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A B S T R A C T

Degradation of aquatic ecosystems in the Lake Victoria basin (LVB) and the rest of East

Africa has elicited concern because of its bearing on social and economic development.

Rapid population growth, industrialization and its associated urbanization, agricultural

intensification and habitat loss have increased pressure on the integrity of water

resources. Costs associated with traditional approaches to monitoring water quality have

become prohibitive while not giving reliable early warning signals on resource condition

to aquatic resource managers. The purpose of this paper is to explore approaches to

developing macroinvertebrate- and fish-based biomonitoring tools in the LVB and East

Africa and the challenges they face through a review of studies that have been carried out

in the region. The hypothesis is that aquatic biota in the LVB provides cost-effective and

integrative measures of the physical and chemical habitat conditions thus necessitating

their use in assessment and monitoring of water resources. In the LVB macroinvertebrate

and fish based indices of biotic integrity (IBIs) have demonstrated their utility in

identifying sources of impairment, determining the extent of impacts and stand to give

natural resource managers a scientifically defensible rationale for developing guidelines

for conservation and management. Despite this significant step, however, adoption and

use of indices as part of regular monitoring programs are yet to be realized. We

recommend for the advancement and adoption of biological criteria as an integrated

approach to monitoring human-induced stress in riverine ecosystems of the East Africa

region.
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1. Introduction

Freshwater ecosystems are among the most threatened
habitat types in the world and three of the world’s greatest
challenges over the coming decades will be biodiversity
loss, climate change and water shortages (Dudgeon, 2010).
In water stress countries, the problem of inadequate fresh
water supply, complicated by ever-increasing demands, is
already being experienced. In Africa, development initia-
tives have been identified that will increase demands for
freshwater. Africa Water Vision 2025 outlines develop-
ment targets that will include a doubling of the area of
irrigated agriculture and a five-fold increase in overall
water use for agriculture, industry and hydropower (UN-
Water, 2003). Developing Africa’s water resources without
degrading ecosystems is a challenging but prudent goal
(McClain et al., 2013), considering that a large proportion
of rural populations depend directly on the ecological
goods and services provided by rivers and river corridors –
water, fish, other food sources (e.g. molluscs, crabs and
vegetables) and fibre that contribute to meeting nutri-
tional needs and livelihoods (Darwall et al., 2011).

In East Africa, unsustainable land-use and land-cover
changes being witnessed (FAO, 2010) present another set
of environmental challenges. At local levels, environmen-
tal impacts have manifested themselves in form of
frequent droughts, intense flooding, receding of lake levels
and reduced baseflow conditions in streams and rivers
(Kadomura, 2005; Ligdi et al., 2010; Elisa et al., 2010;
Obiero et al., 2012). In the LVB, the most pressing
environmental concern is degradation of, not only the
lake and consequent loss of water quality and biological
diversity, but also degradation of streams and rivers
draining into the lake (Ntiba et al., 2001; Njiru et al., 2008;
Odada et al., 2009; Masese and McClain, 2012). Increased
intensity of agriculture and deforestation have been linked
to increasing magnitude and frequency of runoff events
(Mutie, 2006; Mati et al., 2008), pesticide contamination
(Osano et al., 2003), reduced baseflow (Elisa et al., 2010;
LVBC, WWF-ESARPO, 2010), erosion and sedimentation of
streams and rivers (Okungu and Opango, 2005) and
nutrient loading into the lake (Scheren et al., 2000;

77Nyenje et al., 2010). Because of riparian habitat loss to
78deforestation and horticulture, river bank degradation by
79livestock and sand mining (Masese et al., 2009a,b; Raburu
80et al., 2009a,b; Raburu and Masese, 2012), and drainage of
81wetlands (Njuguna, 1996; Bavor and Waters, 2008), the
82hydrological character and water retention of many
83streams and rivers have been altered resulting in massive
84and destructive flooding during spates (Kadomura, 2003;
85UNEP, 2003). These activities pose a challenge to rivers that
86drain altered catchments as water quality is degraded and
87quantity reduced during the dry months. With the
88inevitable challenge of climate change amid a rapidly
89increasing human population, the problems will only be
90exacerbated. To protect these water resources, human
91influences should be regulated and water resource
92managers need to develop decision-support tools that
93monitor changes that occur.
94A major contribution to the management and con-
95servation of freshwater resources has been an improved
96understanding of species–environmental relationships,
97and development of new methodologies and frameworks
98to assess and monitor the ecological integrity of streams
99and rivers (Karr, 1981; Karr et al., 1986; Karr and Chu,
1002000). It is now established that aquatic communities are
101good indicators used to assess the effects of different levels
102of human impact. This has been achieved through careful
103analysis of biological and ecological responses along
104gradients of human disturbance, the identification of
105indicator assemblages and species among assemblages
106with known responses to human alterations, identification
107of driving variables (both natural and human-induced)
108acting on aquatic ecosystems, and improved statistical
109techniques and approaches to detect effects across
110different types of aquatic ecosystems and regions (Karr,
1111981; Karr and Chu, 2000; Whittier et al., 2007a,b;
112Stoddard et al., 2008). As a result, bioassessment and
113biomonitoring is now recognized as pertinent aspects of
114water resources management and conservation. Particular
115attributes of fish and macroinvertebrate communities
116exhibit clear responses to human disturbance and have
117been identified as useful bioindicators of ecological
118condition in streams and rivers (Karr et al., 1986;
Please cite this article in press as: Masese, F.O., et al., Biomonitoring as a prerequisite for sustainable water resources: a
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osenberg and Resh, 1993; Barbour et al., 1999). Multi-
etric indices are increasingly used to guide conservation

ctions because they yield policy relevant information for
egulatory agencies and decision makers (Karr and Chu,
999). Therefore, they have become a popular tool for
egional assessment of aquatic resources in Europe (Hering
t al., 2006) and the United States (USEPA, 2013; Stoddard
t al., 2008). While the development and incorporation of
iomonitoring tools into regular water resources manage-
ent and conservation programs in other parts of the
orld is advancing, most African countries (except South
frica) are lagging behind.

Certainly, effective management of riverine ecosystems
 the LVB and the rest of East Africa require up-to-date

ata on the various land-use and human activities, their
pacts on aquatic resources and innovative and cost-

ffective means of monitoring changes that occur. The
bjective of this paper is to review current monitoring
pproaches being employed to monitor human perturba-
ons on water resources in the LVB and to present the
fforts that have been made to use bioindicators, mainly
acroinvertebrates and fish, to monitor water resources in
e basin. The potential for scaling up the use of

ioindicators in the wider East Africa is also evaluated
s an opportunity, the corresponding challenges high-
ghted and the way forward presented.

. Biological monitoring framework and its rationale

A number of interrelated physical, chemical, and
iological factors affect the ecological integrity of riverine
cosystems. These factors can be grouped into classes of
hemical and physical water quality, flow regime, habitat
tructure, biotic interactions and energy sources (Karr,
991; Karr and Chu, 2000). In addition to these, physical
arriers to migratory corridors and alien species threaten
cological integrity of riverine ecosystems in the LVB.
onitoring actions traditionally focused on one aspect of

cological integrity, chemical and physical water quality,
ith regulatory efforts aimed at controlling individual

arameters (Roux, 1997). However, this approach was only
seful in controlling pollution coming from point sources.
s a result, environmental conditions of aquatic ecosys-
ms continued to decline worldwide (Karr and Chu, 2000).
ltered water flow regimes in dammed streams and rivers;
ollution from non-point sources such as cities, farms, and
edlots; destruction of habitats above and alongside rivers

y development or logging; and invasions by alien species
ave all presented challenges. This continual degradation
f surface waters, coupled with the failure of physical and
hemical water variables to provide information on the
verall condition of aquatic ecosystems (Roux, 1997;
ickens and Graham, 1998), prompted a shift of monitor-
g and management from a regulatory approach to a more
tegrated and holistic ecosystem approach (Cairns, 2003).

his has resulted in monitoring which increasingly
oncentrates on the overall response of an ecosystem to
ll kinds of stressors. Biological assessment and monitor-
g has, thus, become an important tool in evaluating
ater quality and ecosystem integrity of water resources

round the world (Karr and Chu, 2000; Moog and

178Chovanec, 2000) and the United States Environmental
179Protection Agency (USEPA) has been a leader in developing
180guidelines and the actual implementation (Barbour et al.,
1811999; USEPA, 2013).
182Biological assessment is the evaluation of the biological
183condition of an ecosystem, based on surveys of the
184structural and functional organization of the community
185of resident biota (Karr et al., 1986; Barbour et al., 1999;
186USEPA, 2013). On the other hand biomonitoring is the
187periodic sampling of biota of a site or habitat such as a
188stream, river, lake or wetland (Barbour et al., 1999; USEPA,
1892013). Bioindicators are superior to chemical analyses
190because long-lived aquatic organisms integrate varied
191levels and kinds of pollutants accumulated over long
192periods of time, and also respond to the combined action,
193whether additive, synergistic, or antagonistic. Within the
194same framework, macroinvertebrate- and fish-based
195indices of biotic integrity have been widely adopted and
196applied in riverine ecosystems where they have been
197useful in providing information on levels and sources of
198degradation and developing biological criteria for stream
199protection and restoration (Barbour et al., 1999, 2000;
200Weigel et al., 2002; Klemm et al., 2003).

2012.1. The index of biotic integrity (IBI)

202The index of biotic integrity (IBI) is a holistic multi-
203metric approach that involves the integration of a number
204of structural and functional attributes or metrics of a
205community into a composite index. The IBI, also called a
206multimetric index (MMI) is defined as any index that is
207based on the sum or ratings of several different attributes,
208termed metrics, with the rating of each metric based on
209quantitative expectations of what comprises high biotic
210integrity (Simon and Lyons, 1995). A metric is defined as a
211calculated term or enumeration representing some aspect
212of biological assemblage structure, function or other
213measurable characteristic that changes in a predictable
214way with human influence (Barbour et al., 1995).
215The development and use of IBI dates back to 1981
216following its use in the assessment of the biological
217integrity of warmwater streams in Midwestern United
218States using fish communities (Karr, 1981). It was designed
219to quantify characteristics of stream fish assemblages to
220assess biotic integrity, which is defined as the ‘‘capability
221of supporting and maintaining a balanced, integrated,
222adaptive community of organisms having a species
223composition, diversity, and functional organization com-
224parable to that of the natural habitat of the region (Frey,
2251977; Karr and Dudley, 1981). In its original form, the IBI
226became popular and was employed by many investigators
227(Karr and Chu, 1999). Since that time different versions of
228IBIs have been developed for different regions and
229ecosystems and have become standard tools for assess-
230ment of stream condition, particularly to address aquatic
231life uses and conservation (Davis and Simon, 1995; Guaro
232and Gubiani, 2013). Further modification saw its wide use
233outside the United States and in different habitats (for
234reviews see Miller et al., 1988; Simon and Lyons, 1995;
235Hughes and Oberdorff, 1999; Roset et al., 2007; Guaro and
236Gubiani, 2013). In Africa fish-based IBIs have been used in
Please cite this article in press as: Masese, F.O., et al., Biomonitoring as a prerequisite for sustainable water resources: a
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West Africa (Hugueny et al., 1996), Central Africa (Toham
and Teugels, 1999), Southern Africa (Hocutt et al., 1994;
Kleynhans et al., 1999) and in East Africa (Raburu and
Masese, 2012). Because of its popularity, all continents and
regions, except Antarctica, have used the index for
bioassessment and biomonitoring purposes.

2.2. Use of different taxa in biomonitoring

While initially developed using fish assemblages (Karr,
1981; Karr et al., 1986), modifications and adoptions has
seen development of IBIs based on different aquatic
organisms, including bacteria, protozoans, diatoms, algae,
macrophytes, macroinvertebrates and amphibians (Bar-
bour et al., 1999; Rothrock et al., 2008; Lane and Brown,
2007; Kane et al., 2009). Depending on disturbance
characteristics (intensity, frequency, duration) each
group may respond at different rates and provide
different information. Therefore, the choice of which
particular assemblage to use will depend on the objective
of the study and the type of ecosystem (river or stream,
wetland, lake, reservoir, estuary) to be investigated. Of the
many biological indicators available, the most widely
used groups in lotic systems have been macroinverte-
brates and fish. The reasons for the popularity of
macroinvertebrates in current bioassessment practices
(Rygg, 1988; Rosenberg and Resh, 1993; Metcalfe-Smith,
1994) include :

� their sedentary nature which allows determination of
the spatial extent of an impact;
� they are comparatively long-lived than other aquatic

organisms such as bacteria, protozoans, diatoms and
algae and this allows temporal changes in abundance
and age structure to be followed;
� they are abundant and diverse in most streams hence

their large number of species produces a range of
responses;
� they integrate conditions temporally, so like any biotic

group, they provide evidence of conditions over long
periods of time;
� their ease of identification to family level;
� sampling is easy, requires few people, and
� equipment is relatively inexpensive.

Fish is the second group of biological indicators that is
quite popular in monitoring programs. A number of
authors (Karr, 1981; Karr et al., 1986; Fausch et al.,
1990; Simon and Lyons, 1995) have highlighted the
advantages and disadvantages of using fishes as indicators
of ecosystem health. Some of the advantages of using fishes
as indicator organisms include:

� fishes are typically present in most aquatic systems, with
the exception of highly polluted waters;
� fishes are relatively easy to identify;
� most samples can be processed in the field with the

fishes being returned to the water;
� there is extensive life-history and environmental

response information available for most fish taxa;
� fishes may exhibit obvious external anatomical pathol-

ogy due to chemical pollutants;

308� 309fishes often exhibit physiological, morphological, or
310behavioural responses to stresses;
311� 312being mobile, sensitive fish species may avoid stressful
313environments, leading to measurable population pat-
314terns reflecting that stress;
315� 316because fishes often range considerable distances, they
317have the ability to integrate diverse aspects of relatively
318large-scale habitats;
319� 320as fishes are comparatively long lived, they provide a
321long-term record of environmental stress;
322� 323fish communities include species from a variety of
324trophic levels (e.g. detritivores, herbivores, planktivores,
325benthic invertebrate feeders and piscivores) and thus
326reflect effects at all levels within the food web;
327� 328fishes contain many functional guilds and are also able to
329integrate adverse effects on other components of the
330ecosystem, e.g. habitat disturbance in the river catch-
331ment; and
332� 333because of recreational, subsistence and commercial
334fishing, as well as concerns regarding fish production and
335safety for human consumption, the public relates more
336directly to information about fish communities than to
337other aquatic biota.

3383. Legal and policy framework basis for biomonitoring
339and assessment

340The USA Clean Water Act and the European Union
341Water Framework Directive form the foundation for the
342large amount of biomonitoring and bioassessment in those
343nations. Similar legislation exists for South Africa (National
344Water Act), South Korea (National Stream Health Monitor-
345ing Act), Canada (Canada Water Act), New Zealand
346(Resource Management Act), and Australia (Sustainable
347Rivers Audit). In Kenya, the current legal framework
348addressing water resource management is the Environ-
349mental Management and Co-ordination Act (EMCA), 1999;
350the Water Act, 2002 and the Environmental Management
351and Co-ordination (Water Quality) Regulations, 2006. Part
352V article 42 of EMCA addresses protection of rivers, lakes
353and wetlands while Article 50 and 51 details the manner in
354which the National Environmental Management Authority
355(NEMA) shall ensure the conservation of biological
356diversity and prescribe adequate measures to ensure the
357conservation of biological resources in situ in Kenya. Even
358though the EMCA does not expressly mention biomonitor-
359ing, it provides an opportunity for its incorporation by
360emphasizing consultations with relevant lead agencies
361such as universities and research institutions. The Water
362Act on the other hand provides for the management,
363conservation, use and control of water resources and for
364the acquisition and regulation of rights to use water; to
365provide for the regulation and management of water
366supply and sewerage services. However, it does not have
367an express provision for aquatic habitat biomonitoring and
368bioassessment in particular. A third legislative document is
369the Environmental Management and Co-ordination (Water
370Quality) Regulations, 2006. These regulations apply to
371drinking water, water used for industrial purposes, water
372used for agricultural purposes, recreational uses, fisheries
373and wildlife, and water used for any other purposes. Part II
Please cite this article in press as: Masese, F.O., et al., Biomonitoring as a prerequisite for sustainable water resources: a
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lause 6 of the regulations provides for the protection of
kes, rivers, streams, springs, wells and other water

ources. Even though this regulations recognize that
esource quality in relation to a water resource, means

e quality of all the aspects of a water resource including
e physical, chemical and biological characteristics of the
ater, it does not go further to identify such cost-effective

iomonitoring and assessment tools necessary to achiev-
g these.

The rest of East African countries have recently
eformed water laws and associated regulations and
ecognize water for basic human needs and environmental
rotection as the highest priorities (Uganda Law Reform
ommission, 2000; GoT, 2009). While these water laws
nd regulations appreciate the need for the protection of
ater resources, there are no provisions for their

ioassessment and biomonitoring. However, the laws
nd regulations provide for the protection of various
omponents of water resources that constitute ecological
tegrity; maintenance of ‘the reserve’, which is the natural

ow regime in streams and rivers, physico-chemical and
iological attributes, in-stream and riparian conditions
nd the condition of aquatic biota (Water Act, 2002). In this
eview, we affirm that biomonitoring is the way forward
nd is a prerequisite for sustainable water resources
anagement in East Africa.

. Water quality monitoring in the Lake Victoria basin

Monitoring of water quality in the LVB has focused for a
ery long time on chemical and physical water quality
ariables with regulatory efforts aimed at controlling them
elow stipulated threshold levels (Table 1). Chemical
nalysis as an alternative approach to determining
cosystem health, however, faces a major drawback when
ddressing non-point sources of pollution. The method is
lso limited because it cannot provide information on the
verall condition of aquatic ecosystems without associated
iological data (Dickens, Graham, 1998). In rivers and their
ssociated wetlands, chemical analysis is more limited

412considering the extreme variability of physico-chemical
413variables over small temporal scales that always occur. If
414chemical sampling is to be used to determine river
415condition, trends caused by human intervention would
416have to be separated from natural signals that show vast
417spatial and temporal fluctuation. Because of this limitation,
418the water quality situation in most rivers in the basin has
419been deteriorating over the years. This has been worsened
420by the rising human population and changes in land-use
421and land-cover (Odada et al., 2009).
422In concert with the realization of the importance of
423utilizing biota in monitoring programs, a shift has been
424witnessed towards the use of aquatic communities as
425indicators of ecosystem integrity (Table 2). Most of these
426studies have been very useful in laying the basis for
427developing indices to guide monitoring practices in the
428basin. In LVB, Kenya, efforts to develop biomonitoring tools
429for aquatic resources have yielded promising results.
430Macroinvertebrate-based indices of biotic integrity have
431been developed for a number of rivers and streams in the
432upper reaches (Masese et al., 2009a; Raburu et al., 2009a;
433Aura et al., 2010) and in the lower reaches (Kobingi et al.,
4342009). Studies on entire riverine ecosystems include
435Raburu (2003) and Raburu et al. (2009b) based on
436macroinvertebrates and Raburu and Masese (2012) based
437on fish. Omukoto (2007) developed a fish-based IBI for the
438satellite lakes. The indices were meant to achieve at least
439one of the following objectives: (1) detect and characterize
440the ambient condition of water resources in the systems,
441(2) define spatial conditions in water and ecological
442conditions, and (3) identify thresholds for system stressors,
443that is, how much the systems have shifted from their
444natural pristine states or how much the systems can be
445disturbed without causing unacceptable changes to water
446quality or impairment of beneficial uses. In their various
447forms, the IBIs have demonstrated that they can delineate
448different forms of degradation, be it habitat loss on the
449riparian areas to animals and sand mining, industrial
450discharge of wastewater, domestic wastes, urban pollution
451or deforestation at the catchment level.

able 1

tudies in riverine ecosystems in the Lake Victoria basin that have focused on various aspects of water quality, macroinvertebrates, fish and ecosystem

nction.

Group of organisms Aspects studied References

Fish Biology and ecology Okedi (1971), Balirwa (1979), Balirwa and Bugenyi (1980),

Lowe-McConnell (1987), Welcomme (1988) and Manyala

and Ochumba (1990)

Effect of environmental factors

on fishes

Balirwa and Bugenyi (1980) and Raburu (2003)

Distribution and production Ochumba and Manyala (1992)

Macroinvertebrates Distribution and abundance,

including influences of land use

Raburu (2003), Masese et al. (2009b) and Minaya et al. (2013)

Habitat quality Instream and floodplain

conditions

Raburu (2003) and Masese et al. (2009a)

Water quality Physico-chemical parameters

(TSS, BOD, DO, pH, conductivity, etc.)

Raburu (2003), Okungu and Opango (2005) and Masese and

McClain (2012)

Pesticides Osano et al., 2003

Heavy metals Mwamburi (2003) and Oyoo-Okoth et al. (2010)

Functioning of streams Energy sources and trophic relationships Ojwang et al. (2007) and Masese and McClain (2012)
and rivers
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However, development of biological criteria for assess-
ment and monitoring of aquatic ecosystems in the Lake
Victoria basin face a major drawback caused by the scarcity
of published biological community data from streams and
rivers (Table 1). In particular, there are few data from
relatively unimpaired sites and little historical information
available to quantify how various attributes of biological
communities in streams and rivers have been affected by
environmental degradation. Development of an index of
biotic integrity based on fish for aquatic ecosystems in the
basin is also made difficult by several other factors:

� lack of ecological and life-history information about
most fish species, such that their functional role in the
biotic community is often uncertain;
� most low order streams in the basin are species poor,

which limits the range and sensitivity of structural and
compositional metrics that can be developed;
� an apparent tolerance of extreme environmental condi-

tions displayed by many fish species, wide distribution in
wetland areas that sometimes become anoxic during the
dry periods, makes it hard to identify indicator taxa;
� most of the fish species are potamondromous, living in

the lake and making periodic runs into the rivers to
spawn, and yet some of the same species maintain
permanent communities in the streams and rivers. This
makes it difficult to clearly discern their breeding
ecology;
� high degree of omnivory and shifts in food items

consumed by a given species displayed by many fish
species, often determined by the habitat where the fish
occur, and variations within these habitats makes
assignations to trophic groups difficult; and
� probable species extinctions in the rivers and streams

caused by introduced species (as has happened for
cichlids and other lacustrine species, makes it difficult to
determine the diversity expected in natural habitats).

Despite these challenges, and as demonstrated else-
where (e.g., Lyons et al., 1995; Ganasan and Hughes,
1998), available information meet the minimum thresh-
old for developing IBIs for the region; knowledge of which
species are native and exotic, their trophic and habitat
guilds, and their relative tolerance to environmental
degradation. Thus, applications of IBIs in different parts of

502the world has seen metrics being modified, deleted or new
503ones added to reflect regional differences in assemblage
504characteristics (Ganasan and Hughes, 1998; Hughes and
505Oberdorff, 1999; Roset et al., 2007).

5064.1. Developing IBIs for the Lake Victoria basin

5074.1.1. Assemblage characteristics

508The diversity of benthic macroinvertebrate assem-
509blages in riverine ecosystems in the Lake Victoria basin
510share similar attributes (Raburu, 2003; Masese et al.,
5112009b; Raburu et al., 2009a,b; Aura et al., 2010). Thirteen
512orders are common among the different rivers, and major
513differences that occur are attributed to human influences
514at the local level (Raburu et al., 2009a; Minaya et al., 2013).
515By composition, Ephemeroptera, Coleoptera, Diptera,
516Hemiptera and Trichoptera have high representation of
517families and genera. Taxa that display limited distribution
518and abundance include Lepidoptera, Megaloptera, and
519Collembola. The Ephemeroptera + Pleocoptera + Trichop-
520tera (EPT) are considered to be the most intolerant to
521pollution in the region (Raburu, 2003; Ndaruga et al., 2004;
522Kibichii et al., 2007; Kasangaki et al., 2008). However,
523Plecoptera is only represented by one genera (Neoperla

524spio) while some families like Hydropsychidae (Trichopte-
525tra), Baetidae and Caenidae (Ephemeroptera) have been
526shown to be tolerant to organic pollution (Kibichii et al.,
5272007; Kasangaki et al., 2008; Masese et al., 2009a,b). Order
528Diptera is the most diverse and the many species respond
529differently to pollution, with the most Q6tolerant (e.g.,) and
530the most sensitive (e.g., Athericidae and Rhagionidae)
531represented in the group (Masese et al., 2009a). Family
532Chironomidae (Diptera) has been widely used in bioas-
533sessment because of the many species that are represented
534in many trophic levels enables the group to respond to
535different sources and types of pollution (Wright and
536Burgin, 2009; Odume and Muller, 2011; Marchiori et al.,
5372012).
538Fish diversity in the Lake Victoria was originally high.
539However, massive biodiversity loss has been reported in
540the lake (e.g., Ogutu-Ohwayo, 1990) but not much
541information is available about the condition in the influent
542rivers. Another problem is that few studies are available in
543the literature documenting fish species distributions in

Table 2

Mean (range) for selected water quality parameters at reference/unperturbed, moderately impaired and impaired condition categories in the Lake Victoria

basin.

Physico-chemical parameters Condition category

Reference/unperturbed Moderately impaired Impaired

Temperature (8C) 22.1 (20.2–23.7) 22.6 (20.2–24.1) 23.7 (22.8–24.4)

Dissolved oxygen (mg/l) 7.4 (6.3–8.6) 6.7 (3.6–6.8) 3.6 (2.4–4.4)

Conductivity (mS/cm) 75.2 (34.3–98.5) 134.8 (56–388.9) 258.8 (232.5–278.3)

pH 7.1 (6.4–7.6) 7 (6.3–7.8) 7 (5.9–7.9)

Turbidity (NTUs) 71.7 (42.1–98.2) 127.2 (49.7–241) 266 (152.6–372.4)

Total hardness (mg/l) 39.7 (26.3–59) 68.4 (26.3–159.2) 127.7 (101.5–157.3)

Total alkalinity (mg/l) 54.9 (26.1–90.1) 76.6 (24.9–190 144.1 (13.02–156.4)

Total dissolved solids (mg/l) 49.4 (31.8–76.2) 82.7 (27.5–151.9) 124.4 (110.1–136.7)

Total suspended solids (mg/l) 16.5 (12–23.6) 73.6 (62–80.1) –

Total nitrogen (mg/l) 0.6 (0.4–1) 0.7 (0.6–0.9) 0.7 (0.6–1.2)

Total phosphorous (mg/l) 0.4 (0.3–0.8) 0.8 (0.6–1) 1.6 (1.4–2.1)
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ifferent rivers and their levels of endemism. However,
iven the high degree of potamodromy that has been
eported for most non-cichlid species in the basin (Lowe-

cConnell, 1987; Ochumba and Manyala, 1992), it is
ssumed that rivers in the basin share similar assemblage
haracteristics. In general, family Cyprinidae dominates
iverine samples in terms of number of species and
bundance. More species occur in the lower reaches of
fluent rivers, along lake margins and at the river-mouth
etlands (Balirwa and Bugenyi, 1980; Ochumba and
anyala, 1992; Gichuki et al., 2001). Six exotic species

ave been recorded in the rivers: Oreochromis niloticus, O.

ucostictus, Tilapia zillii, Lates niloticus, Rastreonobola

rgentea and Protopterus salmoides (Ochumba and Man-
ala, 1992; Raburu, 2003; Raburu and Masese, 2012)

.2. Classification of streams and rivers

Streams and rivers should be classified by virtue of
heir shared characteristics. This is to enable comparisons
o be made such that during the evaluation of ecological
onditions differences do not arise from factors outside
nthropogenic causes. Classification minimizes natural
fluences on metric responses while at the same time
aximizes variability to different human influences.

lassification frameworks can be based on geography,
.g., ecoregions (Omernik, 1987), continuous variables or
 combination. Continuous natural variables that have
een found to be more useful for developing predictive IBI
odels include mean catchment area, elevation, annual

unoff, mean summer and winter air temperature,
hannel slope, and geology (Pont et al., 2006, 2009; Moya
t al., 2011). In the LVB, streams and rivers occur within
he same ecoregion where they share similar climatic
onditions, as evidenced by the distinct rainfall regime in
ast Africa as a whole (Rodhe and Virji, 1976). The amount
f rainfall varies spatially as a result of changes in relief
atures. Mountainous areas generally receive more

ainfall while low-lying areas in the floodplains of many
ivers and at the lakeshore receive lower than average
ainfall. However, because of longitudinal connections in
erms of energy flow and assemblage characteristics,
iven that many of the non-cichlid species are migratory
Ochumba and Manyala, 1992) upstream –downstream
omparisons of ecological conditions are feasible making

 possible to develop monitoring indices for entire river
asins.

Natural variation in the distribution of macroinverte-
rates and fish assemblages is given consideration in the
lassification of streams and rivers for evaluating metric
esponses. In this regard, differences in stream size,
efined by catchment area or stream order (Strahler,
957) are commonly used. However, stream order has
een criticized because it is a poor predictor of stream size

ughes and Omernik 1983; Hughes et al., 2011). Even
ough stream orders have been used previously as

redictors of stream size in the LVB, we recommend that
ture studies also consider using catchment size and other

ontinuous natural variables such as altitude, distance
om source, reach slope, wetted width, presence/absence

603(Pont et al., 2006). In the Nyando River basin, �4th order
604streams recorded more number of macroinvertebrate taxa
605than those below 4th order (Raburu, 2003; Raburu et al.,
6062009b). For fish assemblages, most first order streams in
607the forested upper reaches have no fish. In some cases one
608or two species of Barbus or/and Clarias have been recorded
609(Raburu, 2003; Raburu and Masese, 2012; Masese and
610McClain, 2012). In other cases natural barriers, like
611waterfalls, have been found to prevent upstream move-
612ment of fish with sites upstream recording a limited
613numbers of species. For example, upstream of Odino Falls
614in the Nyando River and Tenwek Falls in the Nyangores
615River–Mara River occur one species of genus Clarias; Clarias

616theodorae and C. liocephalus, respectively.

6174.3. Selection of reference conditions

618Establishment of reference conditions is the most
619critical issue during development of the index of biotic
620integrity (Davis and Simon, 1995). Reference sites act as
621benchmarks against which other sites are compared to
622determine the degree of their impairment (Stoddard et al.,
6232006; Herlihy et al., 2008). Reference conditions also act as
624a measure of the success of interventions (elimination of
625stressors, reintroductions or restoration). However, the
626definition of a reference condition means has different
627interpretations to differed people. It can be used to mean
628historical condition, least-disturbed condition, minimally
629disturbed condition or best attainable condition (Stoddard
630et al., 2006). For the sake of this review, we adopt the
631definition by Reynoldson et al. (1997) that a reference
632condition is a condition that is representative of a group of
633minimally impaired or ‘least-disturbed’ sites organized by
634selected physical, chemical and biological characteristics.
635This definition recognizes that completely undisturbed
636sites are virtually nonexistent and even remote waters are
637impacted by factors such as atmospheric pollution (Roux,
6381997). In some cases, streams can be identified that have
639experienced a minimal degree of human influence and are
640said to be in a minimally disturbed reference condition
641(Stoddard et al., 2006). However, these locations are rare
642because of widespread human influence, the ones available
643are sometimes located in inaccessible areas, and often are
644not representative of entire river networks or ecoregions.
645Sometimes it is necessary to reconstruct reference condi-
646tions where none exixts. In this regard, two approaches
647have been:

649� 650use of literature and expert opinion or local knowledge to
651reconstruct conditions in terms of habitat and water
652quality conditions expected in least-disturbed sites;
653however, this is difficult because most parts of Africa lack
654historical data and expert opinion is always subjective
655and sometimes lacking;
656� 657data is usually collected on water quality and habitat
658characteristics across a gradient of human influence to
659detect biological responses to changes in environmental
660conditions; the posteriori approach (Barbour et al., 1999;
661Whittier et al., 2007a; Herlihy et al., 2008). The reference
662conditions are then selected based on the best values
f a natural lake upstream, geological type and flow regime
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The two approaches have been used, sometimes in
combination, during IBI development in the LVB. Sampling
across a gradient of human influence to select best
observed conditions or metric values for use as reference
condition requires that sites are selected to ensure that
streams and rivers representing the full gradient of human
disturbance, different communities and hydrogeomorphic
classes are adequately represented in the data set (Karr and
Chu, 1999). This is followed by sampling for water and
habitat quality, macroinvertebrate and/or fish. In addition,
previous published works and those in the grey literature
have been used to establish trends in water quality
(Table 2), assemblage distributions and their responses to
changes in environmental conditions. For the fish IBI, local
knowledge has also been utilized to give information on
trends observed in fish abundance, species occurrence and
distributions (Raburu and Masese, 2012).

When developing IBIs for large areas, e.g., countries or
continents, selection of reference conditions presents a
number of challenges because of extreme heterogeneity in
environmental conditions and biological communities. A
number of studies have presented detailed approaches on
how reference conditions can be defined in such cases
(Herlihy et al., 2008; Hering et al., 2004; Pont et al., 2007).
However, it is often difficult to have a set of reference
conditions that can be applicable across large scales. This is
because human disturbances are not uniform at large
scales and, even if they were to be, ecological communities
respond differently to similar stressors because of inherent
differences imposed by geomorphic and climatic condi-
tions. In such cases, scaling approaches are employed to
develop ecoregion-specific reference conditions (Whittier
et al., 2007a; Herlihy et al., 2008). However, a consequence
of setting ecoregion-specific thresholds is that it is no
longer possible to compare directly the overall biological
condition of sites in different ecoregions because each
ecoregion is graded against its own least-disturbed
condition, which might differ greatly from those in other
ecoregions (Herlihy et al., 2008). Despite these short-
comings, the choice of reference conditions should be
standardized, in order to make environmental assessments
comparable.

4.4. Collection of biological data

Collection of biological data for use in index develop-
ment should be done quantitatively and this should be
standardized across all sites to minimize sampling error. If
an existing data set is to be used, details should be
available on when, where, how, why and by whom it was
collected. Sampling for macroinvertebrates and fish
assemblages often follow standard rapid methods as
defined by Barbour et al. (1999). For macroinvertebrate,
triplicate riffle samples collected during baseflow condi-
tions are often the most appropriate. However, some
studies in the basin have also used samples collected from
macrohabitats sampled in proportion to their abundance
or from riffles, pools and runs, with samples from these
habitats pooled into a single site-composite. For fish, the
index that has been developed in the basin used samples
collected by an electrofisher, which is the most common

723and reliable method. The method obtains quantitative
724samples by standardizing the time spent sampling and the
725area sampled.
726For macroinvertebrates, the methods described above
727are only useful if the number of samples is small. In cases
728where large areas are involved and many sites should be
729sampled, there is a need for compromise while making
730sure that information needed to answer questions
731pertinent to water-quality management is not compro-
732mised. While such surveys are constrained by a number of
733factors, including management objectives, time lines, and
734institutional constraints related to capabilities, funding
735plays an overwhelming role (Hughes and Peck, 2011). In
736order to reduce sampling time and the costs involved, a
737systematic site-scale design is used rather than a single
738targeted-habitat approach for riffles because of time
739constraints, limited expertise of field crews in classifying
740habitat types, and training time (Hughes and Peck, 2011). A
741standardized study reach is then selected for each
742sampling point and a fixed number and area of collection
743points is distributed systematically throughout the reach
744(Hughes and Peck, 2011). Standard Kick subsamples are
745then collected using a dip-net from the collection points
746and composited to reduce shipping, processing, and
747analysis costs (Barbour et al., 1999). Such reach-wide
748sampling designs are also easy to apply consistently at
749most sites thereby increasing the comparability of samples
750(Gerth and Herlihy, 2006). This method is especially useful
751in streams where riffles are not representative of the site,
752such as sand-bottom streams common in savanna areas
753(Hughes and Peck, 2011).

7544.5. Metric selection and testing

755Successful application of the multimetric index
756depends on a rigorous process to identify and test or
757evaluate metrics (Karr et al., 1986; Karr and Chu, 2000).
758Metrics should reflect specific and predictable responses of
759a biological community to human impacts, including
760single and cumulative effects. Metrics can be selected a
761priori to objectively measure a given type of disturbance
762based on expected response of the assemblage to that
763particular type of stressor (Weigel et al., 2002) or posteriori

764based on empirical relationships based on statistical
765relationships with measures of disturbance, like water
766chemistry and habitat quality (Klemm et al., 2003). The a
767priori approach corresponds with the use of reference
768conditions and knowledge of responses expected among
769metrics that are selected based on prior knowledge of their
770variability among different environmental condition cate-
771gories. On the other hand posteriori approach corresponds
772to sampling a cross a gradient of human disturbance where
773prior knowledge of metric expectations and responses to
774human influences is lacking.
775The posteriori approach is more common because it
776offers testing of a large number of metrics, which provide a
777wider scope and a more rigorous assessment of perturba-
778tions, because, if wrongly selected using the a priori
779approach, the metric may fail to capture differences in
780environmental quality. In this way a metric is included in
781the final index based on its demonstrated ability to
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ommunicate resource condition in question rather than
n its historical performance. In the Lake Victoria basin, the

o approaches have been used by objectively selecting
ome metrics from literature, which are known to respond
ell to some particular stressors similar to the ones in the

asin and other metrics were selected that corresponded
ith the different levels of degradation in the river basins.

a) Metrics based on macroinvertebrate assemblages

Potential macroinvertebrate attributes were cate-
gorized into community structure, taxonomic compo-
sition, individual condition and functional processes,
e.g., functional feeding groups (Table 3) using metrics
previously used in riverine ecosystems around the
world (e.g., Kerans and Karr, 1994; Barbour et al., 1999;
Weigel et al., 2002; Klemm et al., 2003), and those that
have been recommended for African riverine ecosys-
tems (Richards et al., 1997). New metrics were also
included following interpretations of community
responses to different types of stressors in the region
(Ndaruga et al., 2004; Kibichii et al., 2007; Kasangaki
et al., 2008). Testable hypotheses for these classes of
attributes were then proposed regarding the direction

806(increase, decrease, no change or variable) to increas-
807ing levels of human disturbance (Table 3). In total
808twenty-two metrics were selected for evaluation. The
809large number of metrics evaluated provides an
810opportunity to capture different forms and levels of
811degradation (e.g., Whittier et al., 2007b; Feld and
812Hering, 2007).
813(b) 814Metrics based on fish assemblages

815Metrics were selected to reflect major fish commu-
816nity attributes classified under species richness and
817composition, indicator species, trophic groups, repro-
818ductive function, abundance and condition (Table 4).
819From among these classes, common metrics that have
820been widely applied in developing fish-based indices
821were selected (e.g., Karr, 1981; Hocutt et al., 1994;
822Hugueny et al., 1996; Toham and Teugels, 1999;
823Kleynhans, 1999) and modified to suit local fish
824assemblages (Raburu, 2003; Omukoto, 2007; Raburu
825and Masese, 2012). In addition, fish-based studies in
826satellite lakes, river floodplains, wetlands and asso-
827ciated ecosystems (lake margins and rivermouth
828wetlands) were also useful in providing information
829on the biology, ecology, production, taxon richness,

able 3

etrics for macroinvertebrates that have been considered and evaluated for development of an index of biotic integrity for riverine ecosystems in the Lake

ictoria basin, Kenya, and their predicted responses to increased levels of perturbation.

Metric Metric definition Predicted response to

increased perturbation

1. Simpson richness index Value of Simpson richness index Decrease

2. Number Ephemeroptera taxab,c,d,e Total number of mayfly taxa Decrease

3. Number Plecoptera taxab,c,d,e Total number of stonefly taxa Decrease

4. Number Trichoptera taxab,c,d,e Total number of caddisfly taxa Decrease

5. Number Ephemeropter-Plecoptera-Trichoptera genera Total number of taxa from mayfly, stonefly and

caddisfly orders

Decrease

6. Total number of taxaa,d All different taxa at a site Decrease

7. Per cent EPT individualsa,b,c,d, Per cent individuals from mayfly, stonefly and

caddisfly orders

Decrease

8. Per cent non-insect individualsd,e Per cent of individuals no belonging to the

insect orders

Increase

9. Per cent individuals in 3 or 5 dominant taxa Relative abundance of 3 most dominant taxa Increase

10. Per cent individuals in dominant taxab,c,e Relative abundance of most dominant taxa Increase

11. BMWP-ASPTa BMWP-ASPT index value Decrease

12. Per cent Diptera individualse Per cent midge individuals Increase

13. EPT: Diptera individualse Ratio of mayfly + stonefly + caddisfly to midges

(individuals)

Decrease

14. Per cent coleopteran individualsd Per cent of beetle individuals Decrease

15. Shannon diversity index Value of Shannon diversity index Decrease

16. Number intolerant taxab,c Total number of taxa belonging to pollution

intolerant taxa

Decrease

17. Per cent intolerant individuals Per cent of individuals in pollution sensitive taxa Decrease

18. Per cent tolerant individualsa,b,c,d,e Per cent of individuals in pollution tolerant taxa Increase

19. Per cent filterer individuals Filter fine organic material Increase

21. Per cent scraper individuals Feed on epiphytes Decrease

22. Ratio scrapers:filterersb Ration of scrapers to filter feeders Variable

24. Per cent predator individualsb,c,d,e Carnivores-scavangers, engulf or pierce prey Decrease

24. Per cent shredder individuals Feed on leaf litter Decrease

25. Per cent gatherer individualsc,d Collect fine deposited organic material Variable

26. Per cent gatherer generaa,b,e Collect fine deposited organic material Variable

27. Number of individuals (per 1 m2)b Total abundance of individuals per 1 m2 Variable

he hysterics indicate metrics that have been selected for inclusion in final IBIs in the Lake Victoria basin.
a Kobingi et al. (2009).
b Masese et al. (2009a).
c Raburu et al. (2009a).
d
 Raburu et al. (2009b).
e Aura et al. (2010).
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assemblage characteristics and associated trends
(Mavuti, 1989; Opiyo, 1991; Ochumba and Manyala,
1992; Gichuki et al., 2001; Goudswaard et al., 2002;
Aloo, 2003; Raburu, 2003; Omukoto, 2007), in addition
to highlighting the different types and intensities of
human activities that threaten the integrity of fish
assemblages in the basin. In total 33 metrics were
evaluated and 12 were selected for inclusion in the
final index.

4.6. Metric evaluation

Final metrics for development of an index of biotic
integrity are selected, from among many that are initially

842considered, based various criteria. The criteria used
843depend on whether reference conditions are to be used
844or whether metrics are to be evaluated following their
845responses to measures of environmental conditions. This
846has resulted in many metrics in the original index
847suggested by Karr (1981) being replaced or adapted to
848regional conditions and have become difficult to compare
849globally or at large scales (Pont et al., 2009; Moya et al.,
8502011). This lack of standardization hinders a broad use of
851the original IBI and derived IBIs in the management of
852water resources (Fausch et al., 1990). In order to extend the
853IBIs to multiple scales, some studies have suggested the
854use of functional instead of taxonomic metrics, including
855the main factors known to affect the structure of fish
856assemblages, together with a regional biological variable
857(Pont et al., 2006, 2007, 2009; Stoddard et al., 2008).
858However, as indicated earlier, human influences are not
859uniform across different landscapes, the factors that
860influence biological communities can be confounded by
861natural variability of environmental conditions, and the
862metrics are not always sensitive at large scales (Stoddard
863et al., 2008). Stoddard et al. (2008) noted that a multimetric
864index (MMI) developed for US wadeable streams was less
865sensitive than the regional multimetric index in discrimi-
866nating between impacted sites, but also indicated that it
867can still be used effectively for a national assessment.
868In the LVB both reference conditions and testing a large
869number of metrics to select sensitive ones for inclusion in
870IBIs have been used. First, for each metric, scatter plots are
871examined for linearity, skewness, and kurtosis (Clarke and
872Ainsworth, 1993). Metrics are then transformed appro-
873priately for normality and then examined for response as a
874function of stream size/order. This is to determine whether
875changes in river size have influences on metric values.
876Where reference sites are used, sites are grouped into three
877condition categories (reference or undisturbed, moderate
878or impaired) according to an independent assessment of
879environmental conditions based on water quality or
880habitat conditions. The three condition categories repre-
881sent a gradient of human influence for the region that
882ranges from ‘‘unperturbed/reference’’ (near pristine or
883natural) through ‘‘moderately impaired’’ to ‘‘impaired’’.
884Metrics are then evaluated for their variability as a result of
885changes in stream order/size (Fig. 1). Because the two
886sources of variability in metric responses (river size and
887environmental conditions) are mutually exclusive i.e.,
888independent of one another, a two-way analysis of
889variance (ANOVA) is often used, with stream order/size
890and condition category as main effects (Zar, 2001). For
891metrics that show no significant effect of stream order,
892one-way ANOVA is re-run with site condition category as
893the main effect. A Bonferroni multiple range test is then
894used to indicate differences among condition categories for
895each metric. Metrics that do not separate ‘‘impaired’’
896condition category from either ‘‘moderately impaired’’ or
897‘‘reference’’ conditions are eliminated from further con-
898sideration. The separation power of a metric that
899delineates between ‘‘impaired’’ conditions from ‘‘refer-
900ence’’ conditions is evaluated using box plots (Fig. 2).
901Separation power is defined as the degree of overlap
902between boxes (i.e., 25th and 75th quartiles) in box plots of

Table 4

Potential metrics that were considered for development of a fish-based

index for monitoring riverine rivers in the Lake Victoria drainage basin

their source, predicted responses to pollution.

Metrics Predicted

response

Species richness and composition
Number of native speciesa,b,c,d,e Decrease

Number Barbus speciesb Decrease

Number catfish speciesb Variable

Number cichlid speciesd Decrease

Number cyprinid speciesb Decrease

Number of rheophilic speciesb,# Decrease

Per cent Barbus speciesc Decrease

Per cent catfish speciesc Variable

Per cent cichlid speciesd Increase

Per cent clariid speciesc Increase

Indicator species
Number benthic species (excluding clarriids)d Decrease

Per cent benthic species (excluding clariids)b,e Decrease

Per cent Barbus individualsd Decrease

Per cent benthic individualsd Decrease

Per cent catfish individualsd Increase

Per cent clariid individualsd Increase

Per cent cichlid individualsd Increase

Per cent cyprinid individualsd Decrease

Per cent cyprinid speciesd,e Decrease

Number of exotic speciesc,e Increase

Per cent exotic speciesd Increase

Number intolerant speciesa,b,e Decrease

Per cent intolerant speciesc Decrease

Per cent tolerant individualsd,e Increase

Per cent tolerant speciesb Increase

Trophic metrics
Proportion as detritivore individualsc,e Variable

Proportion as carnivoresa,b Decrease

Proportion as insectivoresa,b,c,e Decrease

Proportion as omnivoresa,b,c,e Increase

Reproductive function
Proportion as mature individualsc Decrease

Abundance and condition
Total number of individualsa,b,c Decrease

Number of individuals per 50 m of samplingb,c,e Decrease

Modified index of well-beingc Decrease

The hysterics gives the source of the metrics.
a Karr (1981).

b Toham and Teugels (1999).
c Raburu (2003).
d New metric.
e Designate metrics included in the final index (Raburu and Masese,

2012).
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Fig. 1. Examples of metrics that are affected by changes in stream order/size in the Lake Victoria basin: (a) total number of genera of macroinvertebrates and

(b) total number of native species of fish. (a) is based on macroinvertebrate samples from River Nyando (Raburu et al., 2009b) while (b) is based on fish

samples collected from the Rivers Sondu-Miriu, Nyando and Nzoia (Raburu and Masese, 2012).
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Fig. 2. Examples of box-and-whisker plots used to test the separation power of metrics. Metric (a) ratio EPT: Chironomidae and (b) percentageQ8 EPT perform

well as they show a clear variability along gradient of human influence among some sites and there is little overlap between the distributions as the sites are

discriminated according to their level of degradation. In contrast, (c) Simpson richness index (1/D) and (d) Shannon diversity index perform poorly as they

show a weak relationship with the gradient and there is overlap between the distributions.
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the values of the metric for reference and impaired sites
(Barbour et al., 1999). Although calibrating metrics by
stream size has a long history, other natural variables (e.g.,
slope, wetted width, air temperature) may alter metric
performance. Thus, a number of these variables should be
evaluated and influential ones selected for use during
metric modelling and selection (Pont et al., 2006, 2007).

Sometimes the use of reference conditions is not
possible. This normally happens due to: (1) widespread
degradation that makes it difficult to identify sites that
have not been impaired by human activity, (2) lack of
historical records on environmental conditions, that pre-
date the advent of human impairment, that can be used as
reference conditions, and (3) sampling a small number of
sites such that the number of reference sites is not
statistically adequate for the calculation of metric thresh-
olds for developing the scoring criteria. In such a situation,
responsiveness of metrics to disturbance gradients are
evaluated against physico-chemical water quality and
habitat quality parameters by correlation or regression
analysis. In the Lake Victoria basin disturbance gradients
that have been considered include general disturbance
(habitat quality index score, channel morphology habitat
score, riparian land use score, riparian zone and bank
erosion score), channel alteration (channel modification
score) sedimentation (embeddedness score, turbidity,
substrate quality score), acidity (pH, alkalinity, salinity,
conductivity and hardness), nutrients (nitrogen and
phosphorus) and decomposition (DO and BOD) among
others (Raburu, 2003; Masese et al., 2009a,b; Raburu et al.,
2009a,b; Raburu and Masese, 2012). Metrics that do not
show any relationship with any of the disturbance
parameters are eliminated from further consideration.

By using one or both of the approaches described above,
it is often possible to remain with an appreciable number
of metrics, some of them autocorrelated in their response
to environmental conditions. This problem is solved by
testing for redundancy among the remaining metrics,
usually by correlation analysis. Metrics with a correlation
coefficient (r) � 0.85 are considered redundant with one
another (Clarke and Ainsworth, 1993), in which case only
one should be included in the final index. Criteria for
selection of a metric from among a group of redundant
metrics include use of separation power, whereby a metric
with the highest separation power is selected, or selecting
a metric that displays a wide response to disturbance
parameters. Other factors to consider include ecological
significance, interpretability, regional significance and
whether the metric is prominent among developed IBIs
in other regions or studies.

Despite the significant progress that has been made to
screen a number of metrics for inclusion in IBIs in the LVB,
there is overreliance on professional judgement to select
metrics and the statistical approaches used are not
rigorous enough (Stoddard et al., 2008). Recent metric
screening processes have indicated that classes of metrics
are artificial and that more rigorous statistical evaluations
can yield more discriminatory IBIs (Van Sickle, 2010). To
develop MMIs or IBIs, especially for large scales, a shift has
been witnessed from the use of subjective approaches such
as professional judgement towards the use of statistical

964principles and processes (Fore and Grafe, 2002; Bramblett
965et al., 2005; Stoddard et al., 2008). This is also due to an
966increase in the number of candidate metrics that are being
967evaluated (e.g., Whittier et al., 2007b; Feld and Hering,
9682007), often accompanied by a decrease in ecological
969knowledge about each metric (Van Sickle, 2010). The
970statistical approach involves a series of steps and tests to
971select a set of desirable metrics that incorporate a
972minimum number of inherent assumptions (Whittier
973et al., 2007b; Stoddard et al., 2008). Tests are applied
974sequentially such that metrics that fail a test are not
975considered for further and only those metrics that display
976all of the desired characteristics are used to build a final
977MMI or IBI (Whittier et al., 2007b; Stoddard et al., 2008). In
978summary, after metrics have been selected from different
979classes that capture the different attributes of the
980biological assemblage’s biotic integrity (Karr, 1981; Karr
981et al., 1986) the statistical steps involved include (1) range
982test, (2) reproducibility (signal-to-noise test), (3) correla-
983tion with natural gradients, (4) testing for responsiveness,
984(5) final metric selection and check for metric redundancy,
985and (7) range test for metric scores (see details in Whittier
986et al., 2007b; Stoddard et al., 2008). Desirable metrics for
987inclusion in final MMIs or IBIs should have sufficient
988variability in data values among sites (data range), should
989be reproducible (temporal stability), should be responsive
990to stressor gradients, and should be independent from
991other metrics (Kurtz et al., 2001; Klemm et al., 2003;
992Hering et al., 2004). Despite the promise offered by
993statistical approaches towards improving the performance
994of MMIs, a number of clarifications are still needed with
995more research to identify the attributes of high-performing
996MMIs (Van Sickle, 2010). For instance, Van Sickle (2010)
997reported that during redundancy testing, the choices
998should be based on the mean metric correlation of the
999IBI and that several alternative IBIs should be examined.
1000Though some of these steps and statistical approaches
1001have been applied in the LVB as shown above, they are
1002often not sequentially followed and some have not been
1003considered. We recommend that more rigorous statistical
1004tests and approaches be used in future developments of IBI
1005in the region.

10064.6.1. Scoring criteria

1007The interval 1, 3, 5 scoring system used in the Lake
1008Victoria basin has been commonly used in developing fish
1009and macroinvertebrate IBIs (Karr, 1981; Kerans and Karr,
10101994; Barbour et al., 1999; Raburu et al., 2009a,b). The
1011discrete scores (1, 3, 5) are attributed according to the
1012measured conditions and their deviation from the least-
1013disturbed reference conditions; higher scores are attrib-
1014uted to the best conditions (Karr, 1991). The condition at
1015these least-disturbed sites represents the best-available
1016chemical, physical, and biological habitat conditions given
1017the current state of the catchmnets. However, the discrete
1018scores attributed are in part subjective, because they are
1019largely based on professional judgement (Howe et al.,
10202007). Discrete scoring can also have the effect of
1021increasing the variability of the final IBI and limit its
1022ability to differentiate among ecological condition cate-
1023gories (Blocksom, 2003; Stoddard et al., 2008). Professional
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dgement may vary, hindering a standardization of the
dex and increasing the probability of type I error or other

rrors associated with metric selection (Norris and
awkins, 2000). To reduce subjectivity and noise, con-
nuous scoring is recommend (0–1 or 0–10) in which the
west value is zero and the highest one or ten (McCormick

t al., 2001; Hering et al., 2006; Whittier et al., 2007b).
However, the continuous scoring system has not been

valuated to test its suitability in the LVB. To come up with
e final total score or IBI value for each study site, each
dividual metric receives a score depending on its

eparture from the baseline value set for that metric,
hich corresponds to least-disturbed conditions for the

egion. Two criteria are commonly used to come up with
e baseline value. The first criterion is used when

eference conditions are used and the 25th and 75th
ercentiles of reference values are used as the upper bound
nd lower bound, respectively (Table 5). For metrics that
ecrease with impairment, sites are receive a score of: 5 if
e value of the metric is >25th percentile of reference site

alues, 3 if the value lies between the 25th percentile of
eference and the 50th percentile of impaired site values,
nd 1 if the value is >50th percentile of impaired site
alues. For metrics that increase with impairment, sites are
cored a value of: 5 if the value of the metric is <75th
ercentile of reference site values, 3 if the value lies
etween the 75th percentile of reference and the 50th
ercentile of impaired site values, and 1 if the value is
50th percentile of impaired site values. The second

riterion applies when reference conditions are not used
nd the best value obtained, after sampling across all sites

 the study, is used as the baseline. This criterion mostly
pplies when most sites are degraded and it is not possible

 establish reference conditions (e.g., Ganasan and
ughes, 1998; Masese et al., 2009a; Raburu and Masese,
012). For positive metrics (i.e., those that increase with

proving conditions), the highest value of a metric across
ll sites is trisected (Barbour et al., 1999). Values above the
pper one-third received a score of 5, those in the middle
eceived a score of 3 while those in the lower one-third
eceived a score of 1, corresponding to unimpaired,

termediate and impaired biota, respectively (Barbour
t al., 1999). For negative metrics, which decreased with

proving condition, the metric is trisected but scoring is
one in reverse, i.e. values above the upper one third
eceived a score of 1, those in the middle range a score of

10703 while those in the lower one-third, a score of 5. To obtain
1071the final index score for each site values of the scores for
1072each metric are summed.

10734.6.2. Condition categories and narrative descriptions

1074One of the oldest criticisms of indices, including the
1075index of biological integrity, is that by converting
1076biological data into numerical values, it loses its ecological
1077significance. However, the use of narrative description of
1078what the values stand for in terms of the integrity of the
1079ecosystem in question is the best response to the criticism.
1080The idea is to divide index scores into condition categories
1081that convey different information in terms of how much
1082they have been influenced by human activities. A narrative
1083description of different condition category classes repre-
1084sents an interpretation of the index scores and makes it
1085easier for nonscientists and other end-users to understand
1086what is being presented.
1087Different approaches are used to group sites into
1088condition category classes (e.g., good, fair, poor). These
1089include using levels desired by the public or management
1090authority, percentiles of frequency distributions of condi-
1091tions at all sites or at reference sites, or thresholds in
1092stressor–response relationships (Blocksom, 2003; Steven-
1093son et al., 2004; Paulsen et al., 2008). In the Lake Victoria
1094basin, methods that have been used to establish 3 or 5
1095condition categories include using percentiles of frequency
1096distributions of IBI scores at reference and impaired sites to
1097distinguish different environmental conditions at the
1098study sites. The 50th percentile of IBI score at reference
1099sites is used to separate ‘‘excellent’’ from ‘‘good’’ conditions
1100while the 25th percentile is used to separate ‘‘good’’ from
1101‘‘fair’’ sites. The 75th percentile of IBI scores at impaired
1102sites is used to separate ‘‘fair’’ from ‘‘poor’’ sites while the
110350th percentile separates ‘‘poor’’ from ‘‘very poor’’ condi-
1104tions (Raburu et al., 2009a,b). Where reference conditions
1105are not used, the highest IBI score is used to separate sites
1106into condition categories. To come up with 3 classes, the
110775th percentile is used to separate ‘‘good’’ from ‘‘fair’’
1108conditions, while the 50th percentile is used to separate
1109‘‘fair’’ from ‘‘poor’’ conditions (e.g., Kobingi et al., 2009).
1110Sometimes the maximum IBI score expected at a given site
1111is used to separate sites into classes using percentiles (e.g.,
1112Masese et al., 2009a) or established ranges (Karr et al.,
11131986; Raburu and Masese, 2012).
1114When continuous scoring is used, condition categories
1115are established by deciding on how to set ceiling and floor
1116values for each metric, i.e., what values of a metric indicate
1117good biological condition (score = 10) and what values
1118indicate poor condition (score = 0). Usually, the 95th
1119percentile of the reference-site distribution of values for
1120each metric are used as the scoring ceiling and the 5th
1121percentile of the distribution of values at all sites as the
1122scoring floor (Blocksom, 2003; Stoddard et al., 2008).
1123Alternatively, only reference-site distribution of values is
1124used to establish condition categories. The 5th and 25th
1125percentiles of the reference-site distributions are used as
1126thresholds for assigning any individual site to a condition
1127class (Paulsen et al., 2008). Sites with indicator scores <5th
1128percentile of reference distribution are considered to be
1129outside of the least-disturbed reference distribution and

able 5

ethod for calculating scores using 1, 3, 5 scoring system based on

ference conditions.

Score Calculation

Value of metric decrease with impairment
5 >25th percentile of reference sites

3 <25th percentile of reference sites and >50th

percentile of impaired sites

1 >50th percentile of impaired sites

Value of metric increase with impairment
5 <75th percentile of reference sites

3 >75th percentile of reference sites and <50th percentile

of impaired sites

1 >50th percentile of impaired sites
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are classified in poor condition while those sites with
indicator scores >25th percentile of the reference dis-
tribution are considered to be within the range of least-
disturbed sites and subsequently classified in good
condition. Sites with indicator scores between the 5th
and 25th percentiles of reference distribution are classified
in fair condition (Paulsen et al., 2008).

Different numbers of condition category classes have
been used in the literature but 5 (excellent, good, fair, poor,
and very poor) and 3 (good, fair, poor) are common. The
number of classes used depends on the management
objectives, the level of human influence and the procedure
used to develop the scoring criteria, i.e., the use of
reference conditions versus the use of the best value
observed across all sites. In the Lake Victoria basin, we
propose that given the high level of degradation being
witnessed and the difficulty of using reference conditions
for establishing metric expectations/scoring criteria, 3
condition category classes are the most appropriate
(Table 6). Because most streams and river reaches are in
the ‘‘fair’’ and ‘‘poor’’ conditions, it is feasible to achieve the
‘‘good’’ condition as opposed to ‘‘excellent’’ conditions that
are too ambitious to achieve given the resources and
goodwill available to do so. However, this can be revised in
future as the status of water resources improve.

4.7. Index performance and validation

The suitability of any index developed is measured by
its ability to give a true picture of what it is meant to
measure. For the IBI, this is achieved by the combined
ability of the different metrics in the final index to respond
to different levels of human influence, however subtle they
may be, while at the same time being independent from
natural environmental variability (Pont et al., 2007;
Stoddard et al., 2008). In the Lake Victoria basin, a number
of impact types on water resources that have been
identified include habitat degradation, flow variations,
introduction of exotic species, water quality degradation as
a result of land use change, municipal and industrial
wastewater discharges and changes in energy sources and
organic matter processing in streams and rivers. Indices
developed in the basin should therefore be able to identify

1171sources of pollutants and point out any source of
1172impairment from both point and non-point sources. The
1173indices so far developed have thus far been able to achieve
1174this goal with some degree of success. This means that
1175water resource managers have a scientifically defensible
1176rationale for strengthening management efforts to
1177improve the present status. Once restoration programs
1178have been put in place, the indices should be able to assess
1179their success.
1180Validation of IBI is done by applying it to assess a new
1181set of targeted sites of known quality and evaluating how
1182well it predicts their level of human influence. Validation of
1183most of the indices developed has not been done,
1184especially the macroinvertebrate-based indices. However,
1185the fish-based index developed was able to be validated
1186using an independent data set collected from different
1187sites that ranged from severely degraded to least-
1188disturbed. The success of the validation is a function of
1189the number of sites the index is able to place in their
1190rightful condition category or class. The independent data
1191set is used to avoid circularity and post hoc justification
1192that often arises when data used to develop an index is the
1193same data for its validation.

11945. Biomonitoring opportunities and challenges

11955.1. Scaling up

1196The use of IBIs for monitoring of surface waters, not
1197only in the LVB but also in the entire East Africa region,
1198holds much promise given the level of success that
1199previous developments have achieved. There is an
1200increasing trend to use aquatic communities as indicators
1201of environmental quality in the region, even though most
1202of the work has been done outside the framework of
1203multimetric indices (e.g., Shivoga, 2001; Ndaruga et al.,
12042004; Kibichii et al., 2007; Masese et al., 2009b; Minaya
1205et al., 2013). However, in order to move from the
1206traditional approach of concentrating much effort on
1207measuring physico-chemical parameters, which is often
1208inconsistent because of the high expenses involved leading
1209to gaps in data collection, there is a need for a shift to the
1210use of biological indicators. Use of MMIs and IBIs is a good
1211alternative in this regard.
1212However, inadequate reference information, which is
1213useful as a means of establishing community expectations
1214following restoration initiatives, is a major hindrance to
1215development of river health indices in the region. This
1216limits our ability to set expectations in terms of what is to
1217be achieved. Development of IBIs is faced with another
1218challenge of lack of historical information depicting
1219unperturbed structural and functional organization of
1220aquatic biota in most aquatic ecosystems. However, as
1221demonstrated already, other approaches exist that can be
1222used to come up with metric expectations to serve the
1223similar purpose of measuring human influence in terms of
1224departures from what we perceive to be baseline integrity.
1225For now, this baseline integrity are the least-disturbed
1226conditions that represent the best-available chemical,
1227physical, and biological habitat conditions given the
1228current state of human influence.

Table 6

Total FIBI scores, integrity classes and the narrative description of their

attributes.

Condition

category

Narrative description

Good Least-disturbed streams and rivers in the basin

including those in forested catchments, no human

activity within 30 m of the riparian zone and no

human settlement or industrial activity within 100 m,

no observable impact of human activities.

Fair Minimal human activity with natural vegetation

maintained along the river banks. No human

activity within 15 m of the riparian zone. No point

sources of pollution.

Poor Human activity in the river and riparian zone include

agriculture, grazing and settlement, sand mining,

vehicle and laundry washing, disposal of municipal

and industrial wastes and wastewater.
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.2. Adoption

Any assessment and monitoring method developed
hould not only be scientifically sound but also be cost-
ffective, transferable to different river basins and regional
onditions and easy to use. It should also be within legal
nd institutional frameworks established to monitor,
anage and protect target resources. For instance, the
SA Clean Water Act and the European Union Water
ramework Directive form the legal foundations upon
hich bioassessment and biomonitoring programs are

ased (Hering et al., 2004, 2006, 2010; USEPA, 2013).
ortunately, plans to further Africa’s water resources
evelopment are being formulated within the framework
f integrated water resources management (IWRM), which
eeks to develop and manage water in a manner that
aximizes economic and social benefits for multiple water

sers without degrading ecosystems (GWP, 2000). The
ommitment of African nations to this framework is
eflected in national water laws that have adopted IWRM
s the guiding framework. The principles are also captured

 Africa Water Vision 2025, which among other objectives,
eeks to achieve adequate quantity and quality of water for
ustainable ecosystems and biodiversity (UN-Water,
003). The East African countries have water laws and
ssociated regulations that recognize water for basic
uman needs and environmental protection as the highest
riorities (Uganda Law Reform Commission, 2000; GoK,
002; GoT, 2009). While the existing water laws and
egulations have provisions for maintaining ecological

tegrity of streams and rivers and how they should be
rotected, no provision has been provided on how their
cological integrity should be assessed. This is, in part, a
ilure on the part of water resources and environment
anagers to established decision-support tools to assist

 their work. Additionally, lack of linkages between
esearch outputs and their applications to solve existing
roblems is evident in the continued degradation of water
esources. Throughout the development of these mon-
oring tools and methodologies, specific collaboration
as not been sought among scientists and agencies that
re responsible for water resources protection and
anagement in order to collect and share data, seek
edback on the applicability of the methods and

issemination of outputs.

. Conclusions and way forward

For the management of the riverine ecosystems in the
VB, the different indices that have been developed are
dicative of a changing environment under the influence

f human activities. A similar situation is common among
ther river basins and catchments in the East Africa. With
creasing human populations in catchment areas, the

ituation is likely to be exacerbated. The challenge is to
itigate deleterious trends and practices to improve the

urrent condition of water resources. Simple measures
uch as maintaining forest buffers or riparian zone
estoration, which have been found to be useful in

proving river health (Kasangaki et al., 2006), would be

1287There is a need to adopt and strengthen existing IBIs
1288because they reliable for identifying sources of impair-
1289ment, and can also be used as a monitoring and evaluation
1290tool to identify streams and rivers where restoration
1291activities are needed and to monitor trends in biotic
1292integrity and biodiversity over time (Lyons et al., 1995).
1293While the most common use of the IBI has been as a tool of
1294environmental protection rather than that of conservation
1295biology, its use in the LVB can be very beneficial in terms of
1296monitoring the diversity of assemblages that have been
1297affected by exotic introductions. In this regard, long-term
1298monitoring and evaluation of conservation activities
1299become an important part of conservation biology, and
1300the IBI is a powerful, quantitative tool for assessments at
1301the community/ecosystem level. However, as we advocate
1302for the use of existing IBIs in biomonitoring and
1303bioassessment programs, considerations should be given
1304to emerging scientific advances in metric calibration and
1305scoring criteria, including identification of reference
1306conditions and setting management objectives.
1307While the IBI can reveal important and unique insights
1308into ecosystem health and biodiversity, it is not a quick fix
1309to environmental problems that surface waters in the East
1310Africa face, nor is it meant to replace other, proven types of
1311environmental monitoring and biodiversity assessment.
1312Data on the physical and chemical attributes of an
1313ecosystem remain indispensable to the preservation and
1314restoration of aquatic ecosystem integrity and biodiver-
1315sity. Other communities such as diatoms, amphibians and
1316birds should also be incorporated in biomonitoring
1317programs. However, when time and resources are limited,
1318relying solely on the IBI will often prove cost-effective for
1319characterizing biotic integrity and biodiversity across
1320broad landscapes, for identifying the biotic communities
1321and ecosystems most in need of conservation, and for
1322monitoring trends in ecosystem integrity and biodiversity
1323over time. Nevertheless, it will always be advantageous to
1324base biodiversity conservation activities on a combination
1325of measures (see Angermeier et al., 1993) and to use the IBI
1326as but one part of a broad, holistic effort to quantify
1327ecosystem integrity and biodiversity (Noss, 1990).

13287. Recommendations

1329We believe that IBIs are easier to use and efficient tools
1330to monitor aquatic environments, especially in East African
1331countries where resources for intensive monitoring
1332programs and long-term studies are limited. As a matter
1333of necessity, there is a need to bridge gaps in knowledge
1334that exist and contribute towards the development of new
1335monitoring tools for water resources and strengthening
1336existing ones:

1338� 1339Due to lack of historical information on most riverine
1340ecosystems that pre-date the human perturbations,
1341classification of human pressures will largely rely on
1342expert judgement, especially for the characterization of
1343physical disturbances (morphological and hydrological).
1344Thus, the accuracy of these impact evaluations needs to
1345be improved by training of scientists and standardizing
 good place to start.
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� Management efforts should focus on the specific natures
of impairment, along with enforcement of existing
wastewater discharge standards, restoration of degraded
habitats, and mitigation of further degradation, based on
accurate assessment and interpretation of component
metrics and an understanding of amounts and types of
human disturbance.
� Consideration should be given to development of

appropriate identification keys for East Africa fauna that
can enable easy identification of aquatic macroinverte-
brates.
� Tolerance limits need to be verified for local fauna by

qualitative toxicological tests or by direct gradient
analysis to identify the various environmental optima
for various taxa.
� There is a need for training of more water quality

professionals utilizing biological indicators as one of the
methods of assessing the integrity of surface waters.
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1480development of a multimetric index for biological condition of aqua-
1481tic ecosystems: experiences from the European AQEM and STAR
1482projects and related initiatives. Hydrobiologia 566, 311–324.
1483Hering, D., Moog, O., Sandin, L., Verdonschot, P.F.M., 2004. Overview and
1484application of the AQEM assessment system. Hydrobiologia 516, 1–20.
1485Herlihy, A.T., Paulsen, S.G., Van Sickle, J., Stoddard, J.L., Hawkins, C.P.,
1486Yuan, L.L., 2008. Striving for consistency in a national assessment: the
1487challenges of applying a reference-condition approach at a continen-
1488tal scale. Journal of the North American Benthological Society 27 (4)
1489860–877.
Please cite this article in press as: Masese, F.O., et al., Biomonitoring as a prerequisite for sustainable water resources: a
review of current status, opportunities and challenges to scaling up in East Africa. Ecohydrol. Hydrobiol. (2013), http://
dx.doi.org/10.1016/j.ecohyd.2013.06.004

http://www.gwpforum.org/gwp/library/TACNO4.Pdf
http://www.gwpforum.org/gwp/library/TACNO4.Pdf
http://dx.doi.org/10.1016/j.ecohyd.2013.06.004
http://dx.doi.org/10.1016/j.ecohyd.2013.06.004


1490 H
1491 

1492 

1493 H
1494 

1495 

1496 H
1497 

1498 

1499 

1500 H
1501 

1502 

1503 H
1504 

1505 

1506 H
1507 

1508 

1509 K
1510 

1511 

1512 K
1513 

1514 

1515 K
1516 

1517 K
1518 

1519 K
1520 

1521 K
1522 

1523 K
1524 

1525 

1526 

1527 K
1528 

1529 

1530 

1531 KQ7 

1532 

1533 

1534 K
1535 

1536 K
1537 

1538 

1539 

1540 K
1541 

1542 

1543 

1544 

1545 K
1546 

1547 K
1548 

1549 

1550 

1551 K
1552 

1553 

1554 

1555 L
1556 

1557 

1558 L
1559 

1560 

1561 L
1562 

1563 L
1564 

1565 

1566 L
1567 

1568 

1569 

F.O. Masese et al. / Ecohydrology & Hydrobiology xxx (2013) xxx–xxx 17

G Model

ECOHYD 18 1–18
ocutt, C.H.P.T., Johnson, C., Hay, C.J., van Zyl, B.J., 1994. Biological basis of
water quality assessment: the Okavango River, Namibia. Review of
Hydrobiology in the Tropics 27, 361–387.

owe, R.W., Regal, R.R., Niemi, G.J., Danz, N.P., Hanowski, M.J., 2007. A
probability based indicator of ecological condition. Ecological Indi-
cators 7, 793–806.

ughes, R.M., Oberdorff, T., 1999. Applications of IBI concepts and
metrics to waters outside the United States and Canada. In: Simon,
T.P. (Ed.), Assessment Approaches for Estimating Biological Integ-
rity Using Fish Assemblages. CRC Press, Boca Raton, FL, pp. 79–83.

ughes, R.M., Kaufmann, P.R., Weber, M.H., 2011. National and regional
comparisons between Strahler order and stream size. Journal of the
North American Benthological Society 30, 103–121.

ughes, R.M., Peck, D.V., 2011. Acquiring data for large aquatic resource
surveys: the art of compromise among science, logistics, and reality.
Journal of the North American Benthological Society 27 (4) 837–859.

ugueny, B., Camara, S., Samoura, B., Magassouba, M., 1996. Applying an
index of biotic integrity on fish assemblages in a West African river.
Hydrobiologia 331, 71–78.

adomura, H., 2005. Climate anomalies and extreme events in Africa in
2003, including heavy rains and floods that occurred during northern
hemisphere summer. African Study Monographs 30, 165–181.

ane, D.D., Gordon, S.I., Munawar, M., Charlton, M.N., Culver, D.A., 2009.
The Planktonic index of biotic integrity (P-IBI): an approach for
assessing lake ecosystem health. Ecological Indicators 9, 1234–1247.

arr, J.R., Chu, E.W., 2000. Sustaining living rivers. Hydrobiologia 422/423,
1–14.

arr, J.R., 1981. Assessment of biotic integrity using fish communities.
Fisheries 6, 21–27.

arr, J.R., 1991. Biological integrity: a long-neglected aspect of water
resource management. Ecological Applications 1, 66–84.

arr, J.R., Chu, E.W., 1999. Restoring Life in Running Waters. Better
Biological Monitoring. Island Press, Washington, DC, pp. 206.

arr, J.R., Fausch, K.D., Angermeier, P.L., Yant, P.R., Schlosser, I.J., 1986.
Assessing Biological Integrity in Running Waters: A Method and Its
Rationale. Illinois Natural History Survey special Publication 5, Cham-
paign.

asangaki, A., Babaasa, D., Efitre, J., McNeilage, A., Bitariho, R., 2006. Links
between anthropogenic perturbations and benthic macroinverte-
brate assemblages in Afromontane forest streams in Uganda. Hydro-
biologia 563, 231–245.

asangaki, A., Chapman, L.J., Balirwa, J., 2008. Land use and the ecology of
benthic macroinvertebrate assemblages of high-altitude rainforest
streams in Uganda. Freshwater Biology 53, 681–697.

erans, B.L., Karr, J.R., 1994. A benthic index of biotic integrity (B-IBI) for
rivers of the Tennessee Valley. Ecological Applications 4 (4) 768–785.

ibichii, S., Shivoga, W.A., Muchiri, M., Miller, S.N., 2007. Macroinverte-
brate assemblages along a land-use gradient in the upper River Njoro
watershed of Lake Nakuru drainage basin, Kenya. Lakes & Reservoirs:
Research & Management 12, 107–117.

lemm, D.J., Blocksom, K.A., Fulk, F.A., Herlihy, A.T., Hughes, R.M., Kauf-
mann, P.R., Peck, D.V., Stoddard, J.L., Thoeny, W.T., Griffith, M.B., Davis,
W.S., 2003. Development and evaluation of a Macroinvertebrate
Biotic Integrity Index (MBII) for regionally assessing mid-Atlantic
highlands streams. Environmental Management 31, 656–669.

leynhans, C.J., 1999. The development of a fish index to assess the
biological integrity of South Africa rivers. Water SA 25, 265–278.

obingi, N., Raburu, P.O., Masese, F.O., Gichuki, J., 2009. Assessment of
pollution impacts on the ecological integrity of the Kisian and Kisat
rivers in Lake Victoria drainage basin, Kenya. African Journal of
Environmental Science and Technology 3, 97–107.

urtz, J.C., Jackson, L.E., Fisher, W.S., 2001. Strategies for evaluating
indicators based on guidelines from the Environmental Protection
Agency’s Office of Research and Development. Ecologial Indicators 1,
49–60.

ane, C.R., Brown, M.T., 2007. Diatoms as indicators of isolated herbac-
eous wetland condition in Florida , USA. Ecological Indicators 7, 521–
540.

igdi, E.E., Kahloun, M.E., Meire, P., 2010. Ecohydrological status of Lake
Tana – a shallow highland lake in the Blue Nile (Abbay) basin in
Ethiopia: review. Ecohydrology & Hydrobiology 10 (2–4) 109–122.

owe-McConnell, R.H., 1987. Ecological Studies in Tropical Fish Commu-
nities. University Press, Cambridge, UK.

VBC, WWF-ESARPO (Lake Victoria Basin Commission, WWF-Eastern and
Southern Africa Regional Programme Office), 2010. Assessing Reserve
Flows for the Mara River. Nairobi and Kisumu, Kenya, pp. 48.

yons, J., Navarro-Pe’rez, S., Cochran, P., Santana, E., Guzman-Arroyo, M.,
1995. Index of biotic integrity based on fish assemblages for the
conservation of streams and rivers in West-central Mexico. Conser-
vation Biology 9, 569–584.

1570Marchiori, A., Baumart, J., Santos, S., 2012. Immatures of Chironomidae
1571(Insecta – Diptera) under the action of pesticides in irrigated rice field.
1572Ecohydrology & Hydrobiology 12, 43–52.
1573Masese, F.O., McClain, M.E., 2012. Trophic resources and emergent food
1574web attributes in rivers of the Lake Victoria Basin: a review with
1575reference to anthropogenic influences. Ecohydrology, http://
1576dx.doi.org/10.1002/eco.1285 (in press).
1577Masese, F.O., Muchiri, M., Raburu, P.O., 2009b. Macroinvertebrate assem-
1578blages as biological indicators of water quality in the Moiben River,
1579Kenya. African Journal of Aquatic Science 34, 15–26.
1580Masese, F.O., Raburu, P.O., Muchiri, M., 2009a. A preliminary benthic
1581macroinvertebrate index of biotic integrity (B-IBI) for monitoring
1582the Moiben River, Lake Victoria Basin, Kenya. African Journal of
1583Aquatic Science 34, 1–14.
1584Mati, B.M., Mutie, S., Gadain, H., Home, P., Mtalo, F., 2008. Impacts of land-
1585use/cover changes on the hydrology of the transboundary Mara River,
1586Kenya/Tanzania. Lakes & Reservoirs: Research & Management 13,
1587169–177.
1588Mavuti, K.M., 1989. An account of some important freshwater wetlands of
1589Kenya. In: Njuguna, S.G., Howard, G.W. (Eds.), IUCN Conference
1590Proceedings on Wetlands of Kenya. Crafter SA, pp. 23–35.
1591Metcalfe-Smith, J.L., 1994. Biological water quality assessment of rivers:
1592use of macro invertebrate communities. In: Calow, P., Petts, G.E.
1593(Eds.), The Rivers Handbook. Vol. 2. Hydrological and Ecological
1594Principles. Blackwell Scientific Publications, Oxford, pp. 144–170.
1595Miller, D.L., Leonard, P.M., Hughes, R.M., Karr, J.R., Moyle, P.B., Schrader,
1596L.H., Thompson, B.A., Daniels, R.A., Fausch, K.D., Fitzhugh, G.A., Gam-
1597mon, J.R., Halliwell, D.B., Angermeier, P.L., Orth, D.J., 1988. Regional
1598applications of an index of biotic integrity for use in water resource
1599management. Fisheries 13 (5) 12–20.
1600Minaya, V., McClain, M.E., Moog, O., Singer G, 2013. Scale-dependent
1601effects of rural activities on benthic macroinvertebrates and physico-
1602chemical characteristics in headwater streams of the Mara River,
1603Kenya. Ecological Indicators 32, 116–122.
1604Moog, O., Chovanec, A., 2000. Assessing the ecological integrity of rivers:
1605walking the line among ecological, political and administrative
1606interests. Hydrobiologia 422/423, 99–109.
1607Moya, N., Hughes, R.M., Domı́nguez, E., Gibon, M.F., Goitia, E., Oberdorff,
1608T., 2011. Macroinvertebrate-based multimetric predictive models for
1609evaluating the human impact on biotic condition of Bolivian streams.
1610Ecological Indicators 11, 840–847.
1611Mutie, S.M., 2006. Modelling the influence of land-use change on the
1612hydrology of Mara River using USGS Geospatial Stream Flow Model.
1613Jomo Kenyatta University of Agriculture and Technology, Kenya
1614(M.Sc. Thesis).
1615Mwamburi, J., 2003. Variations in trace elements in bottom sediments of
1616major rivers in Lake Victoria’s basin, Kenya. Lakes & Reservoirs:
1617Research & Management 8 (2) 5–13.
1618Ndaruga, A.M., George, G.N., Nathan, N.G., Wamicha, W.N., 2004. Impact
1619of water quality on macroinvertebrate assemblages along a tropical
1620stream in Kenya. African Journal of Ecology 42, 208–216.
1621Njiru, M., Kazungu, J., Ngugi, C.C., Gichuki, J., Muhoozi, L., 2008. An
1622overview of the current status of Lake Victoria fishery:
1623opportunities, challenges and management strategies. Lakes & Reser-
1624voirs: Research & Management 13, 1–12.
1625Njuguna, P.K., 1996. Building an inventory of Kenya’s wetlands: a biolo-
1626gical inventory of wetlands of Uashin Gishu District of Kenya. Kenya
1627Wetlands Working Group. Nairobi.
1628Norris, R.H., Hawkins, C.P., 2000. Monitoring river health. Hydrobiologia
1629435, 5–17.
1630Noss, R.F., 1990. Indicators for monitoring biodiversity: a hierarchical
1631approach. Conservation Biology 4, 355–364.
1632Ntiba, M.J., Kudoja, W.M., Mukasa, C.T., 2001. Management issues in the
1633Lake Victoria watershed. Lakes & Reservoirs: Research & Management
16346, 211–216.
1635Nyenje, P.M., Foppen, J.W., Uhlenbrook, S., Kulabako, R., Muwanga, A.,
16362010. Eutrophication and nutrient release in urban areas of sub-
1637Saharan Africa – a review. Science of the Total Environment 408,
1638447–455.
1639Obiero, K.O., Raburu, P.O., Okeyo-Owuor, J.B., Raburu, E., 2012. Commu-
1640nity perceptions on the impact of the recession of Lake Victoria waters
1641on Nyando Wetlands. Scientific Research and Essays 7 (16) 1647–
16421661.
1643Ochumba, P.B.O., Manyala, J.O., 1992. Distribution of fishes along the
1644Sondu-Miriu River of Lake Victoria, Kenya with special reference to
1645upstream migration, biology and yield. Aquaculture and Fish Manage-
1646ment 23, 701–719.
1647Odada, E.O., Ochola, W.O., Olago, D.O., 2009. Drivers of ecosystem change
1648and their impacts on human well-being in Lake Victoria basin. African
1649Journal of Ecology 47 (1) 46–54.
Please cite this article in press as: Masese, F.O., et al., Biomonitoring as a prerequisite for sustainable water resources: a
review of current status, opportunities and challenges to scaling up in East Africa. Ecohydrol. Hydrobiol. (2013), http://
dx.doi.org/10.1016/j.ecohyd.2013.06.004

http://dx.doi.org/10.1002/eco.1285
http://dx.doi.org/10.1002/eco.1285
http://dx.doi.org/10.1016/j.ecohyd.2013.06.004
http://dx.doi.org/10.1016/j.ecohyd.2013.06.004


1650 

1651 

1652 

1653 

1654 

1655 

1656 

1657 

1658 

1659 

1660 

1661 

1662 

1663 

1664 

1665 

1666 

1667 

1668 

1669 

1670 

1671 

1672 

1673 

1674 

1675 

1676 

1677 

1678 

1679 

1680 

1681 

1682 

1683 

1684 

1685 

1686 

1687 

1688 

1689 

1690 

1691 

1692 

1693 

1694 

1695 

1696 

1697 

1698 

1699 

1700 

1701 

1702 

1703 

1704 

1705 

1706 

1707 

1708 

1709 

1710 

1711 

1712 

1713 

1714 

1715 

1716 

1717 

1718 

1719 

1720 

1721 

1722 

1723 

1724 

1725 

1726 

1727 

F.O. Masese et al. / Ecohydrology & Hydrobiology xxx (2013) xxx–xxx18

G Model

ECOHYD 18 1–18
Odume, O.N., Muller, W.J., 2011. Diversity and structure of Chironomidae
communities in relation to water quality differences in the Swartkops
River. Physics and Chemistry of the Earth 36, 929–938.

Ogutu-Ohwayo, R., 1990. The decline of the native fishes of Lake Victoria
and Kyoga (East Africa) and the impact of introduced species, espe-
cially the Nile perch, Lates niloticus and the Nile tilapia Oreochromis
niloticus. Environmental Biology of Fishes 27, 81–96.

Ojwang, W.O., Kaufman, L., Soule, E., Asila, A.A., 2007. Evidence of ste-
notopy and anthropogenic influence on carbon source for two major
riverine fishes of the Lake Victoria watershed. Journal of Fish Biology
70, 1430–1446.

Okedi, J., 1971. The food and feeding habits of the small mormyrid fishes
of Lake Victoria, East Africa. The African Journal of Tropical Hydro-
biology and Fisheries 1 (1) 1–12.

Okungu, J., Opango, P., 2005. Pollution loads into Lake Victoria from the
Kenyan catchment. In: Mallya, G.A., Katagira, F.F., Kang’oha, G., Mb-
wana, S.B., Katunzi, E.F., Wambede, J.T., Azza, N., Wakwabi, E., Njoka,
S.W., Kusewa, M., Busulwa, H. (Eds.), Knowledge and Experiences
Gained from Managing the Lake Victoria Ecosystem. Regional Secretar-
iat, Lake Victoria Environmental Management Project (LVEMP), Dar es
Salaam, pp. 90–108.

Omukoto, J.O., 2007. Development of a Fish Index of Biotic Integrity (IBI)
for satellite lakes within Yala Swamp, Lake Victoria Basin, Kenya. Moi
University, Kenya, pp. 91 (M.Sc. Thesis).

Opiyo, S.V., 1991. Feeding ecology of Oreochromis esculentus (Graham)
(Pisces: Cichlidae) in Lake Kanyaboli, Kenya. University of Nairobi,
Kenya, pp. 147 (M.Sc. Thesis).

Osano, O., Nzyuko, D., Admiraal, W., 2003. The fate of chloroacetalinide
herbicides and their degradation products in the Nzoia Basin, Kenya.
Ambio 32, 424–427.

Oyoo-Okoth, E., Admiraal, W., Osano, O., Kraak, M.H.S., Ngure, V., Mak-
wali, J., Orina, P.S., 2010. Use of the fish endoparasite Ligula intestinalis
(L., 1758) in an intermediate cyprinidhost (Rastreneobola argentea) for
biomonitoring heavy metal contamination in Lake Victoria, Kenya.
Lakes & Reservoirs: Research & Management 15, 63–73.

Pont, D., Hughes, R.M., Whittier, T.R., Schmutz, S., 2009. A predictive index
of biotic integrity model for aquatic-vertebrate assemblages of wes-
tern U.S. streams. Transactions of the American Fisheries Society 138,
292–305.

Pont, D., Hugueny, B., Beier, U., Goffaux, D., Melcher, A., Noble, R., Rogers,
C., Roset, N., Schmutz, S., 2006. Assessing river biotic condition at a
continental scale: a European approach using functional metrics and
fish assemblages. Journal of Applied Ecology 43, 70–80.

Pont, D., Hugueny, B., Rogers, C., 2007. Development of a fish-based index
for the assessment of river health in Europe: the European fish index.
Fisheries Management and Ecology 14, 427–439.

Raburu, P.O., 2003. Water quality and the status of aquatic macroinverte-
brates and ichthyofauna in River Nyando, Kenya. Moi University,
Kenya (Ph.D. Thesis).

Raburu, P.O., Masese, F.O., Okeyo-Owuor, J.B., 2009b. Macroinvertebrate-
based Index of Biotic Integrity (MIBI) for monitoring the Nyando
River, Lake Victoria Basin, Kenya. Scientific Research and Essays 4,
1468–1477.

Raburu, P.O., Masese, F.O., 2012. Development of a fish-based index of
biotic integrity (FIBI) for monitoring riverine ecosystems in the Lake
Victoria drainage basin, Kenya. River Research and Applications 28,
23–38, http://dx.doi.org/10.1002/rra.1428.

Raburu, P.O., Masese, F.O., Mulanda, C.A., 2009a. Macroinvertebrate Index
of Biotic Integrity (M-IBI) for monitoring rivers in the upper catch-
ment of Lake Victoria Basin, Kenya. Aquatic Ecosystem Health and
Management 12, 197–205.

Reynoldson, T.B., Norris, R.H., Resh, V.H., Day, K.E., Rosenberg, D.M., 1997.
The reference condition: a comparison of multimetric and multi-
variate approaches to assess water quality impairment using benthic
macroinvertebrates. Journal of the North American Benthological
Society 16 (4) 833–852.

Richards, C., Havo, R.J., Johnson, L.B., Host, G.E., 1997. Catchment and
reach scale properties as indicated of macroinvertebrate species
traits. Freshwater Biology 37, 219–230.

Rodhe, H., Virji, H., 1976. Trends and periodicities in East African rainfall
data. Monthly Weather Review 104, 307–315.

Rosenberg, D.M., Resh, V.H., 1993. Introduction to freshwater biomoni-
toring and benthic macroinvertebrates. In: Rosenberg, D.M., Resh,
V.H. (Eds.), Freshwater Biomonitoring and Benthic Macroinverte-
brates. Chapman and Hall, New York, pp. 1–9.

Roset, N., Grenouillet, G., Goffaux, D., Pont, D., Kestemont, P., 2007. A
review of existing fish assemblage indicators and methodologies.
Fisheries Management and Ecology 14, 393–405.

1728Rothrock, P.E., Simon, T.P., Stewart, P.M., 2008. Development, calibration,
1729and validation of a littoral zone plant index of biotic integrity (PIBI)
1730for lacustrine wetlands. Ecological Indicators 8, 79–88.
1731Roux, D.J., 1997. National Aquatic Ecosystem Biomonitoring Programme:
1732Overview of the Design Process and Guidelines for Implementation.
1733NAEBP Report Series No. 6. Institute for Water Quality Studies,
1734Department of Water Affairs and Forestry, Pretoria, South Africa.
1735Rygg, B.C., 1988. Heavy metal pollution and log-normal distribution of
1736individuals among species in benthic communities. Marine Pollution
1737Bulletin 17, 31–36.
1738Scheren, P.A.G.M., Zanting, H.A., Lemmens, A.M.C., 2000. Estimation of
1739water pollution sources in Lake Victoria, East Africa: application and
1740elaboration of the rapid assessment methodology. Journal of Envir-
1741onmental Management 58, 235–248.
1742Shivoga, W.A., 2001. The influence of hydrology on the structure of
1743invertebrate communities in two streams flowing into Lake Nakuru,
1744Kenya. Hydrobiologia 458, 121–130.
1745Simon, T.P., Lyons, J., 1995. Application of the index of biotic integrity to
1746evaluate water resource integrity in freshwater ecosystems. In: Davis,
1747W.S., Simon, T.P. (Eds.), Biological Assessment and Criteria. Tools for
1748Water Resource Planning and Decision Making. Lewis Press, Boca
1749Raton, FL, pp. 245–262.
1750Stevenson, R.J., Bailey, B.C., Harass, M.C., Hawkins, C.P., Alba-Tercedor, J.,
1751Couch, C., Dyer, S., Fulk, F.A., Harrington, J.M., Hunsaker, C.T., Johnson,
1752R.K., 2004. Interpreting results of ecological assessments. In: Barbour,
1753T., Norton, S.B., Preston, H.R., Thornton, K.W. (Eds.), Ecological
1754Assessment of Aquatic Resources: Linking Science to Decision Mak-
1755ing. Society of Environmental Toxicology and Chemistry, Pensacola,
1756FL, pp. 85–111.
1757Stoddard, J.L., Herlihy, A.T., Peck, D.V., Hughes, R.M., Whittier, T.R., Tar-
1758quinio, E., 2008. A process for creating multimetric indices for large-
1759scale aquatic surveys. Journal of the North American Benthological
1760Society 27, 878–891.
1761Stoddard, J.L., Larsen, D.P., Hawkins, C.P., Johnson, R.K., Norris, R.H., 2006.
1762Setting expectations for the ecological condition of running waters:
1763the concept of reference condition. Ecological Applications 16, 1267–
17641276.
1765Strahler, A.N., 1957. Quantitative analysis of watershed geomorphology.
1766Transactions of the American Geophysical Union 38, 913–920.
1767Toham, A.K., Teugels, G.G., 1999. First data on an Index of Biotic Integrity
1768(IBI) based on fish assemblages for the assessment of the impact of
1769deforestation in a tropical West African river system. Hydrobiologia
1770397, 29–38.
1771Uganda Law Reform Commission, 2000. Uganda, Water Act Cap. 152,
1772Laws of Uganda. .
1773UNEP (United Nations Environmental management Programme), 2003.
1774Convention on Biological Diversity. Habitat Destruction in the
1775World’s Waters. Progress Report by the Global International Waters
1776Assessment. UNEP/CBD/SBSTTA/8/INF/16. Montreal, Canada.
1777UN-Water Africa, 2003. The Africa Water Vision for 2025: Equitable and
1778Sustainable Use of Water for Socioeconomic Development. Economic
1779Commission for Africa, Addis Ababa, Ethiopia.
1780USEPA (United States Environmental Protection Agency), 2013. National
1781Rivers and Streams Assessment 2008–2009: A Collaborative Survey.
1782EPA/841/D-13/001. Office of Wetlands, Oceans & Watersheds and
1783Office of Research & Development, Washington, DC.
1784Van Sickle, J., 2010. Correlated metrics yield multimetric indices with
1785inferior performance. Transactions of the American Fisheries Society
1786139, 1802–1817.
1787Weigel, B.M., Henne, L.J., Martinez-Rivera, L.M., 2002. Macroinvertebrate-
1788based index of biotic integrity for protection of streams in west-
1789central Mexico. Journal of the North American Benthological Society
179021, 686–700.
1791Welcomme, R.L., 1988. International Introduction of Inland Aquatic Spe-
1792cies. FAO Fish. .
1793Whittier, T.R., Stoddard, J.L., Larsen, D.P., Herlihy, A.T., 2007a. Selecting
1794reference sites for stream biological assessments: best professional
1795judgment or objective criteria. Journal of the North American Bentho-
1796logical Society 26, 349–360.
1797Whittier, T.R., Hughes, R.M., Stoddard, J.L., Lomnicky, G.A., Peck, D.V.,
1798Herlihy, A.T., 2007b. A structured approach for developing indices of
1799biotic integrity: three examples from streams and rivers in the
1800western USA. Transactions of the American Fisheries Society 136,
1801718–735.
1802Wright, I.A., Burgin, S., 2009. Effects of organic and heavy metal pollution
1803on chironomid within a pristine upland catchment. Hydrobiologia
1804635, 15–26.
Please cite this article in press as: Masese, F.O., et al., Biomonitoring as a prerequisite for sustainable water resources: a
review of current status, opportunities and challenges to scaling up in East Africa. Ecohydrol. Hydrobiol. (2013), http://
dx.doi.org/10.1016/j.ecohyd.2013.06.004

http://dx.doi.org/10.1002/rra.1428
http://dx.doi.org/10.1016/j.ecohyd.2013.06.004
http://dx.doi.org/10.1016/j.ecohyd.2013.06.004

	Biomonitoring as a prerequisite for sustainable water resources: a review of current status, opportunities and challenges to scaling up in East Africa
	Introduction
	Biological monitoring framework and its rationale
	The index of biotic integrity (IBI)
	Use of different taxa in biomonitoring

	Legal and policy framework basis for biomonitoring and assessment
	Water quality monitoring in the Lake Victoria basin
	Developing IBIs for the Lake Victoria basin
	Assemblage characteristics

	Classification of streams and rivers
	Selection of reference conditions
	Collection of biological data
	Metric selection and testing
	Metric evaluation
	Scoring criteria
	Condition categories and narrative descriptions

	Index performance and validation

	Biomonitoring opportunities and challenges
	Scaling up
	Adoption

	Conclusions and way forward
	Recommendations
	Conflict of interest
	Financial disclosure
	Acknowledgements
	References


