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ABSTRACT

The present study aimed to clarify the fish diversity in the upper and middle reaches of
the Awash river. Patterns of fish assemblages along the longitudinal gradient were
studied and the phenotypical variability within the most abundant genus Garra was
outlined. Therefore, the first 650 km of the river, from the headwaters in the Chilimo
forest (2389 m a.s.l.) to the lowland zone in the Afar region (570 m a.s.l.) were
investigated. During November 2017 and January 2018 (dry season) the reaches of
interest were sampled 3 times along 12 sites. These sampling sites were selected
based on habitat criteria, characteristics of river morphology and low anthropogenic
impact. A combination of fishing gears was used (e.g. electrofishing, beach seine, gill
nets) to sample a variety of mesohabitats. Physical and chemical water parameter
were recorded at each site. Microhabitats and river morphological characteristics were
guantitatively estimated along with human activities observed. Representatives of the
genus Garra were preserved in 96% ethanol and morphometric and meristic
characteristics recorded. Water temperature ( £ and conductivity (US cm™)
significantly increased from the source region (S1, ma x . 17.9 Q@Scmiptx. 2609
the lowland zone (S12, ma x . @, ax293 uS cm?) but showed unusual gradients
possibly related to human impacts. The complex geomorphological setting and the
river gradient determined the sediment composition. Fish diversity increased from the
rhithron (S1, 2 taxa) to the potamon (S12, 7 taxa), but was highest at site 8 (8 taxa).
Garra dembeensis and Garra aff. makiensis were characteristic for the upper reaches,
whereas Garra sp. and Micropanchax cf. antinorii were frequent taxa in potamal
stretches. Labeobarbus cf. intermedius was most widespread in the Awash river. The
impact of the Koka reservoir was detectable by a decline in water temperature (-2 . 7 C)
and conductivity (-253 uS cm?) but had no observable effect on fish biocenoeses. The
alternating steep and low gradient sections of the Awash river determined the
succession of fish assemblages. Two distinct transition zones were observed where
fish communities clearly changed along environmental gradients. With the use of
morphometric and genetic features, 3 distinct groups of Garra could be detected. Garra
dembeensis was clearly identified, whereas the taxonomic placement of Garra aff.
makienis and Garra sp. is not yet resolved. The presence of several morphotypes
within each group might reflect specific adaptations to certain abiotically defined

environments.
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1. INTRODUCTION

Ethiopia is a country of diverse landscapes and characterised by sharp climatic and
environmental gradients which range from the high mountain plateaus to the hot and
dry Danakil Depression in the eastern part. From north-east to south-west, the Main
Ethiopian rift system (MER) shapes the topography of the landscape. Although
unevenly distributed, the country has abundant water resources and 12 major river
basins can be identified (Habteselassie, 2012). The north, western and south-western
parts are drained by tributaries of the Nile river (Atbara, Blue- and White Nile systems)
leading to the Mediterranean Sea, whereas the south-eastern part drains into the
Indian Ocean via the Wabi Shebele and Genale Dawa systems (Golubtsov et al.,
2002). Central Ethiopia is characterised by two major endorheic drainage basins. The
Omo-Gibe and the Awash river basin, the latter draining into Lake Abbe at the border
to Djibouti. The topographic and climatic diversity of the country is also reflected by a
high number of endemic animal and plant species. According to Froese and Pauly
(2017) at least 40 fish species are restricted to the water systems within Ethiopia and
the taxonomic status of several forms is not yet clarified and needs further

investigation.

The first scientific records of Ethiopiads
19t century and were made by the German explorer Eduard Rippell (Golubtsov and

Mina, 2003). In the following decades the knowledge about native fish species
subsequently increased especially in lentic systems. A major limitation is still the lack

of complete taxa lists in most of the smaller river basins and insufficient knowledge of
autecological parameters of many fish species. This was highlighted by Getahun and
Stiassny (1998) who stated that little research had been done to investigate the fish
diversity and their habitat demands in lotic ecosystems of Ethiopia. Since that time,

several authors (e.g. Golubtsov et al., 2002, Stiassny and Getahun, 2007 and
Habteselassie, 2009) contributed detailed information based on literature review,
morphological descriptions and field investigations which consequently improved our
understanding of fish biocoenoses in Ethiopi

So far, no comprehensive investigation of the fish fauna and especially its longitudinal
distribution has been made in the Awash river basin. Existing scientific literature is
often incomplete and contradictory (e.g. Wubie et al., 2017). The surveys reported in
Golubtsov et al. (2002) date back nearly three decades and might not be representative

any more. Human settlements and industrialisation increased rapidly and go along with
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adverse environmental impacts (Degefu et al., 2013). Apart from that, most sampling
sites in the region are known from easily accessible river stretches, near bridges or
close to towns (Golubtsov et al., 2002), which are highly impacted by human activities
(e.g. car washing, laundry, water abstraction or watering cattle) and possibly do not
fully represent the entire diversity.

With the rapid population growth and the progressive development and
industrialisation of the region, a reliable classification of running water systems seems
urgently needed. Water pollution (mainly domestic wastewater and industrial effluents)
and habitat degradation (e.g. deforestation, bank erosion and subsequent
sedimentation) lead to the loss of functioning aquatic ecosystems in many parts of the
country (Getahun and Stiassny, 1998). This threatens biodiversity and poses serious
health risks to the local populations which directly depend on the available water
resources in the Awash river and the Koka reservoir (Dsikowitzky et al., 2012). Several
scientific studies (e.g. Degefu et al., 2013) have stressed this aspect and pointed out
the problem of nutrient loading from agriculture but also the high concentration of heavy
metals, resulting from industrial effluents (e.g. soap and alcohol factories, tanneries,

breweries) and the use of pesticides in plant production (Benti, 2014).
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Figure 1. The Awash river basin from the source region to Lake Abbe. Important towns and
villages along the river course are depicted. Names of major tributaries as well as the exact
location of the Tendaho reservoir are indicated in Figures 4a and 4b. Addis Ababa city centre
(8°58'49.58"N, 38°45'26.26"E). The yellow line marks the border to Djibouti. Source of
information: Google Earth Pro 2017.




1.1. The Awash river basin

The Awash river basin extends from the foothills of the Ethiopian Highlands, west of
Addis Ababa, to the Danakil Depression at the border to Djibouti (Figure 1). With a
catchment area of about 112,000 km? (Tesfaye and Wolff, 2014) the endorheic basin
is the fourth largest in Ethiopia and covers parts of the Oromia, Somali, Amhara and
the Afar region (Koriche, 2012). Brown and Lemma (1970) who studied the molluscan
fauna in the Awash river (length of approximately 1200 km), suggested a subdivision
in 3 parts: dpper basind(until Awash town), dniddle valleyd(Awash town to Dubti) and
the dower plainsé(Dubti to Lake Abbe). Following this classification, an engineering
consultancy (Halcrow, 2006) divided the course in d&Jpper stream areag dMiddle valleyd
and 6 awer valleyod (Figure 2). The geographic denominations diddle Awashé and
d.ower Awashdare frequently used in paleontological research and refer to the Afar
region around Lake Yardi and Hadar respectively (e.g. Geraads et al., 2012).

From its source in the Chilimo Forest near the village Ginchi (Figure 4a) the river flows
to the south into the MER until it is dammed and forms the Koka reservoir (Lake Koka
or Lake Gelila) (Figures 1 and 4a). The dam was constructed in the 1950s for
hydroelectric power supply and supports an important fishery in the region (Tesfaye
and Wolff, 2014). Due to insufficient agricultural practices and consequent soil erosion
the sediment load of the Awash and other tributaries is high and gradually fills the
reservoir (Behailu, 2004; Bishaw and Kedir, 2015).

Downstream of Lake Koka the river flows to the north-east following the rift valley into
the Afar-depression. In this region, 2 run-of-the-river hydropower stations (Awash II
and lll) are located and irrigation agriculture (mainly sugar cane) is intensively
developed with seemingly high water abstraction. At Matahara the river is connected
to the largely expanding saline Lake Beseka (Figures 1 and 4b). An artificial channel
was constructed in order to regulate water levels. It should be noted that the physical
and chemical properties of the lake are entirely different compared to the Awash river
(Olumana et al., 2009 and Belay, 2009). Further downstream the famous Awash falls
(Figure 4b) are formed and the river flows along the Awash National Park, confined in

a narrow valley.

At the end of the upstream area the channel slope declines and a meandering course
is developed. Until the Yangudi Rassa National Park (or the Mile Serdo Wildlife
Reserve T boundaries are not clear) the Awash river is lined by cultivated areas

(irrigation agriculture) and wetlands. One notable exception is the area north-west of
7
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mount Hertali (Hertale) where the river character changes and a relatively steep slope
shapes the riverbed morphology. At the boarder to the National Park the Awash forms
an extensive wetland with several side arms and stagnant water bodies (among them
Lake Yardi). The river than flows through an arid landscape developing a meandering
course. Large-scale human impacts seem to be absent and the area is only inhabited

by tribes of the local Afar people.

In the region of Semera (regional capital of the Afar region) the Awash is dammed by
the Tendaho reservoir (completed in 2014) and heavily impacted by water abstraction
and agriculture. Before it dried out in 2016, it had been stocked 3 times with
Oreochromis niloticus ssp. In 2017 it was restocked by the National Fish and Other
Aquatic Lives Research Center (NFLARC) in Sebeta, with the same taxon (Alemayehu
Wubie, pers. comm., 2018). At the boarder to Djibouti the river finally empties into a
series of saline lakes which ends in Lake Abbe (Figures 1 and 4b). With an average
annual air temperature above 34 °C the Danakil Depression is among the hottest

regions on earth.

Upper stream area I | Middile valley | | Lower valley |

P\‘_.__‘._._‘\.

0 200 400 600 800 1000 1200 1400
Channel Distance (km)

Figure 2. Longitudinal gradient of the Awash river (classification adopted from Halcrow, 2006).

In the present study, the first 650 km of the upper and middle Awash were of interest. The

Lower valley was not subject of the investigation. Source: adjusted from Halcrow (2006).

1.1.1. Geological background of the study area

More than any other African country, Ethiopia is characterised by elevated plains with
sharp margins and deep valleys. They originated from layers of basalts erupted on a
Paleozoic basement during the Oligocene era (ranging from 40 to 45 Ma),
simultaneously with the establishment of the Red Sea rift. Close to this event, the MER
developed, following the spread of the Gulf of Aden and connecting it with the East
African rift system. Both rifts were accompanied by volcanic phases (eruption of
different magma types, mainly andesites and basalts) when developing, but became

nearly inactive in the present (Abbate et al., 2015). Various extinct volcanoes still bear
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witness to those times (Figure 3). In the north-east, the Danakil Depression is still

volcanically active and Erta'alé volcano gives insight into the ongoing rifting process.

The establishment of the MER divided the central Ethiopian highlands into two
separate blocks, the larger one (Abyssinian highland) in the northwest and the smaller
one (Somali highland) in the southeast of the country (Abbate et al., 2015). The former
hosts the main watersheds of Ethiopia and the spring of large rivers, among them the
Blue Nile. Its southern margin is drained to the MER, where rivers, such as the Awash
river, enter saline lakes in basins without outlets (endorheic basins). In this area,

volcanic activities caused several changes of river courses, valley geomorphology and

river gradients (Figure 3).

......
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Figure 3. Morphological and geological features of the northen part of the Main Ethiopian Rift.
The formation of volcanos has a visible influence on the course of the Awash river which is
highlighted in blue. Based on Merla (1963) and adjusted from Merla et al. (1979).
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1.2. Human impacts on Ethiopian riverine ecosystems

Human impacts in the region are manifold and only partly covered in the present thesis.
Many anthropogenic stressors observed in the Awash river basin are related to
industrialisation and urbanisation but also the fast-growing population and a high
livestock density pose specific threats to functioning ecosystems. Apart from that, the

longitudinal continuum of the river is interrupted by several technical structures (dams
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and weirs). Similar patterns of adverse impacts can be observed in other major river

systems of Ethiopia as well which was pointed out by Habteselassie (2009).

In the present investigation, sampling sites were chosen on the basis of habitat quality

and morphologically unimpaired sites (if feasible). This implies to avoid large-scale

direct human impacts. However, various human activities are present along the whole

course of the Awash river but vary in intensity. An overview of environmental

challenges in the upper Awash river was given by Wubetu (2013), Degefu et al. (2013)

or Benti (2014). Additional information is added based on the observations of Getahun

and Stiassny (1998) and Habteselassie (2009) in other river systems. According to

their conclusions the following impacts are prevailing:

i

Sand mining from the riverbed: Supply of local markets as construction material.
Causes an alteration of the river bed (instability of river banks) and increased
sedimentation.

Urbanisation: Settlements spread and roads are built as a result of a rapid
population growth and the development of infrastructure. Causes soil sealing which
prevents infiltration (higher surface runoff 1 higher discharge and increased
erosion) and changes in land cover and land use.

Agriculture and livestock farming: Extension and intensification (also
greenhouses) of agriculture to increase food production i irrigation systems seem
to be well developed in the river basin (which may lead to lower water levels).
Causes high nutrient loads (from livestock farming and application of fertilizers) and
the input of heavy metals (application of pesticides) in the adjacent water bodies.
Deforestation: Supply of local markets as construction material and firewood.
Causes a change in land cover and land use. Soil stability is lost and the land is
increasingly prone to erosion (causing a higher sediment load in rivers). Farmers
extend their fields to the edge of the river (no buffer strips). As a result, riparian
vegetation and floodplain ecosystems (lateral interaction) are lost; reduced shading
could increase water temperature.

Industrial effluents: Industrialization of the region is promoted by the government
to generate jobs, especially in the upper basin around Sebeta, Awash Melka and
Mojo (alcohol, soap and oil factories, tanneries and breweries). Causes
degradation in water quality, change in chemical and physical parameters (e.g. pH,
conductivity, temperature), increased nutrient loads and a high concentration of

heavy metals (here especially tanneries and oil factories).
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U Domestic pollution: Rivers are used as public dumping grounds for all kind of
domestic waste (biological and non-biological). Discharge of domestic waste water
is seemingly high in the area of Addis Ababa (Akaki river). Causes degradation in
water quality (high nutrient content), change in chemical and physical parameters.

U Hydropower: According to Tedesse et al. (2005) and personal observations, there
are 3 hydropower stations: Awash | (Koka reservoir, 43.2 MW, constructed in the
1950s), Awash Il (run-of-the-river power plant, 32 MW, constructed in 1966) and
Awash Il (run-of-the-river power plant, 32 MW, constructed in 1971). Awash Il and
lIl are located at the cascades downstream of the village Melkasa. Sediments are
flushed twice a year (at the beginning and end of the rainy season). Occasionally
the stretch between Awash Il and Awash Il falls dry when all water is used for
power generation (during the dry season). The engineering structures cause an
interruption of the longitudinal continuum and impoundments change chemical- and

physical properties of the water.

Increased industrialisation and human activities subsequently lead to adverse
environmental impacts and the loss of functioning ecosystems (e.g. habitat
degradation, change in physical-, chemical parameters) and their unique biocoenoses
(outlined in Getahun and Stiassny, 1998). Moreover, the subsistence of the local
populations is threatened as they directly depend on the water resources (e.g. drinking
water, irrigation of agricultural fields).

1.3. l cht hyofauna of Ethiopiabds river sy
The MER separates the drainage basins of the country and the east African region in
two major biogeographic units. In the northern part of the rift valley the rivers drain over
the Nile system into the Mediterranean Sea. This portion belongs to the Nilo-Sudan
Ichthyofauna, equally as the south-western part of the rift system (Roberts, 1975). The
southern regions on the other hand drain into the Indian Ocean and belong to the East
Coast Ichthyofauna (mostly river systems within Kenya). It is important to note, that the
Wabi Shebele-Juba basin (draining into the Indian Ocean) was not included as part of
the coastal zone by Roberts (1975) and Skelton (1994). Instead it is recognized as the
most eastern portion of the Nilo-Sudan Ichthyofaunal Province as summarized by
Golubtsov et al. (2002). In their work they compared the affiliation of taxa to the major
faunal provinces and indicated a transitional zone (Wabi Shebele-Juba system) which
shares an equal number of species from both regions. However, it seems that

uncertainties still persist and several groups need detailed taxonomic revision.
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The upper and middle reaches of the Awash river system belong to the Abyssinian
Highlands Ichthyofaunal Province as first described by Roberts (1975). Similarities
between the headwaters of the Nile (including Lake Tana) and the Omo-Turkana basin
should exist. Limitations of this differentiation and the unclear boundaries are
highlighted in Golubtsov et al. (2002). In addition, they discussed the impact of physical

barriers (in particular the Tis Issat Falls) in the separation of biogeographic units.

A comprehensive investigation of the species diversity in the main drainage systems
of Ethiopia (White Nile, Blue Nile, Atbara-Tekeze, Omo-Turkana, Rift Valley and the
Wabi Shebele-Juba system) was conducted by Golubtsov and Mina (2003). For the
White Nile system, they indicated the highest diversity with more than 100 species
(also stated in Golubtsov et al., 1995). The central and south-eastern drainage systems
showed the lowest diversity with 31 species. However, black spots of no or little
information still exist (due to difficult access) in all river basins and will probably
increase the number of native and even endemic species (highlighted in Habteselassie
(2009) and Habteselassie et al. (2010) with the description of Garra chebera).
Moreover, the taxonomic status (or rank) of several taxa needs clarification. A
comprehensive overview of (most) fish species inhabiting lacustrine and lotic systems

of Ethiopia is presented in Habteselassie (2012).

1.3.1. Fish taxa of the Awash river basin

A first detailed description of the ichthyofauna in the MER was given by Roberts (1975).
In his work he stated that the southern part of the rift valley (Omo-Turkana, Abaya,
Chamo and Chew Bahir basins) belongs to the Nilo-Sudan Ichthyofaunal Province.
Whereas the central part as well as the upper and middle Awash basin belong to the
ichthyofauna of the Abyssinian Highlands. A clear summary of the present faunistic
status (species distribution and comments on ecological aspects) in the region was
given by Golubtsov et al. (2002).

Within the MER, the species distribution seems to be uneven with the highest diversity
found in the southern portion (Omo-Turkana) and the lowest in the central part
(Golubtsov and Mina, 2003). The species accounts for the Awash river appear to be
contradictory in certain aspects. Getahun and Stiassny (1998) reported almost 30
species from literature review. A few years later Golubtsov et al. (2002) noted 10
species (without Labeobarbus cf. nedgia but considering the unclear taxon Garra cf.
hirticeps). Golubtsov and Mina (2003), in their review of species diversity in the main

drainage systems of Ethiopia indicated 13 i 15 species for the Awash basin and
12



adjacent enclosed sub-basins. The difference might be explained by the unclear
taxonomic status of several Garra and Barbus (Labeobarbus sp. and Enteromius sp.)
species. For the upper Awash region (upstream of the Koka reservoir and tributaries
of the Awash), Wubetu (2013) in an unpublished thesis, reported merely 3 species
(Garra dembecha, Garra aethiopica and Barbus humilis). Wubie et al. (2017) noted the
occurrence of 5 taxa in the upper most reaches (Garra quadrimacuata, Garra
dembecha, Garra hirticeps and 2 unclear taxa placed in the genus Barbus). For Lake
Koka and the adjacent floodplain, Desta (2005) reported 5 species (Cyprinus carpio,
Labeobarbus intermedius, Garra makiensis, Clarias gariepinus and Oreochromis
niloticus). Table 1, gives an overview of the number of taxa indicated for the rift valley
(only native species) and the Awash basin (native and introduced species).
Oncorhynchus mykiss, which is not indicted below, was introduced (Akaki reservaoir,
Awash basin), but never established. A more detailed list with species accounts for the
Awash river in earlier years is given in Table 9.

Table 1. Fish diversity (native species) of the 6 Et h i oifp\aleyd(gddgraphic denotation
adopted) according to Golubtsov and Mina (2003). The taxonomic status of some Barbus
(Enteromius sp. and Labeobarbus sp.) and Garra species is still unclear. Fish diversity (native

and introduced (established) species) in the Awash river basin according to several authors i
see Table 9.

Family Rift Valley Awash river basin
Genera Species Genera Species

Mormyridae 3 3 0 0
Characidae 1 1 0 0
Cyprinidae 5 13-16 5 16
Poeciliidae 0 0 1 1
Bagridae 1 1 0 0
Schilbeidae 1 1 0 0
Clariidae 1 2 1 1
Mochokidae 1 1 1 1
Cyprinodontidae 2 3 1 1
Centropomidae 1 1 0 0
Cichlidae 2 2 2 3

Total 18 28-31 11 22

1.3.2. The genus Garra (Hamilton, 1822)

The taxonomic status of the Afro-Asian genus Garra has puzzled scientists for a long
time. Froese and Pauly (2018) mentioned 130 valid species distributed from central-
western Africa to China and south-east Asia. A first comprehensive study with focus
on the east African region (Ethiopia) was conducted in an unpublished thesis by

Getahun (2000). Much of the earlier confusions according to synonyms and the
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taxonomic placement were clearly outlined and discussed. Based on three
synapomorphies (2 unbranched anterior pectoral fin rays, a narrow and elongated
cleithrum as well as a short and broad ethmoid) he stated that the genus is placed as
a monophyletic group within the tribe Garraina (Sub-tribe Discorostralini). At this point
it should be noted, that the feature of possessing 2 unbranched anterior pectoral fin
rays seems to be a characteristic shared by African members of the genus only
(according to present knowledge). Eurasian species are characterised by only 1
unbranched leading pectoral fin ray (e.g. Sayyadzadeh et al., 2015; Mousavi-Sabet
and Eagderi, 2016). Menon (1964), in his revision of the genus, had seemingly ignored
this characteristicas he stated the fin structur¥

rays for the pectoral fin.

In a later work conducted by Stiassny and Getahun (2007) detailed morphological
characteristics were presented supporting the hypothesis of monophyly for the
subgroup Garraina (not to confuse with the genus Garra). In addition, the descriptions
of 5 new species and data on their geographic distribution were provided. With the
latest description of Garra chebera (Habteselassie et al., 2010) a total of 18 valid
species (8 endemic to Ethiopia) is known from the African continent so far. Considering
the fact that several river basins have not yet been investigated in detail and that
several species possess a wide geographic distribution (e.g. G. ornata, G.
dembeensis), the number might increase.

Apart from a detailed taxonomic description of the genus, nearly no reliable information
exists on the biology and ecology of African Garra. Getahun (2000) presented detailed
information on habitat preferences and shortly summarized aspects on feeding and
reproduction. Based on his observations of Ethiopian species, a variety of habitats,
ranging from 3000 m i 1500 m a.s.l., seem to be inhabited. A preference for pool
sections with low flow velocity, sand substrate and abundant riparian vegetation (in
particular long grass) was noted. This aspect was mentioned by Habteselassie et al.
(2010) as well, while they investigated the distribution of G. chebera in the Dildil stream.
It should be noted that certain species (e.g. G. congoensis) show specific adaptations

to fast flowing water and rocky substrate as stated by Roberts and Stewart (1976).

The inferior mouth position and the often well-developed disc (see Figure 25, Appendix
2) give first indication of a bottom dwelling habit. Getahun (2000) reported that the diet
mainly consists of phytoplankton and small invertebrates which are scraped off the

substrate. This was mentioned earlier by Sibbing (1991) and suggested by Reid
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(1978). A detailed feeding analysis was conducted by Gudeta (2016) in the upper

reaches of the Awash river which supported earlier observations.

There is almost no information on the spawning ecology and larval habitats of African
Garra. It is assumed that lacustrine species migrate to rivers for spawning (Skelton et
al., 1991). Desta (2005) who conducted a study on distribution and feeding ecology of
commercially important fish in Lake Koka, noted the high abundance of Garra
makiensis in the inshore areas of the Koka floodplain during the rainy season. This

may give a possible hint of migration patterns and habitat preferences.

More information exists on Garra rufa, a Eurasian species which seems to be among
the few members of the genus which are artificially propagated. In this case
predominantly for aquarium trade and used to treat skin diseases. According to an
ongoing research project, eggs of this species do not show any adhesive properties
and are solely deposited at the bottom (Susana Ferreira, pers. comm., 2018). A
possible sexual dimorphism where ripe females could be more robust and males tend
to develop prominent nuchal tubercles on the snout is not yet confirmed as stated in
Stiassny and Getahun (2007). Asian representatives of the genus (especially from the
Mekong river basin) are well studied in terms of larval development. Detailed
descriptions of colouration and pigmentation patterns of larvae and juveniles exist for

3 species found in Thailand (Termvidchakorn et al., 2016).

1.4. Theoretical concepts of stream ecology

Rivers are dynamic aquatic systems with changing physical and chemical
characteristics. From the headwaters to the lower reaches, biological communities
change and adapt or shift in response to the prevailing abiotic factors. Several
theoretical concepts exist to classify riverine ecosystems and describe the changing
environmental gradients. Ward et al. (2002) highlighted different frameworks and their
relation to the four dimensions in lotic systems (longitudinal, lateral, vertical and
temporal). The following concepts briefly introduce the idea of river zonation based on

ecological, morphological, physical and hydrological aspects.

Fluvial systems were first classified according to the distribution of fish species in
European waters. These investigations date back to the first half of the 19" century
(Borne, 1877; Nowichi, 1889). Among the best-known examples of Longitudinal Fish
Zonation (Fish Regions) are the concepts by Thienemann (1925) and Huet (1949)

which were introduced a few decades later. However, the classification (from up- to
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downstream) in d@rout region§ d@rayling region§ @arbel region§ Bream regiondand
d&-lunder regiondis generally seen as too simplistic. lllies and Botosaneanu (1963)
introduced the Stream Zonation Concept which is based on fish, benthic
invertebrates and environmental gradients. The headwaters start with the Crenal
(source region) which can be further divided in Eucrenal and Hypocrenal (source
rivulets). Followed by the Rhithral (upper course) which is further divided in Epi-, Meta-
and Hyporhithral. Characteristic for this section is the high oxygen saturation as a result
of the turbulent and high flow velocity. Downstream the gradients further decline and
the river is classified as Potamal (Epi-, Meta- and Hypopotamal). The above stated

concepts as well as river morphological classifications can be interlinked.

One of the best studied theoretical approaches to describe biological changes along
the longitudinal gradient of a river is the River Continuum Concept (RCC) (Vannote
et al., 1980). It is based on the assumption that an unidirectional flow is the defining
feature of rivers and processes change along environmental gradients (the same
applies to the ideas of lllies and Botosaneanu, 1963). From the headwaters to the lower
reaches the main source of energy changes from allochthonous (input of coarse
particulate organic matter (CPOM)) to predominantly autochthonous (autotrophic,
nutrients from upstream) production. River morphology, hydrologic aspects and the
importance of riparian vegetation change along the upstream-downstream gradient
and shape the biologic communities. The feeding guilds of benthic invertebrates
characteristically shift from shredders to grazers and further to collectors. A
comparable shift of ecological guilds can be observed in fish assemblages as well (link
between fish regions and RCC). However, it should be noted that the RCC has specific
limitations and is not suitable to describe anthropogenic impacts (e.g. longitudinal
interruptions), therefore several authors (e.g. Statzner and Higler, 1985) suggested

modifications.

Based on the consideration that disturbance is a key factor in natural ecosystems,
Ward and Stanford (1983) defined the idea of the Serial Discontinuity Concept. It
applies to morphologically altered rivers where natural dynamics have been
suppressed. In 1995, Ward and Stanford reviewed their model and included the lateral
dimension (interaction with the alluvial flood plains) to achieve a more realistic
approach. A further concept which is based on predictable disturbance and alternating
dry and wet phases is the Flood Pulse Concept (Junk et al., 1989). Especially in large
tropical lowland rivers with extended floodplains it explains the importance of the lateral

16



and temporal dimension for biodiversity and productivity (input of nutrients) of the
systems. The reliable periodic fluctuations of water levels enable the biota to
specifically adapt to the changing environment. For temperate rivers, Tockner et al.

(2000) revised the idea and presented and extension of the Flood Pulse Concept.

1.5. Longitudinal fish zonation in tropical rivers

From the above stated models, especially the Flood Pulse Concept is a suitable
approach to characterise biocoenoses in tropical lowland rivers with a distinct rainy
season and a high degree of lateral interaction with the adjacent floodplains. However,
the applicability of other concepts depends on river morphological, hydrological and

ecological aspects, which require a detailed study of the prevailing characteristics.

Investigations of the spatial distribution of fish assemblages are known from several
tropical river systems in South America, Africa and Asia. Payne et al. (2010) conducted
a study along the Rokel/Seli river (a lowland river) in Sierra Leone (West Africa). In
their work they identified 3 distinct fish zones: a &mall cyprinid zonebin the headwaters,
a darge cyprinid zonedin the mid-section and a third zone in the lower sections,
dominated by cichlids and catfish. A major change in taxa diversity was recognised at
the Bumbuna Falls which seem to mark a migration barrier for several species. Sara
et al. (2012) investigated fish assemblages in the Vunduzi river from its headwaters to
the lower reaches in the Gorongosa National Park, Mozambique. Cyprinids were found
to be the most dominant family among all sampling sites. Interestingly, a member of
the family Amphilidae (Amphilius laticaudatus) dominated the headwaters. An
increase in species diversity was noted for the intermediate (characterised by a high
diversity in cichlid fishes) and lower zones. Morphological adaptations of taxa,
according to the prevailing abiotic environment were noted. Balon and Stewart (1983)
conducted a survey along the Luongo river in Zambia (part of the upper catchment in
the Congo basin) and described an unusual longitudinal gradient and a high species
richness. In Ethiopia, a detailed investigation of the Weyto River was conducted by
Habteselassie (2009). He assessed the anthropogenic impact (irrigation weir) on the

spatial distribution of fish assemblages in the river system.

In South America, Ibarra and Stewart (1989) investigated the longitudinal zonation of
fishes on sandy beaches in the Napo river basin in Ecuador (a lowland river).
Environmental factors were correlated with fish assemblages and resulted in 4 distinct
groups: an apland clearwaterg an @pland whitewaterg a dowland whitewaterband a

dowland blackwaterd They concluded, that turbidity, substrate and pH had the greatest
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influence on fish assemblages. A long-term project to reveal the species richness and
the distribution of fish assemblages was conducted in streams of the lvinhema River
basin (Brazil) by Suarez et al. (2011). Supporting theoretical concepts, the species
diversity increased from the upper reaches to the lowlands and altitude was found as
the key factor. They pointed out, that the distribution of the 4 most characteristic

species was widespread throughout the basin.

1.6. Genetic barcoding

The systematic description of organisms and their taxonomic placement in a seemingly
(or literally) ever growing tree of life is by no means an easy endeavour. For centuries,
the morphological diagnosis and description was the only method to create a structure
and hierarchy in the diversity of life. A revolutionary concept began to rise with the
discovery of the DNA (deoxyribonucleic acid) structure by Watson and Crick in 1953
(based on earlier work by Rosalind Franklin and Maurice Wilkins). A long sequence of
base pairs (based on 4 bases only) which codes for all the information essential to life
and passed on to the next generation. It took decades until the technical progress
made replication and sequencing of DNA possible to illustrate the differences (position
of bases) between organisms. The first who suggested a method of using this
molecular information in identifying organisms were Hebert et al. (2003). Based on the
observation that variation between taxa exists on relatively short DNA sequences,
these taxa can be easily distinguished. In their initial work they proposed a specific
gene region (cytochrome c oxidase | (COIl or coxl), 648 base pairs) on the
mitochondrial DNA for reliable &pecies identification6among animals. Several DNA
sequence libraries (e.g. GenBank, National Center for Biotechnology Information,
Barcode of Life Database) have been established since then and DNA barcoding

became a common tool in biological science.

The theoretical concept of @enetic barcodi n gvidich enables accurate G&Gpecies
identificationd would simplify studies of biodiversity. However, the concept is
controversially discussed among taxonomists and faces specific limitation outlined by
several authors (e.g. Ebach and Holdrege, 2005; Taylor and Harris, 2010 or Collins
and Cruickshank, 2012).

1.7. Problem description
The present thesis attempts to clarify the species diversity (with taxonomic notes on
the genus Garra) in the upper and middle Awash river and comment on previous

investigations and the impact of human activities on the fish biocoenoses. The
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investigation of a longitudinal distribution of fish assemblages is an interesting field of
ecology, where questions about species distribution and functional guilds can be
stressed and contribute to a better understanding of tropical riverine ecosystems.
Furthermore, the species-specific response to changes in habitat characteristics and

water quality will be discussed.

This directly leads to a broader relevance of the topic with the focus on a bio-indicator
based assessment of aquatic ecosystems. The rapid population growth and the
progressive development and industrialisation of the region is associated with a variety
of environmental challenges. Water pollution and habitat degradation lead to the loss
of functioning ecosystem which threatens biodiversity and poses serious health risks
to the local populations. The measurement of chemical and physical quality
parameters has a long tradition in aquatic ecology but cannot characterise the overall

functionality of these systems alone.

1.8. Objectives and research questions

The present concept was designed as a preliminary survey of a follow-up project and
aimed to investigate the fish fauna of the upper and middle Awash river in central
Ethiopia. Emphasis was put on the longitudinal zonation of fish assemblages and the
guestion how the biocoenoses react to environmental changes. The knowledge can
ultimately help to assess the applicability of fish as bio-indicators in riverine
ecosystems. To get a realistic picture of the fish communities, the sampling sites were
selected based on habitat criteria and morphological characteristics. This is an
important aspect since most previous sampling sites in this area were located at
bridges and easy accessible sites (high anthropogenic impacts), which may lead to a

distorted picture of the fish fauna.
The following specific objectives ought to be covered in the present investigation.

U Planning and conducting 3 excursions (duration of 1 week each) along the Awash,
with focus on logistics and quality of sampling sites.

U Investigation of the longitudinal zonation patterns of fish assemblages in the upper
and middle Awash river.

U Detailed description (morphometric and meristic features) of morphotypes within
the genus Garra, supported by mitochondrial DNA sequence analysis (genetic
barcoding).
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Specific research questions were developed to address the above stated research

aims. In detail:

i

Which fish species occur in the upper and middle Awash river basin and how
reliable is existing literature?

How do fish assemblages change (in terms of species richness) from upstream to
downstream sections?

Do changing habitat parameters influence fish assemblages?

General working hypotheses were developed, based on scientific literature and

discussed in the present study. In detail:

i

i

Based on theoretical concepts (e.g. River Continuum Concept (RCC) (Vannote et
al. 1980), Serial Discontinuity Concept (Ward and Stanford, 1983 and 1995)), it is
hypothesized that abiotic characteristics but also fish assemblages will change as
a response to the most noticeable human impacts observed (e.g. deforestation,
livestock farming, interruption of the longitudinal continuum).

In compliance with previous investigations (Roberts, 1975; Golubtsov et al., 2002)
it is expected that faunistic elements of the Abyssinian Highlands Ichthyofaunal
Province will dominate. Following theoretical concepts of river zonation (e.qg.
Stream zonation concept (lllies and Botosaneanu, 1963), RCC (Vannote et al.
1980)) it is hypothesised that species richness and diversity will change and
gradually increase from upstream to downstream reaches.

With an increase in species diversity from the headwaters to the lowland reaches,
it is expected to observe faunistic changes between the rhithron and the potamon
along transition zones, where fish assemblages change due to environmental
gradients (lllies and Botosaneanu, 1963; Ibanez et al., 2007).

Based on the concepts of ecological tolerance (Shelford, 1913) and niches
(Whittaker and Levin, 1975) as well as the fundamental idea of natural selection
(Darwin, 1859), it is expected that populations occurring in a wide range of
environments (covering different habitats e.g. flow velocity, substrate) show specific
adaptations and (slight) phenotypical variation. These differences are a

consequence of natural selection where better adaptations are favoured.
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2. MATERIALS AND METHODS

2.1. Study area and Sampling sites

From the headwaters of the Awash river near Ginchi (2389 m a.s.l.) to the Afar region,

downstream of Lake Yardi (570 m a.s.l.), 12 sampling sites were set, covering more

than 650 km of the main river. The following maps give an overview of the study area.
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Figure 4. (a) and (b), upper, middle and lower basin of the Awash river. Sampling sites (1-12)
and physical barriers are depicted. Important tributaries: T1 Debelo stream, T2 Teji river, T3
Sebeta river, T4 Akaki river, T5 Mojo river, T6 Bolo Shet, T7 Arba river, T8 Kesem river, T9
Kabena Shet, T10 Hawadi river, T11 Jona Shet, T12 Cheleka Shet, T13 Mille river. Note, that
names and spelling of tributaries may differ. Source of information: Google Earth Pro 2017.
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Site 1 (S1) 1 Chilimo forest (sampled on 06.11.2017 and 04.12.2017)
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Figur 5c. Dense parian vegettion characterises Figure 5d. Various small streams join and form the
the source region, Chilimo forest, 04.12.2017 Awash river. Chilimo forest, 04.12.2017
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The Awash river drains the foothills of the Ethiopian Highlands at altitudes of 2200-
2900 m.a.s.l., where the Chilimo Gaji forest complex extends over an area of about
3500 ha (Kebebew, 2012) and constitutes a major source of water. It is one of the last
remaining Dry Afromontane forests (Tamrat, 1994) and harbouring several endemic
plant species (Ensermu et al., 1992). Although the area is exposed to various human
threats (e.g. deforestation) most river stretches are still in a near pristine condition. The
15t sampling site was set in the headwaters of the Awash at an altitude of 2389 m a.s.|.
(9° 4'1.05"N, 38° 8'9.02"E, accessible from Ginchi). Surrounded by abundant riparian
vegetation the small brook forms alternating pool-riffle sections. Flowing partly over
bedrock, the substrate is mainly made up of boulders and coarse gravel. Banks of
pools are often covered with fine gravel and patches of grass. The input of CPOM (in
particular leaves and branches) is high. A notable feature of this first steep gradient
section is a small (about 2 m in height) cataract (Figure 5b, approximately at: 9°
4'9.45"N, 38° 8'15.62"E), which marks a possible (partial) migration barrier for fish.
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Site 2 (S2) 1 Gare Arera (sampled on 06.11.2017 and 05.12.2017)

igure 6.—éteé§ river banks with scarce vegetation
are prone to soil erosion. Gare Arera, 05.12.2017
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Figure 6a. Deforestation and agricuItU? hape the
character of the landscape. Gare Arera, 06.11.2017
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Figure 6c. Deeply eroded stretches without shading  Figure 6d. Fine organic substrate and filamentous

are a common feature. Gare Arera, 06.11.2017 algae during dry season. Gare Arera, 05.12.2017

A few kilometres downstream of the first site, the land cover and land use change
dramatically. Where the natural vegetation is cleared, pastures and fields predominate.
Human impacts are manifold and not only indirect trough increased soil erosion and
nutrient input from agriculture or livestock farming. Especially the nearly complete loss
of riparian forest vegetation and the subsequent low shading are striking
characteristics. Patches of grass and few herbaceous plants (primarily Polygonum sp.)
dominate along the river banks. The 2" sampling site was located in this agricultural
environment, which still belongs to the uppermost reaches of the Awash at an altitude
of 2244 m a.s.l. (9° 2'23.42"N, 38° 6'58.49"E, accessible from Ginchi). Alternating pool-
riffle sections are still the most common morphological feature as the river bed gets
wider and the discharge increases. Boulders and coarse gravel characterise the
substrate composition. However, especially in deep pool sections the proportion of fine
sediment can be high. The input of CPOM is rather low or nearly absent.
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Site 3 (S3) 1 Awash Belo (sampled on 17.11.2017)

Figre 7b. A typical mesohabitat, fine substrate and
scarce riparian vegetation. Awash Belo, 17.11.2017

Figure 7a. The flodplain of the first low gadient
section. Awash Belo, 28.10.2017

Figure 7c. A short iffle stretch ian otherwise low Figure 7d. Livestock farrr'li'hg?,' a majorr énthroboge‘f;irc
gradient section. Awash Belo, 17.11.2017 impact in the area. Awash Belo, 28.10.2017
After the first steep gradient section in the Chilimo forest, the Awash river forms a wide
floodplain at more than 2000 m a.s.l. In this region the 3@ sampling site was located
upstream of the village Awash Belo at an altitude of 2065 m a.s.l. (8°51'39.12"N,
38°23'44.25"E). As the river gradient decreases, morphological characteristics of a
lowland river are developed (e.g. meanders, deposition of fine sediment, increasing
floodplain width). During the rainy season an extensive area is flooded and fine
sediment is transported into the surrounding farmland. When the water levels retreat
(dry season), the fertile fields are tilled and the river shrinks to a small water body.
Water abstraction for irrigation seems to impair the situation. The pristine state of this
environment is unknown since the natural vegetation had been entirely cleared and
the area transformed into farmland. Predominantly non-native species (e.g. Eucalyptus
sp.) were reforested. The banks are characterised by fine substrate (sand and fine
gravel) and low vegetation cover. Coarse material is only found in riffle sections and
covers parts of the riverbed.
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Site 4 (S4)i Awash Kunture (sampled on 07.11.2017 and 06.12.2017)

Figure 8a. The last fragment of a near natural forest Figure 8b. Long pool section with low flow velocity
along the river. Awash Kunture, 06.12.2017 and fine substrate. Awash Kunture, 06.12.2017
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Figure 8c. Livestock farming and consequent Figure 8d. Several cascades mark the transition to
nutrient enrichment. Awash Kunture, 07.11.2017 the gorge section. Awash Kunture, 28.10.2017

The 4™ sampling site was set around the paleoanthropological site of Awash Kunture
at an altitude of 2003 m a.s.l. (8°42'21.94"N, 38°36'18.78"E, accessible from Awash
Melka). This locality is noteworthy in two aspects. Firstly, a last remaining part of a
near natural forest (in this area of interest) exists along the river in the protected
property of the former paleoanthropological excavation site and forms a dense riparian
vegetation. Secondly, it marks the transition between the first low gradient section and
the following second steep gradient section. Both morphological features are
expressed although the anthropogenic impact (livestock farming, washing and bathing)
is rather high. Deep pools are characterised by slow flow velocity and fine sediment.
The input of CPOM is relatively high, this however accounts only for a rather short
distance (about 1 km). More impacted stretches are heavily loaded with organic
nutrients (manure). In contrast, the second half of the site which is characterised by
high flow velocity and predominantly bedrock or large boulders. The shore is scarcely

covered with grass (Poaceae and Cyperacae) and shrubs.
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