the OMB (mean ± SD, -17.5±0.8 ‰ during the dry 

season, -15.5±0.8 ‰ during the wet season) and NMB (-16.3±0.5 ‰ during the dry season; -18.5±1.0 

‰ during the wet season) sites that received subsidies of C4 grasses by hippos (Figure 6.4).  

 Longitudinal changes in 15N in the river did not follow those of   13C for most of the basal resources 

(Figure 6.5). FBOM, periphyton, filamentous algae and lichens did not display significant longitudinal 

trends, but for FBOM the relationship was only marginally significant (R2 =0.22, p = 0.09). However, 
15N values of these sources were higher at agriculture and livestock influenced sites (Figure 6.5). 

Seston and CPOM displayed significant longitudinal trends during the dry season (seston also during
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Table 6.2. Mean (±SD) physical and chemical variables at each site and season. DOC = dissolved organic 
carbon, POM = particulate organic matter, TSS = total suspended sediments, TDN = total dissolved nitrogen, 
DO = dissolved oxygen, TP= total phosphorus, TN = total nitrogen.* 

Sites 
Land use 
influences Season n 

DOC 
(mg/L) 

% POM# 
in TSS 

TDN 
(mg/L) pH DO (%) 

Specific 
conductivity 

(μS/cm) 

Ngetuny Forest Dry 12 2.3±1.2 21.2 0.5±0.3 6.7±0.3 73.7±3.3 51.3±3.9 

Wet 12 1.9±0.4 17.5 0.3±0.6 6.7±0.2 78.4±3.7 57.3±5.5 
Issey Agriculture 

& livestock 
Dry 12 4.3±0.7 13.7 1.1±1.0 7.6±0.7 76.8±14.6 151.7±37.6 

Wet 12 6.2±3.2 9.5 0.9±0.4 7.1±0.2 72.8±5.1 133.7±36.5 
Kaplimolwa Agriculture 

& livestock 
Dry 12 2.8±0.9 7.8 1.3±0.8 7.5±0.3 76.3±17.3 163.8±16.5 

Wet 12 4.3±2.1 6.3 1.1±0.7 7.3±0.5 87.0±11.4 107.6±53.8 
Tenwek Agriculture  Dry 12 2.4±0.6 8.3 0.7±0.2 7.5±0.6 72.1±4.7 63.8±8.2 

  Wet 12 2.8±1.4 7.6 0.9±0.3 6.9±0.2 84.3±13.0 58.3±11.6 

Olbutyo Livestock & 
agriculture 

Dry 3 2.9±0.7 8.9 1.6±0.3 7.2±0.4 78.7±21.3 70.2±11.2 

 Wet 3 3.5±3.2 12.3 2.1±0.2 7.4±0.7 82.6±11.3 60.1±23.5 

Mara Main Hippos, 
ungulates 
and savanna  

Dry 6 6.3±4.5 11.2 1.0±0.8 6.3±1.0 67.2±7.3 374.2±117.8 
  Wet 6 3.8±6.0 16.9 1.1±0.7 7.7±0.9 80.4±10.7 106.0±132.7 

Table 6.2. continued

Sites 
Land use 
influences Season n 

Temperat
ure (ºC) 

TSS  
(mg/L) 

TP 
(mg/L) 

TN 
(mg/L) 

mgPOC:mgCh
la¥ (μg/L)

Ngetuny Forest Dry 12 14.2±1.3 42.8±8.2 0.25±0.4 0.9±0.6 1418±206

Wet 12 14.4±2.4 61.3±11.2 0.36±0.1 1.1±0.8 -
Issey Agriculture 

& livestock 
Dry 12 19.8±2.7 57.1±11.5 0.15±0.1 2.8±0.8 253±45.2

Wet 12 19.5±1.5 83.0±12.4 0.38±0.3 1.2±0.4 - 
Kaplimolwa Agriculture 

& livestock 
Dry 12 19.9±2.7 64.6±18.4 0.12±0.1 1.6±0.7 1073±24

Wet 12 20.3±3.5 114.5±37.5 0.24±0.2 1.3±0.6 -
Tenwek Agriculture  Dry 12 19.5±1.6 57.3±14.2 0.24±0.3 1.9±1.2 449 ±102
  Wet 12 18.6±1.8 104.8±23.4 0.19±0.1 1.0±0.4 -

Olbutyo Livestock & 
agriculture 

Dry 3 19.2±2.0 65.3±7.7 0.28±0.1 2.0±0.5 86±33
 Wet 3 16.9±2.0 93.3±12.6 0.39±0.1 1.3±0.8 -

Mara Main Hippos, 
ungulates 
and savanna  

Dry 6 23.9±2.6 72.9±16.2 0.29±0.2 1.5±1.0 183±26
  Wet 6 18.4±3.3 126.7±43.7 0.60±0.3 1.7±1.1 -

*Notes. POC is derived from POM using the following conversion: POM=2*POC (Galois et al., 1996); ¥water column chlorophyll a (Chla) 
was determined during the dry season only, n = 3.
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Figure 6.2. Mean  1 SD) for 13C and 15N showing the spread and fractions of the various basal resources and 
consumers in the Mara River and its tributaries during the dry season. Primary producers, invertebrate 
herbivores, invertebrate predators, and insectivorous fishes trophic groups are enclosed in a box but show large 
overlap. CPOM = coarse and particulate organic matter, FPOM = fine particulate organic matter, primary 
producers- fil = filamentous algae, lich = lichens, Peri = periphyton; invertebrates- Lep = Lepidostoma, Afron = 
Afronurus, Tric = Tricorythus, Sim = Simuliidae, Hydro = Hydropsyche, Afroc = Afrocaenis, Chir = 
Chironominae, Gom = Gomphidae, Musc = Muscidae; fishes- LV = Labeo victorianus, BC = Barbus cercops, 
BP = B. paludinosus, BA = B. altianalis, BK = B. kerstenii, CG = Clarias gariepinus, CL = C. liocephalus.  
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Figure 6.3. Means (  1 SD) for 13C and 15N showing the spread and fractions of the various basal resources 
and consumers in the Mara River during the wet season. Trophic levels that include primary producers, 
invertebrate herbivores, invertebrate predators, omnivorous fishes and insectivorous fishes are enclosed in a box 
but show large overlap. CPOM = coarse and particulate organic matter, FPOM = fine particulate organic matter; 
invertebrates- Scir = Scirtidae, Nau = Naucoridae,  Afron = Afronurus, Tric = Tricorythus, Sim = Simuliidae, 
Hydro = Hydropsyche, Afroc = Afrocaenis, Chir = Chironominae, Gom = Gomphidae, Oligo = Oligoneuridae, 
Cent = Centroptiloides, Tany = Tanypodinae, Musc = Muscidae;  fishes- LV = Labeo victorianus, BC = Barbus 
cercops, BP = B. paludinosus, BA = B. altianalis, BK = B. kerstenii, BNyz = B. nyanzae, CG = Clarias 
gariepinus, CL = C. liocephalus.  

 



139 
 

Table 6.3. 13C and 15N (mean ± SD; in ‰) of the main producer categories collected at different sites and in 
the surrounding catchment in the dry and wet seasons. n is the number of samples used to calculate the mean.*  

   Dry Wet 

Site 
Land use 
influences Producers n 13C 15N n 13C 15N 

All sites  C3¥ 61 -28.5±1.5 4.1±2.8 61 -28.5±1.5 4.1±2.8 
  C4¥ 8 -12.9±0.6 8.4±2.9 8 -12.9±0.6 8.4±2.9
Ngetuny Forest C3 1 -28.0 3.0  NC NC 
  C4  NA NA  NA NA 
  Periphyton 11 -25.8±1.8 6.8±0.5 13 -26.9±1.1 6.5±1.1
Issey Agriculture 

& livestock 
C3  NC NC 21 -28.4±1.7 5.5±3.7 

 C4  NC NC 2 -13.4±0.5 13.1±1.4 
  Periphyton 8 -22.9±1.0 9.1±0.8 18 -23.1±2.0 9.2±1.6
Kapkimolwa Agriculture 

& livestock 
C3  NC NC 12 -28.3±1.3 4.3±3.5 

 C4  NA NA  NA NA 

 
Periphyton + 
Lichens 15 -19.6±2.6 8.4±0.5 18 -22.6±1.7 7.5±0.8 

Tenwek Agriculture  C3 9 -28.4±1.3 6.9±5.7  NC NC 
 C4 1 -12.7 8.3 NC NC
 Periphyton 14 -20.2±2.3 8.0±0.7 15 -22.3±2.3 7.3±0.6 
 Lichens 3 -23.4±0.7 6.6±0.4  NC NC 
Olbutyo Livestock 

& 
agriculture 

C3 5 -29.7±1.3 5.3±3.7 5 -28.0±0.6 4.2±2.0 
 C4 1 -13.0 8.7  NC NC 
 Periphyton 2 -20.6±0.2 6.3±0.1 2 -26.1±1.3 6.3±0.4 
Mara Main Hippos & 

savanna 
grasslands 

C3 8 -27.9±2.4 4.8±2.3  NC NC 
 C4 4 -13.3±1.3 6.1±1.1  NC NC 
 Periphyton 6 -17.3±0.9 6.4±1.2 2 -20.0±0.7 6.4±0.1 

*Notes: NA, not available; NC, not collected; ¥Samples from different sites and seasons combined. 
 

the wet season) with 15N decreasing with river distance from source (Figure 6.5). Sites under 

livestock and agriculture influences had higher seston and CPOM 15N values, with low values in the 

forested upper reaches and in the savanna grasslands in the MMNR where hippos had an influence. 

The % of agricultural land use was a strong predictor (R2 =0.65, p < 0.05) of 15N values of FBOM in 

the study area during the dry season. 

Both herbivore density and the estimated % of C4 vegetation cover in catchments had significant 

relationships with 13C values of seston and FBOM along the river (Figure 6.6). The relationships 

were significant during both the dry and wet seasons, and 13C values were higher at livestock-

influenced agriculture sites during the dry season (Figure 6.6). The % of forest land use displayed a 

significant negative relationship with the 13C values of seston during the dry (R2 =0.85, p < 0.01) and 

wet (R2 =0.67, p < 0.05) seasons. 

3.3 Consumer groups 

3.3.1 Normalizations of isotope values 

Variability in basal resource signatures was evident across sites and sampling occasions for the IH 

used for normalizing base 15N values. Because of widespread omnivory, as depicted by large error 

bars, some predators (e.g. Libellulidae, Gomphidae) were classified among herbivores and vice versa  
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Figure 6.4: Spatio-temporal variability in the 13C of seston, CPOM, periphyton, FBOM, filamentous algae and 
lichens in the Mara River and its tributaries. Lines are linear regression relationships; dotted lines and open 
circles = wet season, full line and shaded circles = dry season. Single measurements per site do not have error 
bars. Dotted circles enclose sites under similar influences and apply to all panels- a = agriculture and livestock, f 
= forest, s = savanna livestock and agriculture and h = hippos and savanna grasslands. 
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Figure 6.5: Spatio-temporal variability in the 15N of seston, CPOM, FBOM, periphyton, filamentous algae  and 
lichens in the Mara River and its tributaries. Lines are linear regression relationships; dotted lines and open 
circles = wet season, full line and shaded circles = dry season. Single measurements per site do not have error 
bars. Dotted circles enclose sites under similar influences and apply to all panels- a = agriculture and livestock, f 
= forest, s = savanna livestock and agriculture, g =savanna grazing rangelands and h = savanna grasslands and 
hippos. 

 



142 
 

 
Figure 6.6: Relationships between number of herbivores per km2 and 13C of (a) seston and (c) fine benthic 
organic matter (FBOM), and relationships between the percentage of grassland and pasture land use and 13C of 
(b) seston and (d) FBOM in the Mara River and its tributaries. Lines are significant linear regression 
relationships. Full lines and shaded circles are for dry season, dotted lines and open circles are for the wet 
season. Dotted circles enclose sites under similar influences and apply to panels (a) and (c)- a = agriculture and 
livestock, f = forest, s = savanna livestock and agriculture and h = savanna grasslands and hippos; small letter 
across panel (b) are for site names in Table 1 and also apply to panel (d): n = Ngetuny, t = Tenwek, I = Issey, b = 
Olbutyo, o = OMB, k = Kapkimolwa, and h = NMB. 

(Figure 6.7). Further analysis of macroinvertebrate and fish trophic groups and their putative food 

resources showed different trophic enrichment/ fractionation in both 13C and 15N values (Table 6.4). 

For macroinvertebrates, there were overlaps between groups separated by gut content analysis (Masese 

et al., 2014a). 

3.3.2 Trophic positions 

The trophic positions (TrPos) for fish ranged between 4 and 6 without a clear distinction among 

species and sites (Figure 6.8). However, the limited distribution of fish species across sites limited 

spatial comparisons. Clarias liocephalus (insectivore) was the most widespread species by occurring 

at five of the six sites and recorded the highest TrPos at the sites it was captured. C. warneri and 

Bagrus docmak were the least widely distributed, occurring at one site each; both had TrPos of >5.  

TrPos for macroinvertebrate separated clearly between predators (values between 3.5 and 4.5) and 

herbivores (values between 1.5 and 3). TrPos for predatory invertebrates were within ranges for 
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Figure 6.7. Normalized 15N (n

15N) values (mean ± SD) of the invertebrate taxa from the Mara River, Kenya, 
and its tributaries. Normalization was done by subtracting the absolute value of individual taxa with the average 
value of all invertebrate herbivores (IH) at each sampling site during each sampling occasion. The horizontal 
lines separate trophic groups according to Masese et al., 2014a; a) mainly herbivores, b) mainly omnivores, and 
c) mainly predators. Taxa without error bars are single measurements. 
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Table 6.4: Means (±SD) and 95% credibility intervals of diet–tissue 13C and 15N fractionation for consumers 
from the Mara River, Kenya, and its tributaries. Fractionation ( ) values have been calculated as the mean 
difference in 13C and 15N between consumer groups and their putative food sources. 

    13C 15N 
Transfer of food 
source to consumer  

No. of trophic 
levels n 

 
Mean±SD 95% CI 

 
Mean±SD 95% CI 

A to IH 1 256 1.1±1.0 -0.8-2.4 1.4±0.7 0.1-2.3 
A to IP 2 59 1.5±2.5 -3.1-5.8 2.7±1.7 -1.1-5.7 
IH to IP 1 58 0.9±1.7 -1.4-3.2 1.6±1.7 -1.4-4.5 
A to OF 1 110 2.7±2.2 -0.6-6.7 3.8±1.1 2.0-5.5 
A to IF 2 to 3 372 2.7±2.1 0.1-5.9 5.4±1.2 3.5-7.1 
A to PF 3 to 4 7 3.7±1.3 0.9-5.0 6.5±0.7 5.1-7.1 
IH to OF 1 110 0.4±2.2 -2.9-4.0 2.5±1.1 0.8-4.6 
IH to FP 2 to 3 7 2.3±1.7 -0.2-4.2 5.7±0.6 5.1-6.9 
IH to IF 1 to 2 372 1.2±2.3 -2.0-4.1 4.2±1.3 1.7-6.1 
IP to OF 1 110 1.0±2.0 -2.7-4.3 2.0±1.6 0.2-6.2 
IP to IF 1 372 1.6±1.6 -0.7-4.1 2.8±0.9 1.3-4.3 
Mean (IH,IP) to IF 1 372 1.0±1.8 -1.8-4.0 4.0±0.9 2.7-5.2 
Mean (A,IH,IP) to OF 1 110 1.7±2.0 -1.1-5.2 3.1±1.2 1.0-5.3 

A, algae (mostly periphyton); IH, herbivorous invertebrates; IP, predatory invertebrates; OF, omnivorous fishes; IF, 
insectivorous fishes; PF, piscivorous fishes. 

 

insectivorous fishes (e.g., B. altinialis, C. liocephalus, B. neumayeri). At the agriculture and livestock 

influenced sites (Tenwek, Issey, and Kapkimolwa) mean TrPos were slightly higher for all functional 

feeding groups compared with the forest Ngetuny and hippo influenced Mara Main sites (Figure 6.8). 

3.3.3 Trophic guilds 

Different consumer trophic guilds had different 13C and 15N values across sites. Dry season values 

were generally higher than wet season values (Table 6.5). Ngetuny site recorded the lowest 13C 

values (range, -26.9 to -24.7) for macroinvertebrate guilds, and these were within values recorded for 

periphyton and C3 producers. The 13C value of -22.8 recorded for insectivorous fish in the dry season 

was lowest in the study area.  Similarly, Tenwek site had low 13C values for filterers (-25.6), scrapers 

(-22.6±1.9) and shredders (-25.0) during the wet season (Table 6.5). At Issey and Kapkimolwa sites, 

most dry season 13C values for macroinvertebrate trophic guilds were higher than wet season values, 

while there were no changes in 15N values between the seasons (Table 6.5). However, insectivorous 

and omnivorous fishes did not display any seasonal variability in their 13C and 15N values. At the 

Mara Main site, consumers had the highest 13C values (range -20.3 to -14.5‰) and in general 13C 

values were higher in the wet season (Table 6.5), while 15N values were lower than at rest of the sites, 

only comparable to those recorded at the forest Ngetuny site.  
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Figure 6.8. Trophic positions (TrPos, mean ± SD) based on 15N of (a) fish species and (b) macroinvertebrate 
functional feeding groups from different sites in the Mara River basin, Kenya.  Ng = Ngetuny, Kapk = 
Kapkimolwa, CL = Clarias liocephalus, BA = Barbus altianalis, BK = B. Kerstenii, BN = B. neumayeri, BP = 
B. paludinosus, CW = C. warneri, LV = Labeo victorianus, BC = B. cercops, CG = C. gariepinus, Bag = Bagrus 
docmak, G = gatherers, F = filterers, P = predators, Sc = scrapers, Sh = shredders. Taxa and groups without error 
bars are single measurements. 

3.4 Stable isotope mixing models 

Bayesian mixing model results are graphically presented for macroinvertebrate scrapers and 

insectivorous fishes for illustration (Figure 6.9). Overall, model results indicate that periphyton 

dominated contributions to macroinvertebrates and fishes in the Mara River (Figure 6.10 for 

illustration). The importance of terrestrial C3, C4 and autochthonous production (mainly periphyton) 

differed between consumer groups, sites and seasons (Table 6.6). During the dry season, periphyton 
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and C3 producers were the main sources for invertebrate filterers at the forest site with 25-86% (95% 

credibility interval (CI)) contribution, while the three sources (C3, C4, and periphyton) were all 

important for insectivorous fishes (Table 6.6).  At Tenwek site, periphyton and lichens were the main 

sources for filterers (5-51% and 8-53%, respectively) and insectivorous fishes (20-57% and 23-62%, 

respectively). At Issey and Kapkimolwa sites periphyton was the main source for most consumers. At 

the Olbutyo site, periphyton was the main source for insectivorous fishes with a contribution of 28-

75%. All sources (periphyton and C3 and C4 producers) were important for shredders, filterers, 

gatherers and predatory invertebrates at the site. At the Mara Main site, periphyton and C4 sources 

were equally important for filterers with 3-76% and 11-75% contributions, respectively. Source 

contributions were similar for predatory invertebrates during the dry season but the importance of 

periphyton was higher for insectivorous fishes (28-75%, Table 6.6). 

During the wet season, notable shifts were observed with C4 producers dominating sites influenced by 

higher numbers of livestock and hippos (Table 6.6). For most consumer groups at the forest Ngetuny 

site, C3 producers and periphyton were important, although the 95% CI of some contributions 

included 0%.  At Issey site, the importance of periphyton was lower in the wet than in the dry season 

for filterers and insectivorous fishes while that of C4 producers was higher; the importance of other 

sources for the rest of the consumer groups displayed mixed patterns. However, for most of the 

consumer groups, C4 producers were important during the dry season while C3 producers were 

important during the wet season (Table 6.6). During the wet season C3 producers were the main 

source for shredders (21-63%). At Kapkimolwa site, the importance of C3 and C4 producers increased 

for all consumers during the wet season, except for insectivorous fishes where C4 contributions 

reduced from 17-37% to 5-38% (Table 5). At Olbutyo site, periphyton (27-54%) and C4 producers 

(44-52%) were equally important for insectivorous fishes. At the Mara Main site, C4 sources 

dominated for all consumers during the wet season (Table 6.6). The importance of C4 producers for 

insectivorous fishes increased from 1-37% to 57-82% from the dry season to the wet season, while 

that of periphyton reduced from 40-94% to 1-41%. Similarly the importance of C4 producers for 

omnivorous fishes increased from 10-42% to 51-77% while that of periphyton reduced from 40-84% 

to 9-48%.  

There were significant positive relationships (p < 0.05) between the estimated proportion of C4 

vegetation cover in the catchments and the importance of C4 producers to macroinvertebrate collector-

filterers, collector-gatherers and scrapers during the dry and wet seasons and predatory 

macroinvertebrates and insectivorous fishes during the wet season as estimated by the Bayesian 

mixing models (Figure 6.11).  The SLR relationships were negative with the estimated importance of 

C3 sources to macroinvertebrate collector-filterers, scrapers, predators and insectivorous fishes during 

the wet season and with scrapers during the dry season (Figure 6.11). For macroinvertebrate collector-

gatherers, there were no significant relationships with the estimated importance of C3 sources. 
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Table 6.5. Mean consumer (±SD) 13C and 15N for macroinvertebrates and fish trophic guilds at each site and 
season. For invertebrates, numbers in parentheses after the 13C values are the number of samples/ replicates, 
while for fish they are the number of species followed by the number of individuals per sample. NA, not 
available; NC, not collected.  

Guild Season Issey Kapkimolwa Mara Main Ngetuny Olbutyo Tenwek 
Invertebrates        

13C        
        
   Gatherers Dry -20.0±0.5 (7) -18.7±1.5 (5) NC -25.8 (1) -20.7±2.5 (4) NC
 Wet -22.7±2.6 (9) -19.7±1.9 (3) NC -26.9 to -25.8 (2) NC -25.6 to -21.4 (2) 
   Filterers Dry -21.4±1.7 (20) -20.5±0.8 (14) -15.3 (1) -24.8±1.5 (6) -19.8±0.7 (3) -19.7±0.6 (9) 
 Wet -22.1±1.7 (8) -20.3±0.7 (3) -14.6 (1) NC NC -20.6±2.3 (3) 
   Predators Dry -23.2 to -23.0 (2) -20.3±0.7 (3) -20.3 to -17.2 (2) NC -20.8 (1) NC
 Wet -21.5±1.7 (11)  -14.7 to -13.8 (2) -26.2±2.1 (3) NC -22.4 to -22.1 (2) 
   Scrapers Dry -23.3 to -21.4 (2) -20.3±1.9 (5) -17.0 to -15.7 (2) NC -21.5±1.8 (4) NC 
 Wet -24.8 (1) -21.0 (1) -16.8 to -15.9 (2) -25.4±1.2 (4) NC -22.6±1.9 (5) 
   Shredders Dry -22.7 (1) NC NC NC NC NC
 Wet -22.8±1.1 (4) NC NC -24.7±0.4 (7) NC -25.0 (1) 
 Fish        
   
Insectivores Dry -20.6±0.7 (4, 34) -19.7±0.8 (2, 18) -16.1±2.5 (2, 23) -22.8 (1, 1) 

-19.3±0.8 (4, 
24) -20.5±1.0 (4, 32) 

 Wet -19.6±0.8 (2, 14) -19.7±0.8 (2, 12) -14.5±1.5 (3, 27) -18.9 (1, 1) 
-18.9±1.1 (5, 

29) -19.8±0.9 (4, 24) 
   Omnivores Dry NA -19.9±2.2 (1, 14) -16.6±1.1 (2, 25) NA NA NA 
 Wet NA -20.0±0.7 (1, 9) -14.9±1.2 (2, 21) NA NA NA 
   Piscivores  Dry NA NA -14.8 (1, 1) NA NA NA 

15N        
  
Invertebrates        
   Gatherers Dry 9.9±0.4 9.2±1.3 NC 6.7 9.1±0.7 NC 
 Wet 9.6±1.7 9.3±1.0 NC 5.0 to 6.7 NC 9.0 to 10.2 
   Filterers Dry 9.9±0.9 9.4±0.9 6.5 7.1±0.5 9.0±0.2 9.0±0.5 
 Wet 9.2±1.0 9.2±0.8 6.3 NC NC 10.2±2.1 
   Predators Dry 10.8 to 11.6 10.5±1.3 8.9 to 9.3 NC 10.5 NC 
 Wet 10.3±1.6 NC 7.7 to 8.5 9.1±0.7 NC 10.4 to 10.6 
   Scrapers Dry 7.2 to 10.9 8.8±0.7 6.5 NC 8.1±0.6 NC 
 Wet 9.5 9.4 6.3 to 7.3 7.1±0.9 NC 8.7±1.3 
   Shredders Dry 7.9 NC NC NC NC NC 
 Wet 7.6±1.3 NC NC 8.3±0.8 NC 7.8 
 Fish        
   
Insectivores Dry 14.2±0.7 13.2±0.8 11.1±0.6 12.4 13.2±0.3 13.4±1.0 
 Wet 13.3±0.7 13.1±1.3 10.7±0.5 13.8 13.±0.3 13.2±0.4
   Omnivores Dry NA 11.8±0.7 10.6±0.7 NA NA NA 
 Wet NA 11.6±0.3 10.0±0.5 NA NA NA 
   Piscivores  Dry NA NA 11.6 NA NA NA 

 

4. Discussion 

Studies that address energy flow in riverine food webs are important to identify specific habitats and 

energy sources that underpin productivity (Naiman et al., 2012). The SIAR model results in this study 

show the relative importance of different sources of energy for consumers in the Mara River which are 

spatially and seasonally variable. Overall, periphyton was found to be the major source of energy at 

most of the sites and for consumers during the dry season while the importance of C3 relative to C4 

producers reduced at agricultural and hippo influenced sites (Figure 6.10).  In contrast, a range of other 

studies have suggested that C4 producers contribute minimally as an energy and nutrient source to 

consumer biomass as compared with C3 and autochthonous (algae and periphyton) producers 

(Clapcott and Bunn, 2003; Roach, 2013). Moreover, most studies indicate that algal carbon, including 

periphyton, is the predominant production source (Delong and Thorp 2006; Roach, 2013). 
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Figure 6.9. Bayesian SIAR mixing model outputs for the proportions of C3, C4, lichens and periphyton (peri)  
producers for macroinvertebrate-scrapers (except at Tenwek where macroinvertebrate-filterers are presented) 
and insectivorous fishes from the different sites (Ngetuny-Mara Main) during the dry (upper panels of each 
consumer group) and wet (lower panels for each consumer group) seasons. Boxes indicate the 50%, 75% and 
95% Bayesian credibility intervals. At Olbutyo, scrapers were collected during the dry season only.  

The importance of C4 terrestrial producers relative to autochthonous and C3 producers is attributable 

to importation of terrestrial production by herbivores into the Mara streams and rivers. High 13C 

values of OM at agricultural sites (Figure 6.4) indicate C4 carbon sources arising from livestock in 

agricultural catchments (Plate 6.1). Grassland vegetation is limited in the forest and along riparian 

areas (Table 6.1), implying that large herbivores transport organic matter to streams and rivers during 

the dry season (Plate 6.1). The 15N values for basal resources were also higher at the agriculture and 

livestock influenced sites (>7‰ and as high as 13‰) compared with the forest and hippo influenced 

sites (<7‰, Figure 6.5), suggesting that a significant fraction of the nitrate is from agriculture and 

animal activities (Harrington et al., 1998; Anderson and Cabana, 2005). In the protected areas of the 

MMNR, large populations of hippos that number over 4000 graze on terrestrial savanna C4 grasses 

during the night and then excrete partially digested grasses in the river during the day (Kanga et al., 

2011). With a single hippo able to transfer approximately 9t of wet weight terrestrial organic matter 

into aquatic ecosystems yearly (Heeg and Breen 1982; Naiman et al., 2005), the large number of 

hippos in the Mara River represent approximately 800 kg of wet weight of terrestrial subsidy input per 

river kilometre per day. In contrast, a Madagascan catchment lacking large herbivores, low amounts of 

C4 carbon enter the river systems than expected based on areal cover (Marwick et al., 2014b). 
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Figure 6.10. SIAR estimated dry (bottom) and wet (top) season contributions of C3 and C4 producers, lichens 
and periphyton (peri) to consumers in the Mara River. The width of the colour is proportional to the 
contributions of the four sources of carbon to macroinvertebrates and fishes in the immediate river reaches. The 
pie charts represent the proportions averaged for different consumer groups per site (S1 = Ngetuny, S2 = 
Tenwek, S3 = Issey, S4 = Kapkimolwa, S5 = Olbutyo, S6 = Mara Main. The grey lines represent the river 
network not considered during this study; the dotted lines represent seasonal tributaries that are sources of hippo 
and livestock subsidies during the wet season only. The arrows for livestock and hippo inputs do not represent 
the actual input values. 
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Table 6.6. Modal percentage contribution and 95% credibility intervals (in parentheses) of Bayesian isotope 
mixing model (SIAR) results  for the contribution of different producers to different consumer trophic guilds 
collected during the dry and wet seasons at different sites in the Mara River basin, Kenya. SD 13C and SD 15N 
are the residual error, i.e., the variability in 13C/ 15N (in‰) that cannot be explained by diet alone. Models were 
based on both 13C and 15N. Results without residual errors were run on the SIARSOLO mode. C3, C3 
producers; C4, C4 producers.  

Producer/ consumer Ngetuny Dry Ngetuny Wet Tenwek Dry Tenwek Wet Olbutyo Dry Olbutyo Wet 

C3 34 (6 - 57) 42 (6 - 74) 11 (0 - 25) 36 (1 - 52) 31 (8 - 48)  
C4 13 (1 - 23) 9 (0 - 44) 29 (16 - 41) 34 (6 - 60) 36 (15 - 54)  
Periphyton 48 (25 - 86) 43 (3 - 76) 29 (5 - 51) 36 (1 - 72) 34 (1 - 70)  
Lichens   34 (8 - 53)    
SD 13C (‰) 0.4 (0.0 - 3.2) 1.0 (0.0 - 26.8) 0.1 (0.0 - 1.2) 1.8 (0.0 - 15.7) 0.2 (0.0 - 3.0)  
SD 15N (‰) 0.2 (0.0 - 1.9) 0.9 (0.0 - 33.4) 0.2 (0.0 - 1.8) 3.0 (0.0 - 17.5) 1.2 (0.0 - 6.1)  
Invertebrate gatherers     
C3  38 (3 - 67)  38 (0 - 64) 36 (3 - 53)  
C4  14 (0 - 45)  33 (0 - 56) 36 (8 - 59)  
Periphyton  42 (5 - 79)  37 (0 - 72) 35 (0 - 69)  
SD 13C (‰)  0.9 (0.0 - 22.3)  3.2 (0.0 - 47.2) 2.3 (0.1 - 9.4)  
SD 15N (‰)  0.6 (0.0 - 14.7)  1.9 (0.0 - 56.1) 1.3 (0.0 - 6.7)  
Predatory invertebarets     
C3  40 (0 - 69)  40 (3 - 64) 36 (11 - 58)  
C4  6 (0 - 43)  26 (0 - 51) 32 (6 - 52)  
Periphyton  43 (8 - 87)  37 (0 - 70) 34 (0 - 68)  
SD 13C (‰)  1.7 (0.0 - 16.4)  0.9 (0.0 - 20.0)   
SD 15N (‰)  0.5 (0.0 - 7.1)  2.1 (0.0 - 89.5)   
Scraper invertebrates      
C3  40 (4 - 62)  37 (2 - 58) 36 (8 - 58)  
C4  13 (1 - 26)  21 (1 - 40) 30 (4 - 48)  
Periphyton  46 (19 - 86)  39 (7 - 87) 37 (1 - 72)  
SD 13C (‰)  0.3 (0.0 - 4.5)  1.6 (0.0 - 5.0) 1.5 (0.0 - 6.8)  
SD 15N (‰)  0.3 (0.0 - 3.7)  0.7 (0.0 - 2.9) 0.4 (0.0 - 4.7)  
Shredder invertebrates      
C3  6 (0 - 43)  47 (23 - 82)   
C4  23 (10 - 37)  6 (0 - 28)   
Periphyton  63 (27 - 86)  41 (1 - 66)   
SD 13C (‰)  2.1 (0.9 - 4.9)     
SD 15N (‰)  0.2 (0.0 - 2.1)     
Insectivorous fishes      
C3 36 (3 - 63) 47 (35 - 64) 3 (0 - 18) 23 (12 - 35) 24 (11 - 35) 8 (0 - 22) 
C4 26 (6 - 42) 10 (0 - 46) 11 (2 - 20) 33 (23 - 40) 27 (14 - 38) 48 (44 - 52) 
Periphyton 37 (4 - 74) 38 (1 - 53) 41 (20 - 57) 46 (27 - 64) 49 (28 - 75) 45 (27 - 54) 
Lichens   44 (23 - 62)    
SD 13C (‰)   0.1 (0.0 - 0.8) 0.1 (0.0 - 0.8) 0.1 (0.0 - 0.7) 0.2 (0.0 - 0.9) 
SD 15N (‰)   0.4 (0.0 - 1.0) 0.1 (0.0 - 0.8) 0.1 (0.0 - 1.0) 0.1 (0.0 - 0.7) 
Omnivorous fishes      
C3       
C4       
Periphyton       
SD 13C (‰)       
SD 15N (‰)          
       

 Issey Dry Issey Wet Kapkimolwa 
Dry 

Kapkimolwa 
Wet 

Mara Main 
Dry 

Mara Main 
Wet 

C3 2 (0 - 11) 22 (5 - 41) 12 (2 - 37) 32 (3 - 51) 14 (0 - 29) 2 (0 - 23) 
C4 12 (5 - 21) 20 (5 - 33) 17 (3 - 36) 35 (12 - 54) 43 (11 - 75) 63 (39 - 89) 
Periphyton 84 (70 - 93) 58 (30 - 85) 76 (28 - 92) 36 (1 - 71) 43 (3 - 76) 30 (0 - 53) 
Lichens       
SD 13C (‰) 0.6 (0.0 - 1.7) 0.7 (0.0 - 2.9) 0.1 (0.0 - 1.3)    
SD 15N (‰) 0.1 (0.0 - 1.0) 0.2 (0.0 - 2.2) 0.3 (0.0 - 2.0)    
Invertebrate gatherers     
C3 5 (0 - 25) 11 (0 - 36) 15 (0 - 35) 23 (0 - 45)   
C4 30 (15 - 44) 6 (0 - 30) 39 (16 - 58) 40 (13 - 60)   
Periphyton 67 (33 - 83) 81 (40 - 97) 42 (9 - 80) 39 (2 - 74)   
SD 13C (‰) 0.8 (0.0 - 2.7) 1.8 (0.0 - 5.0) 0.6 (0.0 - 3.6) 1.4 (0.0 - 9.5)   
SD 15N (‰) 0.2 (0.0 - 2.1) 0.6 (0.0 - 3.2) 0.3 (0.0 - 3.5) 0.8 (0.0 - 8.3)   
Predatory invertebarets     
C3 39 (2 - 64) 19 (5 - 40) 34 (5 - 53)  36 (3 - 54) 5 (0 - 50) 
C4 15 (0 - 49) 19 (6 - 32) 31 (5 - 50)  35 (2 - 59) 41 (5 - 81) 
Periphyton 41 (3 - 80) 63 (31 - 85) 35 (3 - 78)  35 (1 - 67) 36 (0 - 66) 
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Table 6.6 Continued    

SD 13C (‰) 
0.9 (0.0 - 

22.8) 0.6 (0.0 - 2.3) 0.4 (0.0 - 6.6) 
 

1.8 (0.0 - 33.4) 
2.2 (0.0 - 

40.8) 

SD 15N (‰) 
1.5 (0.0 - 

24.8) 0.3 (0.0 - 2.3) 1.1 (0.0 - 9.5) 
 

0.8 (0.0 - 18.3) 
0.7 (0.0 - 

17.3) 
Scraper invertebrates      
C3 39 (3 - 61) 29 (3 - 53) 24 (3 - 43) 35 (6 - 55) 17 (0 - 47) 10 (0 - 47) 
C4 28 (0 - 52) 40 (11 - 12) 28 (3 - 46) 31 (8 - 50) 38 (4 - 67) 44 (8 - 73) 
Periphyton 36 (1 - 73) 36 (0 - 59) 39 (16 - 88) 37 (1 - 73) 40 (2 - 74) 41 (1 - 67) 

SD 13C (‰) 
1.0 (0.0 - 

30.5) 0.8 (0.0 - 20.0) 1.3 (0.0 - 4.8) 
 

1.0 (0.0 - 34.4) 
1.0 (0.0 - 

35.5) 

SD 15N (‰) 
1.8 (0.0 - 

39.9) 0.7 (0.0 - 17.2) 0.2 (0.0 - 2.8) 
 

0.7 (0.0 - 22.5) 
0.7 (0.0 - 

19.4) 
Shredder invertebrates     
C3 38 (13 - 66) 41 (21 - 63)     
C4 22 (2 - 40) 19 (2 - 34)     
Periphyton 39 (2 - 72) 39 (8 - 68)     
SD 13C (‰)  0.4 (0.0 - 4.4)     
SD 15N (‰)  0.3 (0.0 - 4.3)     
Insectivorous fishes      
C3 15 (9 - 22) 27 (16 - 37) 26 (17 - 37) 25 (5 - 38) 13 (2 - 26) 2 (0 - 18) 
C4 22 (17 - 27) 38 (30 - 45) 28 (17 - 38) 34 (20 - 44) 14 (1 - 37) 70 (57 - 82) 
Periphyton 62 (52 - 73) 37 (20 - 52) 44 (27 - 64) 42 (19 - 73) 72 (40 - 94) 21 (1 - 41) 
Lichens       
SD 13C (‰) 0.1 (0.0 - 0.5) 0.1 (0.0 - 1.0) 0.1 (0.0 - 0.9) 0.2 (0.0 - 1.2) 2.4 (1.4 - 3.8) 0.8 (0.0 - 1.5) 
SD 15N (‰) 0.1 (0.0 - 0.6) 0.1 (0.0 - 1.1) 0.1 (0.0 - 0.8) 0.2 (0.0 - 1.7) 0.1 (0.0 - 1.0) 1.5 (0.0 - 2.6) 
Omnivorous fishes      
C3   19 (9 - 34) 21 (6 - 37) 11 (4 - 20) 2 (0 - 15) 
C4   20 (6 - 36) 31 (18 - 42) 24 (10 - 42) 62 (51 - 77) 
Periphyton   61 (34 - 81) 51 (24 - 74) 64 (40 - 84) 36 (9 - 48) 
SD 13C (‰)   1.5 (0.0 - 2.8) 0.1 (0.0 - 1.2) 0.9 (0.0 - 1.6) 0.2 (0.0 - 1.3) 
SD 15N (‰)   0.1 (0.0 - 0.9) 0.1 (0.0 - 1.2) 0.1 (0.0 - 0.7) 0.4 (0.0 - 1.7) 

 

In the Mara River, a seasonal deviation of   2‰ in 13C of FBOM and seston was observed with lower 

values in the wet season (Figures 6.4). Basal resources in small agricultural streams under direct 

influence of livestock become 13C-enriched during the dry season as a result of deposition of C4 

excreta. During the wet season, low 13C values are linked to surface run-off of soil OM from the 

catchments that are C3 dominated (Plates 5.1 and 6.2), which is in agreement with other studies in the 

tropics (Bird et al., 1998). Because of increased turbidity arising from soil erosion and input of 

terrestrial organic matter during the wet season (Defersha and Melesse, 2012), autochthonous 

production is reduced making terrestrial inputs the dominant contributions to consumers. Increased 

turbidity can limit autochthonous production enhancing reliance of aquatic consumers on terrestrial 

subsidies (Mead and Wiegner, 2010; Abrantes et al., 2013). The fact that C4 sources were more 

important than C3 sources for most consumer groups at agriculture sites (Issey, Tenwek, Olbutyo) 

during the dry season (Table 6.6) is consistent with the importance of herbivore-mediated inputs. 

Without the herbivore inputs, I would expect to see more C3 inputs during the dry season, since 

surface runoff is reduced, and the proportional contribution of riparian vegetation (river zone contains 

more C3 than at further distance from the river course) would increase (Bird et al., 1998; Marwick et 

al., 2014b). At the Mara Main site, patterns are opposite to what we see at the agriculture sites (Table 

6.5). During the dry season it would be expected that inputs mediated by hippos, which are constant 
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Figure 6.11. Simple linear regression (SLR) relationships between the estimated proportion of C4 vegetation cover 
in the catchments and the modal contribution (based on Bayesian mixing models) of C4 and C3 producers during 
the dry and wet seasons for (a) collector-filterers, (b) collector-gatherers, (c) predatory macroinvertebrates, (d) 
macroinvertebrate scrapers, and (e) insectivorous fishes.  Significant relationships are indicated; full line = C4 wet 
season, short dotted line = C4 dry season, long dotted line = C3 wet season, and short and long dotted line = C3 dry 
season- only in (d).  

 

throughout the year, would be most important relative to the wet season when material delivered from the 

catchment upstream are significant. However, there are indications to suggest that increased turbidity 

through scouring and mobilization of hippo excreta in pools by elevated discharge levels during the wet 

season (Plate 6.2) would limit primary production and shift the food webs to rely more on hippo 

subsidies. During the dry season, flow levels significantly drop in the river (McClain et al., 2014), 

implying that hippo faeces accumulate in pools. The slow movement of water in backwaters and side 

channels and the elevated nutrients brought in by hippos favour in-stream primary production which is 
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then incorporated into the food webs (Plate 6.2, Figure 6.10). The higher 13C values for seston during 

the dry season which are opposite of what is seen in higher trophic levels may be explained by the mature 

fishes analyzed which take longer for their tissues to reflect a change in diet. Moreover, some of these 

species, such as Labeo Victorianus, Barbus altianalis and Clarias gariepinus, are migratory (Whitehead 

et al., 1959; Manyala et al., 2005) and the captured individuals would have been new arrivals at the Mara 

Main site.  

Trophic positions of fishes displayed a narrow range (4.5 and 5.5) without a clear pattern among sites and 

fish species (Figure 6.8). This can be explained by widespread omnivory whereby most species in the 

Lake Victoria basin have been observed to feed on a diet mainly composed of insects and amorphous 

detritus (Corbet, 1961; Raburu and Masese, 2012). Lack of variability in TrPos of individual fish species 

among sites is indicative of fidelity to particular diets and a lack of differences in prey assemblages 

among sites (Beaudoin et al., 1999). Most herbivorous macroinvertebrates had TrPos between 2 and 3 

suggesting mixed carbon sources. Species in these guilds consume large amounts of detritus but also 

assimilate significant amounts of animal material (Mantel et al., 2004, Masese et al., 2014a). The higher 

TrPos for some groups such as scrapers and gatherers at the agricultural sites (Figure 6.8) are indicative 

of nitrogen inputs from agriculture and animal activities (Plate 6.2) which were likely incorporated into 

the food webs (Anderson and Cabana, 2005).    

So as not to bias interpretations on the important role of herbivores as vectors of delivery of C4 OM from 

catchments into river reaches, it is necessary to cater for possible contributions from autochthonous 

sources and aquatic macrophytes, which can contribute significantly to riverine OM pools (Lewis et al., 

2001). First, autochthonous primary production during the dry season was low at most of the sampled 

reaches (mg POC: mg Chlorophyll a > 100) suggesting a predominance of terrestrially-derived POC 

(Abril et al., 2002; Finlay and Kendall, 2007); wet season primary production was expected to be lower 

because of turbidity. Secondly, the sampled river reaches were devoid of macrophytes which would have 

been an alternative source of C3 carbon (Gichuki et al., 2001b). Thirdly, the 13C values of periphyton 

(mean±SD range, -25.8±1.8 to -17.3±0.9) and filamentous algae (-36.0 to -17.8 with a single sample with 

a value of -12.5) were low during the dry season, wet season values were lower (Figure 6.4), and in the 

range of the C3 photosynthetic pathway.  This implies that any autochthonous sources would most likely 

have contributed to the C3 OM pool in the river, and not to the C4 OM pool.  

The importance of autochthonous production and terrestrial C3 producers in the 4th order Ngetuny site 

and the importance of periphyton in the middle reaches of the Mara mainstem during the dry season 

agrees with the RCC and RPM (Vannote et al., 1980; Thorp and Delong, 2002). However, the findings 

that terrestrial C4 sources transported into the river by large herbivores can be important for river food 

webs has not been captured by any model. The entire gradient of the studied river is incised with minimal 

interaction with the floodplain, making the possibility of floodplain-derived terrestrial vegetation to 

support food webs (Junk et al., 1989) unlikely. However, the importance of terrestrial C4 sources during 
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the wet season is also related to the flushing of organic matter and nutrients from savanna grasslands into 

the river by surface runoff (Augustine et al., 2003; Strauch, 2011). These results concur with other 

studies where terrestrial sources have been found to be spatially and seasonally important for riverine 

food webs (Zeug and Winemiller, 2008; Hunt et al., 2012; Pingram et al., 2014).  

Different trophic guilds and FFGs of invertebrates relied on different sources of energy to different 

extents, indicating significant spatial and taxonomic variation in sources of nutrition (c.f. Zeug and 

Winemiller, 2008; Pingram et al., 2014). Macroinvertebrate filterers that feed on the water column were 

good indicators of materials transported from upstream and reflected the dominant terrestrial energy 

sources at the vicinity of the sites (either C3 or C4). On the other hand, macroinvertebrate gatherers and 

insectivorous fishes captured the immediate influences at the vicinity of the sampled sites during the dry 

season. However, the findings that periphyton was the dominant source for shredders at the Ngetuny 

forest site are unexpected but can be explained by the fact that most of these shredders were omnivorous 

crabs (Potamonautes spp.) which, in addition to leaf litter, also feeds on other invertebrates and 

periphyton (Lancaster et al., 2008; Masese et al., 2014a). 

Losses of mega-herbivore species from major land masses worldwide have had a significant influence on 

vegetation patterns and organic matter dynamics, nutrient distributions and ecosystem functioning 

(Zimov, 2005; Wardle et al., 2011). In Africa, large populations of savanna herbivores have been 

decimated and replaced by exotic livestock, which now make up more than 90 percent of large 

mammalian biomass of East and southern Africa (Prins, 2000; Ogutu et al., 2011). This loss of herbivores 

makes it difficult to understand pre-development ecosystem dynamics and establish terrestrial-aquatic 

food web linkages, especially those that are mediated by indigenous large animal vectors. It has been 

predicted for African savannas that a substantial reduction in large herbivore diversity will result in 

significant changes in ecosystem structure and function as well as a cascading decline in terrestrial 

savanna biodiversity (du Toit and Cumming, 1999). Along river valleys, reciprocal flows of subsidies by 

animals, or through their game paths through which materials flow from terrestrial landscapes to rivers, 

have also been reported (du Toit et al., 1990; Naiman et al., 2003). The large populations of herbivores in 

African savanna systems, such as the Mara-Serengeti ecosystem in east Africa, offer opportunities to 

study and infer the role of large herbivores on riverine ecosystem functioning (Naiman and Rodgers, 

1997; Jacobs et al., 2007; Strauch, 2011). Thus, this study offers a glimpse into the past and, at the same 

time, presents evidence for increasing anthropogenic influence on riverine ecosystems structure and 

function. 

Most rivers draining into Lake Victoria have been cleared of hippo populations, which are currently 

confined to rivermouths of major rivers and littoral areas around the lake (Chapter 3). As evidenced in 

this study, replacing hippo populations by livestock affect OM dynamics in the rivers. For instance, as 

ruminants, cattle rework their ingested food when chewing the cud resulting in a more refined and 

homogenous excreta while hippos excrete semi-digested material. The different conditioning of ingested 
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organic matter by these two herbivores likely influences nutrient cycling and ecosystem dynamics, but 

comparative studies are limited. In the Mara River, hippos have been linked to increased primary and 

secondary production (Gereta and Wolanski, 1998). At the same time the high loads of OM into the river 

are suspected to be responsible for fish kills during rain events after prolonged dry conditions (Amanda 

Subalusky, Yale University, pers comm.). 

Conclusions 

Partitioning the relative importance of different sources of energy supporting river food webs is critical 

for their management and restoration (Winemiller, 2004; Naiman et al., 2012). This study highlights the 

importance of considering seasonality in riverine food web studies and the important role that terrestrial 

herbivores play as vectors that enhance energetic terrestrial-aquatic linkages in riverine ecosystems in 

African savanna landscapes. Results show that different terrestrial and autochthonous sources fuel 

aquatic food webs, and that these resources are spatially and seasonally variable (Figure 6.10). The 

importance of different sources for consumer groups depends on the nature of herbivore and human 

influences, season and location on the fluvial continuum, and highlights the need to further examine the 

interaction among discharge variation, animal-mediated subsidies and taxonomic diversity for the 

preservation of key ecological functions in rivers of the region (Poff et al., 1997).  
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Chapter  

7 

Synthesis and conclusions 

1. Overview 

This dissertation is a contribution to the theory of river functioning and has improved understanding of 

the functioning of African tropical streams and savanna rivers. By identifying 19 shredder taxa in the 

study area, the highest number so far in the African tropics, I refute preexisting findings that shredder 

diversity is limited in African tropical streams; this number (19) compares well with other tropical and 

temperate regions where shredders are not limited (Table 3.5). The use of leaf litter decomposition 

experiments in this study has also helped highlight the important role played by shredders in organic 

matter processing in forested African tropical streams. This study also fills a knowledge gap by 

classifying 109 macroinvertebrate taxa in African tropical streams into functional feeding groups. The 

findings of this study also contributes to the growing evidence that shows that diet-tissue fractions of 

stable nitrogen ( 15N) and carbon ( 13C) isotopes for consumers in tropical rivers are at the low end of 

the range of values reported from temperate systems (e.g., Bunn et al., 2013).  The use of suitable 15N 

and carbon 13C for consumers in tropical rivers will lead to more satisfactory outputs with isotope 

mixing models.  

The documented role of large herbivores as vectors enhancing terrestrial-aquatic energetic linkages in 

savanna landscapes via their transfer of allochthonous C4 grasses adds to the theory of riverine 

ecosystem functioning. Prior to these findings C4 grasses were considered to be a poor quality resource 

that contributed minimally to food webs as compared with C3 vegetation (input mainly through litterfall) 

and periphyton (Roach, 2013  and references therein). This study also show that the relative importance 

of allochthonous and autochthonous sources of energy for riverine consumers are temporally variable, 

which is in line with the importance of seasonality and discharge variation as drivers of ecosystem 

functioning of tropical rivers. Many studies that consider autochthonous production to be the major 

source of energy for riverine food webs were conducted during dry season (Thorp and Delong, 2002; 

Zeug and Winemiller, 2008). Moreover, the findings of this dissertation show that rural land use 

activities both at the catchment- and at the reach-scale influence ecosystem functioning by modifying 

organic matter dynamics, light regimes, ecosystem metabolism and the distribution of macroinvretebrate 

taxa, mainly shredders. In this regard, this study provides information that is useful for defining future 

research needs and actions for sustainable management of rural agriculturally influenced streams, 

including their riparian zones and biological communities.  
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2. Synthesis 

2.1 Anthropogenic influence on ecosystem functioning 

As reviewed in chapter 2, changes in land cover and land use in catchment areas have modified the 

composition and amount of material load in streams and rivers in the Lake Victoria basin (LVB). These 

changes have had significant implications for water quality, organic matter (OM) processing and energy 

sources. The land use and land cover changes that have occurred in the upper reaches of many rivers in 

the LVB include clearance of indigenous vegetation and its replacement with exotic plantation species 

such as Pinus spp., Cupressus sp. and Eucalyptus spp. Leaf litter from some exotics, such as Eucalyptus 

spp., are of poorer quality than the indigenous tree species they replace (Chapter 4). Because native trees 

have a different regime in the shedding of their leaves (Magana, 2001), their removal and replacement 

with exotic species has the potential to modify the amount and timing of leaf litter input to streams. The 

clearing of riparian vegetation along low order streams has also created favourable light conditions for 

primary production and has turned many potentially hetetrophic streams autotrophic (Chapter 5). 

There was support and concurrence of results and conclusions from the different methods and approaches 

used to measure the effects of catchment land use and riparian disturbances (animal watering, bathing 

and laundry washing by people) on ecosystem functioning. The macroinvertebrate functional feeding 

groups (FFGs) displayed a shift in composition from forest to agriculture streams that reflects a change 

from reliance on allochthonous leaf litter (shredder dominance) to reliance on autochthonous instream 

production (dominance of scrapers). Similarly, both gross primary production (GPP) and ecosystem 

respiration (ER) rates displayed a shift with land use change with forest streams recording higher rates of 

ER (GPP/ER <0.5) indicating that they were more heterotrophic than most agriculture streams (GPP/ER 

>0.5).  Optical properties (absorbance and fluorescence based) of DOM largely indicated a predominance 

of terrestrially-derived DOM in forest streams and autochthonous DOM in agriculture streams, even 

though soil erosion from agricultural lands was suspected to be a source of aromatic DOM in agriculture 

streams during the wet season. These land use influences on ecosystem functioning were also tracked by 

results of 13C and 15N of energy sources and consumers, with a predominance of terrestrially-derived 

C3 vegetation at the forest sites and benthic algae (periphyton) dominated in agricultural streams during 

the dry season, even though terrestrial subsidies of organic matter by mammalian herbivores also 

contributed to food webs in agriculture streams. 

2.2 Role of shredders in organic matter processing 

One of the least understood attributes of African tropical streams is the diversity and abundance of 

shredders and their role in leaf litter processing. The few studies that have examined the functional 

diversity and community structure of macroinvertebrate assemblages have concluded that while 

macroinvertebrates are diverse and abundant, shredders are limited (Dobson et al., 2002; Masese et al., 

2009b). However, these studies also indicate that identification of shredders is hampered by a lack of 
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identification keys and the few studies that have been done have used keys developed for temperate 

stream fauna (e.g., Merritt et al., 2008). In some cases, these keys have been found to be misleading for 

some taxa in the tropics (Dobson et al., 2002; Cheshire et al., 2005), necessitating the need for 

development of keys and guides for Aftrican tropical stream fauna. Aided by the analysis of gut contents, 

I indentified a total of 19 shredders in this study and seven shredder taxa had restricted distribution to 

forested streams (Chapter 3). Contrary to previous findings in African tropical streams (Tumwesigye et 

al., 2000; Dobson et al., 2002; Abdallah et al., 2004) my findings show that shredders are important 

components of upland streams but their distribution is limited by changes in water quality and riparian 

alterations by human and livestock activities.  

The consequence of limited shredder distribution was highlighted by their role in leaf litter processing in 

the streams (Chapter 4). In addition to highlighting the applicability of leaf litter processing and the 

composition of invertebrate FFGs as functional and structural indicators, respectively, of ecological 

health, Chapter 4 also highlights interactions among catchment land use, riparian activities and 

seasonality as drivers of ecosystem functioning in upland tropical streams. While catchment land use is 

an important determinant of temperature and litter biomass in the studied streams, reach-scale (riparian) 

influences which determine leaf litter quality through exotic introductions and reduced water quality were 

also important in structuring macroinvertebrate communities and determing their functional organization, 

with effects propagating to the processing of leaf litter. The findings of this dissertation (Chapters 3 and 

4) are significant contributions to the growing data on the functional organization of tropical streams, 

including dietary requirements and trophic relationships. The findings will likely spur further research in 

these topics in the African tropics. By using the ratios of functional feeding groups as surrogates of 

ecosystem attributes (sensu Merritt et al., 2002) and functional indicators of ecological health, this study 

will also contribute to better assessment of human influences and management of upland African tropical 

streams that are threatened by land cover and land use changes (e.g., Jinggut et al., 2012). 

2.3 Land use effect on DOM composition and ecosystem metabolism 

Catchment land use change and the loss of riparian corridors to deforestation have had a disproportionate 

influence on the functioning of headwater streams mainly through changes in biological communities, 

organic matter dynamics, nutrient input and in-stream primary production (Bilby and Bisson, 1992).  

With the realization that the quality of dissolved organic matter (DOM), in addition to its quantity, is 

important in the understanding of carbon dynamics in streams (Wetzel, 1992; Battin et al., 2008), a 

number of studies have sought to link DOM composition in streams with land use in the catchments they 

drain (Wilson and Xenopoulos, 2009; Graeber et al., 2012). However, much of our understanding of the 

effects of land use change on organic matter dynamics in streams and rivers is largely based on studies of 

temperate ecosystems (Graeber et al., 2012; Wilson and Xenopoulos, 2009; Staehr et al., 2012). This is 

disproportionate to the important role played by tropical streams and rivers that transport >60% of the 

global riverine carbon (Ludwig et al., 1996; Schlünz and Schneider, 2000). Moreover, while findings on 

the influence of agricultual land use on DOM composition in streams have been unequivocal, the 
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responses in specific properties of DOM have been variable. For instance increased contributions of 

microbially derived and structurally less complex DOM to the DOM pool in agricture streams have been 

reported (Wilson and Xenopoulos, 2009; Williams et al., 2010). In contrast, Graeber et al. (2012) found 

the percentage of land under agricultural use to increase the amount of structurally complex and aromatic 

DOM in streams. These apparently divergent findings suggests that the proportion of agricultural land 

use within a catchemnt alone is unlikely to explain patterns in DOM composition in recipient streams. 

Land use history, soil type, tillage practice or technique, catchment topology, climate and alterations to 

hydrological residence times and flow paths, in addition to the uptake rates and provenance to 

metabolism of the different DOM pools,  have all been found to contribute somewhat to DOM 

concentration and composition in streams (Ogle et al., 2005; Ewing et al., 2006).  The implications of 

these findings are  such that in order to improve our understanding of models of the global carbon cycle, 

more data are needed on headwater streams across different biomes and climates (Battin et al., 2008). 

This is more so the case in Afropical streams which are underrepresented in global models of riverine 

carbon cycling. More studies that examine the spatial and temporal variation in DOM amount and 

composition in agricultural streams are also needed to help reconcile disparate responses that have been 

reported for specific attributes of DOM in the literature.  

I compared the spatial and temporal variation in DOM amount and composition in headwater streams in 

the Mara River basin, Kenya (Chapter 5). To allow better understanding of sources of DOM and its 

cycling in tropical streams, the longitudinal variation in the composition of DOM was investigated as 

streams increase in size (Vannote et al., 1980) and relationships among DOC concentration, DOM 

composition and ecosystem metabolism in the streams. In the upland streams of the Mara basin, forested 

streams exported more structurally complex and high molecular weight DOM than streams draining 

agricultural land. However, aromaticity of DOM was high even in agriculture streams during the wet 

season, and this was attributed to the mobilization of the upper soil layers which are rich in soil organic 

matter during tillage and subsequent transport into streams by surface runoff. Evidence of elevated levels 

of sediments washed by surface runoff from farmlands, footpaths by people and livestock, and unpaved 

roads were observable in agriculture streams during and after rain events (Plate 5.1). Measures of 

ecosystem metabolism responded to the land use change with higher rates of GPP and ER in agriculture 

streams.  DOM composition seemed to track this variability whereby forest streams were net 

heterotrophic because of the high levels of canopy cover while many of the agriculture streams were net 

autotrophic as a result of high rates of primary production favoured by higher nutrient levels (mainly 

dissolved fractions of nitrogen) and open canopy.   

Seasonality was important and through its control on material loads in streams and rivers, longitudinal 

and lateral hydrologic linkages, dry- and wet-season differences in rates of GPP and ER were observed. 

Increased rates of GPP were recorded during the dry compared with the wet season. Higher rates were 

also recorded at forest streams during the dry season, though this was not significantly different from dry 

season metabolism at agriculture streams, suggesting that level of canopy cover was also dependent on 
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seasonality. During the dry season shedding of leaves was higher (Magana, 2001), and some tree species 

shed all their leaves (pers. obser.). In the study area, the effect of this phenomenon was a slightly open 

canopy in forest streams during the dry season; it is much easier to walk through the forest and along 

streams for the same reason, as opposed to during the wet season when the vegetation is denser and 

undergrowth more impenetrable. During this time, the levels of insolation are higher and for longer 

periods due to limited cloud cover and this likely contributed to higher GPP rates in forest streams during 

the dry season. 

Analysis of DOM composition on the longitudinal gradient captured shifts from allochthonous to 

autochthonous sources, and this agrees with the river continuum concept (Vannote et al., 1980). Stream 

size mainly influenced the molecular size of DOM through photodegradation as streams became wider 

and insolation increased. However, the longitudinal gradients also mimicked the land use gradient 

making it difficult to reconcile patterns in some properties of DOM, such as reducing SUVA254 and SR 

with increasing stream size.  

My findings help elevate the role of land use, and specifically agriculture, as a source of structurally 

altered DOM to surface waters. Potential differences in catchment characteristics, and for my case land 

use history and usage and the techniques - plough and hoe vs intensive mechanization- need to be 

addressed in future studies to better understand the effect of different agricultural practices and intensities 

on DOM dynamics in aquatic ecosystems. Measures of ecosystem metabolism in these streams help 

complement the role of tropical streams and rivers as important components of the global carbon cycle 

and add to the growing understanding of the effects of agricultural land use on riverine ecosystem 

functioning.  

2.4 Energy sources for riverine food webs 

In the ongoing discussions, comparisons have been made between temperate and tropical streams and 

rivers in terms of organic matter processing, food web attributes and the major sources of energy fuelling 

metazoan food webs. Many of the studies in tropical headwater streams have supported the importance of 

autotrophic production over terrestrial inputs as a major source of energy for aquatic consumers (Mantel 

et al., 2004; Li and Dudgeon, 2008; Coat et al., 2009). However, even with these emerging shared 

characteristics, there is a general consensus on the high heterogeneity in the structure and functioning of 

tropical riverine ecosystems (Boulton et al., 2008) and the influence of discharge variation has not been 

extensively explored. Highland montane streams are likely to be functionally different from their lowland 

savanna counterparts. In the African savannas, large mammalian herbivores were once key features of 

these landscapes (Prins, 2000; Ogutu et al., 2011) with the potential to influence streams and rivers 

through vectoring of terrestrial organic matter and nutrients into aquatic environments when watering. 

However, most of the herbivores have been lost as a result of land use change and have been replaced in 

large areas by livestock. The implications of these losses on energetic terrestrial-aquatic linkages are 

hardly understood.  Lack of comparable studies across regions and systems has limited generalizations 
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about determinants of ecosystem structure and function and predicting the likely impacts of global and 

regional human disturbances, notably land use change and the associated alterations of the natural flow 

regimes of streams and rivers. Partitioning the relative importance of different sources of energy 

supporting river food webs is critical for their management and restoration (Winemiller, 2004; Naiman et 

al., 2012). In this dissertation I pursued these questions with the aim of understanding the influence of 

land use change and mammalian herbivores on the relative importance of different sources of energy for 

consumers in the Mara River (Chapter 6).  

The SIAR model results in this dissertation (Chapter 6) show that overally, periphyton is the major 

source of energy for consumers in the Mara River during the dry season. This is in agreement with many 

dry season studies that have shown periphyton or algae to be the predominant source of energy for 

riverine consumers (Thorp and Delong, 1994, 2002; Delong and Thorp 2006; Roach, 2013). During the 

wet season, however, allochthonous sources gained importance and at sites influenced by mammalian 

herbivores (livestock, ungulates and hippos) the importance of C4 producers over C3 producers increased 

(Figure 6.10).  I show that both terrestrial and autochthonous sources fuel aquatic food webs and that for 

consumers in rivers that drain savanna landscapes these sources vary seasonally with seasonal pulses of 

flow and riparian inputs, and spatially in relation to land use influences and mammalian herbivore inputs 

(Figure 6.10). However, one of the intriguing findings in this regard is the importance of autochthonous 

sources for consumers in river reaches clearly dominated by hippo inputs during the dry season. During 

this period, it is expected that because of limited upstream sources and lack of runoff from the 

catchments, terrestrial inputs by hippos would dominate in-stream secondary production, especially 

considering that bioturbation by hippos would increase turbidity and subsequently reduce primary 

production.  However, there is evidence to suggest that despite the presence of hippos in the Mara River, 

autochthonous production can dominate energy sources during the dry season. Pools created by hippos 

reduce water velocity, increase habitat complexity and create backwater habitats where primary 

production can occur (Thorp and Delong, 1994; Gereta and Wolanski, 1998; Mosepele et al., 2009). 

2.5 Contribution to models of riverine ecosystem functioning 

This dissertation provides support for some tenets of both the River Continuum Concept (Vannote et al., 

1980) and Riverine Productivity Model (Thorp and Delong, 1994, 2002). In forest streams, shredders 

were diverse and played major roles in leaf litter processing but the dominance of upstream derived 

energy was not found to be important for downstream river reaches during both the dry and wet seasons. 

In agreement with RPM (Thorp and Delong, 2002), benthic algae (periphyton) were the dominant basal 

carbon resource supporting consumers in the middle reaches of the Mara River and its two main 

tributaries, the Nyangores and the Amala, during the dry season (Figure 6.10). While this is also in 

agreement with the RCC (Vannote et al., 1980), the dominance of terrestrially-derived C4 sources at 

herbivore influenced sites during the wet season is unprecedented and reflects the important role played 

by mammalian herbivores as vectors of terrestrial-aquatic energetic linkages in African savanna 
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landscapes (Chapter 6). However, land use change and the continued loss of large mammals in savanna 

landscapes is likely to influence the functioning of riverine ecosystems by eliminating this energetic 

linkage. The livestock that are replacing wildlife herbivores need to be investigated to determine whether 

they have a similar influence. 

3. Management concerns and recommendations 

Because of its transboundary nature (Kenya/Tanzania) and by hosting the Masai Mara National Reserve 

(Kenya) and Serengeti National Park (Tanzania), which are internationally renowned tourist attractions, 

the Mara River basin has attracted a lot of attention over the last decade by both policy makers and 

scientists. One of the past projects is the Global Water for Sustainability (GLOWS) program that was 

funded by the United States Agency for International Development (USAID), which assessed the 

environmental flow requirements in the Mara River and funded a number of other studies that have made 

recommendations on water availability and use, including the impacts of land use change on water 

resources and ecosystem functioning (e.g., Melesse et al., 2008; Omengo, 2010; Mango et al., 2011; 

Defersha and Melesse, 2012; Minaya et al., 2011; McClain et al., 2014). Human activities in the Mara 

River basin that have implications for the functioning of the Mara River include land use change, soil 

erosion, increasing water demands and uncontrolled water abstractions, loss of riparian indigenous 

vegetation and its replacement with exotic tree species, and loss of large mammalian wildlife populations 

and their replacement with livestock (this study, Serneels et al., 2001; Lamprey and Reid, 2004; 

Derfersha and Melesse, 2012; Mati et al., 2008; Mango et al., 2011; Ogutu et al., 2011; Dessu et al., 

2014). While non-point sources of pollution are difficult to prevent, adoption of best management 

practices (BMPs) will help improve soil and water conservation in the basin.  

The current ecological status of the Mara River is bound to change because of development activities that 

have been lined up in the basin as part of Kenya’s Vision 2030 (GoK, 2007, 2008). Currently no major 

reservoir exist in the study area; however two mini-sized multi-purpose dams are planned on the Mara 

River: Mugango on the Nyangores tributary above Tenwek which is the largest and Norera on the Amala 

tributary in Kenya and at Borenga in Tanzania (NBI, 2011). These dams will provide water for irrigation, 

domestic use, fisheries and flood control. Plans are also underway to increase the area under irrigation in 

the lower Nyangores River sub-basin at Chepalungu. These changes threaten to alter flow regimes and 

material load in ways that will likely impair ecosystem integrity and functionality of the rivers. In 

addition, agricultural land use is likely to increase and intensify in the coming years to meet increasing 

food requirements and provide income for the growing human population, and these increases are more 

likely to occur in the semi-arid middle reaches with more water demands for irrigation (Serneels et al., 

2001; Mati et al., 2008; Kilonzo, 2014). The government of Kenya through the National Cereals and 

Produce Board has also encouraged fertilizer application on farms by subsidizing prices for farmers at 

70% of the market price. All these changes in the basin have implications for the functioning of the river 



 

164 
 

through modifications in vegetation and organic matter dynamics, run-off processes, erosion, nutrient 

input and flow levels.  

A number of management decisions are needed, and some have been made, to safeguard the long-term 

sustainability of the Mara River basin. Catchment reforestation of degraded sections of the Mau Forest 

(GoK, 2009), preventing further loss of riparian vegetation and reforestation using indigenous tree 

species are some of the recommendations that will help restore the integrity of streams in agricultural 

areas. To achieve this, the government of Kenya has set aside resources to rehabilitate the Mau Forest 

(GoK, 2009). At the local scale, community forest users associations (CFAs) and water resource users 

associations (WRUAs) are participating in reforestation activities and rehabilitation of riparian zones. In 

the short term, there is a need for continued financial support and capacity building of these organizations 

to achieve their objectives as laid out in their management plans- limiting soil erosion, reforestation of 

degraded forest areas, rehabilitation and demarcation of riparian zones and monitoring water use and 

abstractions among other activities. In the long-term, these associations will need to be self-reliant and 

sustainable. However, the success of any initiative in the basin will ultimately have to address the drivers 

of environmental change themselves, i.e., human population growth, land use policy and the high poverty 

levels.  

While the current water quality situation in the Mara River is not critical, there have been cases of 

microbial contamination during the dry season when flows in the streams and the rivers are much 

reduced. With increasing demands occasioned by the growing animal and human populations, water 

quantity and quality will become limiting in the coming years. This will be exarcerbated by inadequate 

sanitation facilities, improper discharge of effluents from toilets into rivers, improper use of 

agrochemicals, watering of livestock directly in rivers, bathing and washing of clothes in rivers, and poor 

solid and liquid disposal facilities (NBI, 2008). To tackle these problems, liquid and solid waste disposal 

should be managed well and a water quality monitoring program in Mara River basin should be 

established. Most importantly, adherence to the rule of law, enforcement and compliance in 

environmental management will be the key to the sustainability of ecosystem functions and provision of 

ecosystem services. 

4. Future research 

Stream and river studies from African biomes such as montane forests and savannas are underrepresented 

in the tropical literature and an understanding of the structure and function in these ecosystems is 

generally missing in assessment of emerging trends (Boyero et al., 2009; Dudgeon et al., 2010).  The 

climatic difference and seasonal heterogeneity of tropical African rivers offer an opportunity to expand 

and inform the existing tropical database. While this dissertation has addressed the role of shredders in 

leaf litter processing in upland montane streams, there is a need to extend the study by comparing streams 

in different climates (savanna vs montane) and altitudes (e.g., Boyero et al., 2009).  
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Future research should quantify the contributions of nutrients by potamodromous fish species to riverine 

food webs (e.g., Walters et al., 2009), especially in the lower reaches of rivers draining into Lake 

Victoria. The spatial isotopic variation of some migratory fish species such as Labeo victorianus, Barbus 

altianalis and Clarias gariepinus (Ojwang et al., 2007) has the potential to allow the quantification of 

movements between habitats (Rasmussen et al., 2009). Inclusion of isotopes of other elements such as 

sulphur and hydrogen would improve discrimination between floodplain, riverine and lake derived 

carbon (e.g., Jardine et al., 2011). The use of otolith microchemistry would also provide another approach 

to identify and determine fish movements between habitats (Campana et al., 2005; Elsdon, et al., 2008; 

Smith and Kwak, 2014) and migrations by potamodromous fishes from the lake into influent rivers. 

Using isotopes and dietary analysis to identify ontogenetic shifts in resource use, trophic position and 

niche width within species and overlaps among species (Ojwang et al., 2004; Layman et al., 2007; Davis 

et al., 2012; Jackson et al., 2012), could be important for describing food web attributes and linkages, 

with potential implications for species management and fisheries productivity.  

Terrestrial invertebrates were not sampled in this study and this could have illustrated more direct 

linkages between riverine food webs and terrestrial resources, especially in headwater streams where they 

are known to contribute significantly to fish biomass (Nakano et al., 1999; Baxter et al., 2005). Future 

studies should use stable isotopes to estimate turnover rates for different species and trophic groups 

during different flow conditions. This will strengthen interpretations of energy sources and pathways 

along the Mara River. This is specifically true in the middle reaches of the Mara River that are inhabited 

by hippos and crocodiles which makes sampling of resources and consumers very difficult and 

sometimes dangerous. Similarly, in order to improve estimates of source contributions to consumers, 

diet–tissue fractionation values of stable nitrogen and carbon isotopes will have to be established under 

control experiments where the isotopic values of diets are well known. This will help minimize 

uncertainty in mixing model outputs and the calculation of trophic levels in food web studies in tropical 

aquatic systems.  In addition, future studies on sources and flows of energy should quantify organic-

matter flows in order to determine the absolute basis of metazoan production of aquatic systems (Benke 

and Wallace, 1980; Cross et al., 2013), as opposed to a qualitative determination of energy sources and 

flow in food webs.  

Given the role that large migratory herbivores play in the ecology of large rivers in the region (this 

dissertation), studies are needed to determine the effects of removing hippos from river reaches. Most 

rivers draining into Lake Victoria have been cleared of hippo populations, which are currently confined 

to mouths of major rivers and littoral areas around the lake (Chapter 2). As evidenced in this study, 

replacing hippo populations by livestock affects OM dynamics in the rivers. For instance, as ruminants, 

cattle rework their ingested food when chewing the cud resulting in a more refined and homogenous 

excreta, as opposed to hippos which excrete semi-digested material. The disparate conditioning of 

ingested organic matter by these two herbivores likely influences nutrient cycling and ecosystem 

dynamics, but comparative studies are limited. Whether the presence of hippos results in increased 
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primary and secondary production (e.g., fisheries) is also not clear because of the contrasting outcomes 

that have been reported. In the Mara River, hippos have been linked to increased primary and secondary 

production (Gereta and Wolanski, 1998), but more data are needed to determine whether their 

bioturbation has negative effects on ecosystem productivity. It has been estimated that around 10% of the 

suspended matter in the Mara River is composed of hippo excreta (Dutton, 2012). At the same time the 

high loads of OM into the river are suspected to be responsible for fish kills during rain events after 

prolonged dry conditions, but more data are needed to answer this unequivocally. There is also a need to 

determine the role of livestock and hippos in the transfer of other nutrients such as N, P, and Si from land 

to streams and rivers since they could have a major influence on the productivity of aquatic primary 

producers and play a role in eutrophication of aquatic ecosystems. There is also a need to study the 

influence on ecosystem functioning of livestock replacing wildlife in the middle basin and in the Talek 

region. 

While additional research in Mara has much to contribute to emerging models of tropical river ecology, 

the most pressing research needs in the region are, by far, those investigating the impacts of 

anthropogenic change on ecosystem functions and associated losses of ecosystem services used by 

people. Priority here should be given to research focused on the drivers of environmental change as 

opposed to the manifestations of the changes themselves. In this regard research is needed into the social 

and governance structures in the basin and their linkage to environmental change. This is line with 

integrated water resources management that calls for a multidisciplinary approach to the management of 

complex watershed resources, especially under the current times of change. 
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Samenvatting 

Om rivieren en hun ecosysteemdiensten te behouden, herstellen en beheren is kennis over hun 

functionele dynamiek onontbeerlijk. Er is echter nog steeds een gebrek aan kennis over het functioneren 

van tropische rivieren met betrekking tot de energetische basis van riviervisserij. In deze studie wordt een 

overzicht gepresenteerd van de antropogene invloeden op omzettingen van organisch materiaal, 

energiebronnen en kenmerken van voedselketens in rivieren in het stroomgebied van het Victoriameer, 

met daarbij ook recente onderzoeksresultaten uit de tropen. Er zijn tegenstrijdige resultaten gerapporteerd 

over de diversiteit van versnipperaars en hun rol in het omzetten van organisch materiaal in tropische 

rivieren. Recent tropisch onderzoek heeft ook het belang van autochtoon koolstof, zelfs in kleine rivieren 

in beboste gebieden, benadrukt. Vergelijkbare onderzoeken in Afro-tropische rivieren zijn echter beperkt, 

wat het moeilijk maakt om hun positie in optredende patronen van koolstof stromen in de tropen vast te 

stellen. 

Deze studie werd uitgevoerd in de Mara rivier, een belangrijke grensoverschrijdende rivier die ontspringt 

in het Mau boscomplex in Kenia en via Tanzania uitmondt in het Victoriameer. Bovenstrooms wordt het 

stroomgebied afgewaterd door twee zijrivieren, de Amala en Nyangores rivieren welke samenkomen in 

het middengedeelte en zo de hoofdstroom van de Mara vormen. De algemene doelstelling van deze 

dissertatie was het verkrijgen van een beter begrip over het functioneren van de Mara rivier door het 

bepalen van de dynamiek in ruimte en tijd van oorsprong en aanvoer van organische stof onder 

verschillende omstandigheden van landgebruik en stromingspatronen, en de invloed die deze dynamiek 

heeft op de energiestroom voor consumenten in de rivier. Benthische macro-invertebraten werden 

verzameld in rivieren met open en gesloten bladerdak en werden geclassificeerd naar functionele 

voedingsgroep op basis van een analyse van hun maaginhoud. In totaal werden 43 predatoren, 26 

verzamelaars, 19 schrapers and 19 versnipperaars geïdentificeerd. De soortenrijkdom was hoger in 

rivieren met een gesloten bladerdak, waar versnipperaars ook de meest dominante groep waren in termen 

van biomassa. Zeven taxa van versnipperaars kwamen alléén voor in rivieren met een gesloten bladerdak, 

hetgeen het belang aangeeft van het behoud van water- en habitat kwaliteit, inclusief de toevoer van 

bladafval van de juiste kwaliteit, in de bestudeerde rivieren. De resultaten suggereren dat rivieren in 

hooglanden een diverse groep van versnipperaars herbergen in tegenstelling tot eerdere onderzoeken die 

slechts een beperkt aantal taxa van versnipperaars hebben aangetoond. 

Vervolgens werden de samenstelling van invertebrate functionele voedingsgroepen en het 

ecosysteemproces van bladafbraak gebruikt als, respectievelijk, structurele en functionele indicator voor 

de conditie van het ecosysteem in Keniaanse hoogland rivieren. Grof- en fijnmazige strooiselzakken 

werden gebruikt om microbiële (fijnmazig) en versnipperaar + microbiële (grofmazig) afbraaksnelheden 

te vergelijken, en daarnaast voor het bepalen van de rol van versnipperaars in strooiselomzetting van 

bladeren van verschillende boomsoorten (inheemse Croton macrostachyus en Syzygium cordatum en de 

exoot Eucalyptus globulus). Voor de inheemse bladsoorten waren afbraaksnelheden over het algemeen 
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hoger in grofmazige dan in fijnmazige strooiselzakken en de relatieve verschillen in afbraaksnelheden 

tussen bladsoorten bleven ongewijzigd in zowel rivieren in landbouwgebieden als in bossen. 

Versnipperaars waren relatief belangrijker in bosrivieren dan in rivieren in landbouwgebieden, waar 

microbiële afbraak belangrijker was. Bovendien was de door versnipperaars gefaciliteerde bladafbraak 

afhankelijk van bladsoort, en deze was het hoogst voor C. macrostachyus en het laagst voor E. globulus, 

hetgeen suggereert dat vervanging van inheemse oevervegetatie door kwalitatief mindere Eucalyptus 

soorten langs rivieren tot een reductie in nutrienten recycling in rivieren kan leiden. 

Om de dynamiek van organische stof in deze rivieren te bestuderen werd de invloed van verandering in 

landgebruik op de samenstelling en concentratie van opgelost organisch materiaal (OOM) bepaald en de 

relatie met rivier-ecosysteem metabolisme onderzocht. Optische eigenschappen van OOM gaven 

opmerkelijke verschuivingen in samenstelling te zien langs een gradient van landgebruik. Bosrivieren 

bevatten OOM met een hoger moleculair gewicht, afkomstig van land, terwijl rivieren in 

landbouwgebieden in verband gebracht werden met autochtoon geproduceerd, laagmolecuair OOM, en 

met fotodegradatie dankzij het open bladerdak. Geur was echter sterk op alle lokaties, onafhankelijk van 

landgebruik in het betreffende stroomgebied. In landbouw gebieden was een sterke geur waarschijnlijk 

afkomstig van landbouwgrond waar bodems worden gemobiliseerd tijdens het bewerken en vervolgens 

door run-off in rivieren terecht komen. Bruto primaire productie en ecosysteem respiratie waren over het 

algemeen hoger in rivieren in landbouwgebieden, vanwege enigszins open bladerdak en hogere 

nutrientenconcentraties. De conclusies van deze studie zijn belangrijk omdat ze, naast het bevestigen van 

de rol van tropische rivieren in de mondiale koolstofcyclus, ze ook de gevolgen aantonen van 

veranderingen in landgebruik op het functioneren van ecosystemen in een regio waar landgebruik zal 

intensiveren als gevolg van populatiegroei. 

Tot slot werden natuurlijke dichtheden van stabiele koolstof ( 13C) en stikstof ( 15N) isotopen gebruikt 

om patronen van koolstofstromen in voedselketens langs de longitudinale gradient van de Mara rivier in 

ruimte en tijd te kwantificeren. Stukken rivier werden geselecteerd die onder verschillende invloed 

stonden van herbivoren (vee en wild). Potentiële primaire producenten (terrestrische C3 en C4 

producenten en perifyton) en consumenten (invertebraten en vis) werden verzameld tijdens droge en natte 

seizoenen die zo een reeks van contrasterende stroomcondities vertegenwoordigden. "Stable Isotope 

Analysis in R (SIAR) Bayesian mixing modellering" werd gebruikt om terrestrische en autochtone 

bronnen van organische koolstof voor consumenten te scheiden. In het algemeen domineerde de bijdrage 

van perifyton tijdens het droge seizoen. Gedurende het natte seizoen was het belang van terrestrisch 

koolstof hoger met een afnemend belang van C3-producenten met toenemende afstand van de beboste 

bovenstroomse gebieden terwijl het belang van C4-producenten toenam in riviergebieden die input 

ontvingen van vee en nijlpaarden. Deze studie benadrukt het belang van grote herbivore zoogdieren op 

het functioneren van rivierecosystemen en de gevolgen van het verdwijnen van savannelandschappen die 

momenteel de nog resterende populaties van deze dieren herbergen. 
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De resultaten van deze dissertatie dragen bij aan discussies over de effecten van veranderingen in 

landgebruik van hoogland rivieren en voedselketens in savanne rivieren op koolstof stromen en de rol die 

grote herbivore zoogdieren spelen wanneer ze terrestrisch organisch materiaal in rivieren verplaatsen. 

Deze studie verschaft ook informatie en aanbevelingen voor toekomstig onderzoek en beheersactiviteiten 

die moeten leiden tot duurzaamheid van de Mara rivier en gerelateerde ecosystemen in het stroomgebied 

van het Victoriameer. 
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To properly conserve, restore and manage 
riverine ecosystems and the services they 
provide, it is pertinent to understand their 
functional dynamics. Growing human 
populations and high dependency on natural 
resources in developing countries have 
exerted pressure on land and water resources. 
However, there is a major knowledge gap 
concerning the influence of human activities 
and wildlife on the functioning of tropical rivers 
in terms of organic matter input, processing and 
energy sources supporting riverine consumers.

This thesis explores the functioning of tropical 
upland streams and savanna rivers by 
assessing the spatial and temporal dynamics  
in organic matter processing under different 
land-use and discharge conditions and  

the resultant influence on energy sources for 
riverine consumers.

This thesis contributes to the theories of river 
functioning and has improved understanding 
of the functioning of African tropical streams 
by identifying a diverse macroinvertebrate 
shredder guild and determining its role in 
organic matter processing. This thesis also 
shows that large mammalian herbivores 
enhance terrestrial-aquatic food web linkages 
in African savanna rivers via the transfer of 
organic matter. The findings of this research 
are useful for defining future research needs 
and actions for sustainable management of 
agriculturally influenced streams and savanna 
rivers in landscapes witnessing declining wildlife 
populations and changing land uses.
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