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ABSTRACT

The Koka hydropower dam is one of the oldest large dams
in Ethiopia. Damming is one of the anthropogenic activities im-
pacting the distribution of aquatic life forms. However, to date,
little attention has been focused on the dam’s impacts on the
river macroinvertebrate assemblages in Ethiopia. The objective
of this study was, therefore, to assess the impacts of the Koka
hydropower dam on macroinvertebrate assemblages in the
Awash River basin in Ethiopia. In the three river reaches on the
Awash River (upstream near the source of the river, midstream
above the dam, and downstream below the dam), a total of 15
sites were selected for sampling. The statistical analysis tested
the null hypothesis that there are no differences in macroinver-
tebrate assemblage patterns or a range of univariate metrics be-
tween the three river reaches. Additional analyses involved the
identification of taxa responsible for significant differences in
macroinvertebrate structure (e.g., percentage similarity) and an
exploration of the variables that structure macroinvertebrates
(e.g., canonical correspondence analysis). In the upstream, mid-
stream, and downstream reaches of the Awash River, we
recorded a total of 73 taxa belonging to 43 families and 12 or-
ders. Trichoptera was the dominant order in the upstream river
reach, whereas Diptera dominated the midstream and down-
stream river reaches. The diversity of macroinvertebrates de-
creased from upstream to midstream and downstream. The three
river reaches differed significantly in Shannon and Simpson di-
versity indices, % EPT, EPT taxa abundance, total taxa richness,
evenness index, % collectors, and % scrapers. In this study, we
observed that macroinvertebrate assemblage differences and
spatial patterns were significantly associated with values of river
flow changes (velocity), phosphate concentration, and substrate
index. The findings of this study have broad implications for the
assessment of the impacts of dam construction on the rivers of
the studied region in the future.

INTRODUCTION

Dams are structures that restrict water flow and create
reservoirs to provide specific human needs (Schmutz and
Moog, 2018; Winton et al., 2019) such as easy navigation,
lessen flooding, and water supply (hydropower generation
and irrigation, and potable water) (Schmutz and Moog,
2018; Zhang and Gu, 2023). Hydropower dams are
among the most detrimental anthropologic activities in
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river basins by altering the physiography of watersheds
and flow regimes, presenting barriers to fish migration
and sediment movement, and impacting other aquatic
species and their habitats (Schmutz and Moog, 2018; En-
glmaier et al., 2020). Zhang and Gu (2023) noted that
dams are among the earliest types of anthropogenic infra-
structure and have made significant contributions to eco-
nomic progress throughout human history. According to
Schmutz and Moog (2018), there are currently more than
58,400 large dams being constructed, operated, or planned
worldwide. The World Commission on Dams (2000) de-
fined large dams as those that are "at least 15 meters high
from the lowest foundation to the crest, or a dam between
S and 15 meters high impounding more than 3 million
cubic meters".

Since the 1970s, dam construction has decreased in
the vast majority of developed countries such as North
America, Europe, and Oceania, whereas it has increased
in developing countries in Africa, Asia, and South Amer-
ica (Zhang and Gu, 2023). Emerging nations, such as
China and India, have tremendous hydropower potential
as well (Gernaat et al., 2017). The World Commission
on Dams (2000) estimated that 160-320 new large dams
are constructed annually around the world. Ethiopia, lo-
cated in Africa, has the second-largest population after
Nigeria (Hagos ef al., 2022) and depends on rain-fed
agriculture with limited coverage of electricity for many
communities (Hagos ef al., 2022). To address electricity
and water demands, the Ethiopian government is build-
ing dams on major rivers (Hagos ef al., 2022). The con-
struction of the Grand Ethiopian Renaissance Dam,
Africa's largest, on the Nile River Basin is one of ap-
proximately 200 places in the country where hy-
dropower development is feasible (Degefu et al., 2015;
Hagos et al., 2022). The Koka hydropower dam, abbre-
viated KHD, was built in the 1960s on the Awash River
and is one of Ethiopia's oldest dams (Degefu et al., 2015;
Bussi et al., 2021).

Natural variations in river flow regimes related to cli-
matic conditions, geology, and geography of the water-
shed are important for the long-term ecological integrity
of the river ecosystems (Poff et al., 1997). However, al-
terations to natural flow regimes have far-reaching eco-
logical as well as social and geopolitical consequences
(World Commission on Dams, 2000). According to Poff
et al. (1997), changes in the natural flow regimes are the
key driver of river ecosystem structure and influence sed-
iment transport, capturing 25-30% of pre-disturbance dis-
charge (Schmutz and Moog, 2018). Schmutz and Moog
(2018) also identified that damming affects 48% of rivers
worldwide, and the impacts might even trickle far down-
stream and compromise the health of the river ecosystem
(Degefu et al., 2015). In developing nations such as
China, the impact has increased rapidly (Wang and Chen,

2010). Overall, dams are of concern as they modify the
natural flow regimes and morphodynamical patterns of
rivers, adversely affecting productivity, biodiversity, and
ecosystem services in the downstream river and also in
the associated reservoir (Nilsson et al., 2005; Mbaka and
Wanjiru, 2015; Ko et al., 2020). Dams are also criticised
because of the large area that the reservoirs cover and are
hence responsible for the displacement of human commu-
nities from their original places. These problems are more
severe in developing countries such as Ethiopia because
of the lack of enough financial resources to equitably re-
settle people displaced by the projects (Reis et al., 2011;
Degefu et al., 2015).

Using biological metrics derived from aquatic organ-
isms, it is possible to assess the ecological health of rivers
(McRae et al., 2017; Deinet et al., 2020), particularly to
explore human-induced disturbances such as dams (Poff
et al., 1997). Macroinvertebrates represent a diverse group
of relatively long-living taxa with limited mobility that
react strongly and often predictably to human influences
on aquatic systems (Cairns and Prall, 1993). As men-
tioned, many hydropower dams have already been built
in Ethiopia, and many more are being planned (Degefu et
al., 2015). However, limited studies in the country have
investigated the impact of hydropower dams on benthic
macroinvertebrate assemblages. The goal of this study
was, therefore, to assess the impacts of the KHD on
macroinvertebrate assemblages along the Awash River in
Ethiopia. To achieve this goal, i) we assessed the re-
sponses of macroinvertebrate assemblages to river
damming; ii) we identified the key environmental factors
that significantly affect macroinvertebrate assemblages
along the Awash River. In view of the above objectives,
we hypothesized that there are no macroinvertebrate as-
semblage differences between river reaches upstream,
midstream, and downstream of the KHD.

METHODS
Study area and sampling sites

The Awash River basin, which covers an area of
112,696 square kilometers, is the most important and in-
dustrialized catchment in Ethiopia (Englmaier et al.,
2020). The Awash River in this basin originates near En-
toto Mountain (Bussi et al., 2021) and drains into Lake
Abe on the Ethiopia-Djibouti border by crossing 1,250
kilometers northeast across the KHD (Englmaier ef al.,
2020). The KHD, built in 1960s, is 42 meters high and
has 42 megawatts of installed capacity (Degefu et al.,
2013). Three sampling sections were defined with 5 sites
in each: upstream (US1-USS5, near the source of the river),
midstream (MS1-MSS5, above the KHD), and downstream
(DS1-DSS5, below the KHD) river reaches (Fig. 1).
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Macroinvertebrate data collection, sampling,
and identification

At each of the 15 sites, macroinvertebrate samples
were collected in the dry season (from the middle of
March to the middle of April), as this is a period when
water levels are sufficiently low to enable sampling (Mon-
tana Department of Environmental Quality, 2012). Ac-
cording to Barbour ef al. (1999), the most effective
sampling season of the year is an important consideration
for selecting an index period. In Ethiopia, there is a wet
season (June to September) and a dry season (October to
May), and almost all previous studies in Ethiopia sampled
surface water during the dry season (Degefu et al., 2013;
Englmaier ef al., 2020). Samples of macroinvertebrates

were collected using a rectangular frame pond net (20 x
30 cm) with a mesh size of 0.5mm (Barbour ez al., 1999).
A 2-minute kick sample was collected along a 10-meter
stretch of river at each site (Getachew et al., 2022). The
samples, preserved in 80% ethanol in plastic bags, were
taken to the laboratory, where they were rinsed through
0.5 mm mesh sieves. Macroinvertebrates were sorted into
broad taxonomic groups for later identification and stored
in 80% ethanol. Each macroinvertebrate specimen was
then identified at the lowest possible taxonomic level
(usually genus or species). Based on similar climatic con-
ditions relative to other non-tropical regions, we used
identification keys developed for South Africa (Harrison,
2009; Lowe, 2009; Schael, 2010).
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Fig. 1. The locations of the study area, sampling sites, Koka Reservoir, KHD, rivers, and the main land use categories along the upper
Awash River basin in central Ethiopia. ArcGIS software version 10.5 was used to produce the map. The Water and Land Resources
Information System (WALRIS) at www.wlrc-eth.org, and MapServer Ethiopia, both of which are located at www.mapserver-ethiopia.org

were used to gather all raster and shape file data.
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Environmental data collection

The river depth (m) and river velocity (m s') were
measured at each site. Out of the three depth measurements
recorded at equal intervals across the wetted river bank
width, these were used to determine the maximum river
depth for use in the statistical analysis. Surface water ve-
locity was measured using the techniques for estimating
stream velocity as described in the United States Environ-
mental Protection Agency (2017) protocol. The spatial lo-
cations and altitudes of the study sites were recorded using
a global positioning system (GPS). At each site, the per-
centage compositions of the benthic substrates were esti-
mated using the following particle size scales: sand (0.06-2
mm in diameter), fine gravel (2-10 mm), gravel (10-64
mm), cobble (64-256 mm), boulder (>256 mm), and
bedrock (solid rock surfaces) (Jowett and Richardson,
1990). Substrate measurements were then transformed into
a single variable by summing weighted substrate percent-
ages to form a substrate index (SI). SI = 0.08% bedrock +
0.07% boulder + 0.06% cobble + 0.05% gravel + 0.04%
fine gravel + 0.03% sand. The optimum substrate index for
many invertebrates was just under cobble size (SI = 6)
(Jowett and Richardson, 1990). Dissolved oxygen (DO),
pH, temperature, and electrical conductivity (EC) were
measured in situ on the same date using a digital handheld
portable multi-parameter (HACH HQ40D probe). The tur-
bidity of water was measured using a turbidity meter. In the
field, 1.0 litre of water sample was collected from each site
using acid-cleaned polyethylene containers at a depth of
20-30 cm and fixed with 3 drops of concentrated sulfuric
acid. The samples were then transported to the laboratory
for analysis. In the laboratory, nitrate-nitrogen (mg L") and
phosphate (mg L") concentrations and biochemical oxygen
demand (BOD;) were analysed using the standard methods
described in APHA (2005). To avoid disturbance of sites

before sampling, measurements were undertaken from the
downstream to the upstream direction.

Metric selection

Metrics that are relevant to the ecology of rivers within
the region were selected to address several attributes of
macroinvertebrate assemblages after Barbour ef al. (1999).
These included diversity measures such as evenness, Simp-
son, and Shannon indices (Nathan ef al., 2017), composi-
tion measures, including total taxon richness, EPT richness,
and %EPT abundances (Lenat and Penrose, 1996), and
functional approaches that reflect ecological integrity based
on the information on both the structure and function of
aquatic ecosystems (Cummins, 1974; Sumudumali and
Jayawardana, 2021). We determined the functional traits
for each taxon using the functional feeding groups in Dudg-
eon (1999), Merritt et al. (2002), and Merritt et al. (2006)
(Tab. 1).

Data analysis
Biological data analysis

Univariate and multivariate tests were carried out using
data on the composition, diversity, and functional measures
of the macroinvertebrate assemblages. Under the assump-
tion that the samples were selected at random and the ob-
servations were independent of one another, the
Kruskal-Wallis test was used to determine whether there
were significant differences among the three river reaches
in terms of the univariate metrics (Tab. 1). The post-hoc
analysis, using the Mann-Whitney U test in SPSS version
27, was performed on statistically significant (p<0.05) met-
rics from the Kruskal-Wallis test.

We used a one-way analysis of similarity (ANOSIM)
to test the null hypothesis that there were no macroinverte-

Tab. 1. Selected metrics used to assess the water quality of the Awash River and the impacts of the Koka hydropower dam and their

description.

% EPT % EPT families in an ecosystem Composition Lenat and Penrose (1996)
EPT taxa Total number of families belonging to the EPT orders Composition Lenat and Penrose (1996)
Total taxa Number of different taxa represented in an ecological community Composition Nathan et al. (2017)
Evenness The similarity of frequencies among units making up a population Diversity Nathan et al. (2017)
Simpson Index A metric accounting for species richness and their relative abundance Diversity Nathan et al. (2017)
Shannon Index A metric accounting for the total number of species and their distribution Diversity Nathan et al. (2017)

% Collectors % of organisms that collect FPOM from the stream bottom Function (Merritt ez al., 2002)

% Predators % of organisms that feed on other consumers or capture live prey Function (Merritt ez al., 2002)

% Shredders % of animals feed on coarse terrestrial plant litter or aquatic macrophytes Function (Merritt et al., 2002)

% Filterers % of organisms feed on FPOM from the water column by variety of filters Function (Merritt ez al., 2002)

% Scrapers % of organisms feed on live plants & particulates from substrate surfaces Function (Merritt et al., 2002)

EPT, Ephemeroptera, Plecoptera, and Trichoptera.
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brate assemblage differences at the locations of the up-
stream, midstream, and downstream river reaches.
Macroinvertebrate data were transformed to log (x+1) to
increase homoscedasticity, normality, and linearity (Clarke
et al.,2008). The degree of group separation for those sam-
ples represented by the similarity matrix can be assessed
using the global R statistic (Clarke ez al., 2008). When R is
closer to 1, there is good separation among the groups, and
a value closer to zero shows weak separation of the groups
(Clarke and Gorley, 2006). Similarity percentage (SIM-
PER) was used to identify the taxa that accounted for the
most dissimilarity among the groups when significant dif-
ferences in macroinvertebrate assemblages were found.
Non-metric multidimensional scaling (NMDS) was used to
visualise the separation of the sites in the three river
reaches. According to Clarke and Gorley (2006), an NMDS
ordination with a stress value of 0.1 is generally regarded
as fair, and values below this indicate an excellent match.
Furthermore, hierarchical cluster analysis of samples,
known as linkage tree, was carried out based on the
macroinvertebrate assemblage data (Clarke et al., 2008).
Cluster analysis explores groups that naturally occur within
a data point and does not require the organization of data
points into any predefined groups, which we also utilised
to depict the groupings of the sites throughout the river
reaches (Clarke et al., 2008). PRIMER software was used
to implement all of these multivariate analyses (Clarke and
Gorley, 2006).

Environmental data analysis

We used the Kruskal-Wallis test to detect differences in
the environmental variables between the three reaches in
order to obtain comparable results with biological data. Fi-

nally, the relationships between environmental and biolog-
ical variables were assessed using CANOCO 4.5. After pre-
liminary Detrended Correspondence Analysis (DCA), we
determined Canonical correspondence analysis (CCA) to
be the most appropriate analysis based on the gradient
length (Ter Braak and Wiertz, 1994). Except for pH, all en-
vironmental variables were square-root transformed
(Clarke and Gorley, 2006). To determine whether the vari-
ables had a significant influence on the distribution of
macroinvertebrates, forward selections of environmental
factors were used in the CANOCO model with 499 Monte
Carlo permutations. The statistical significance of the
eigenvalues (1) and the taxon-environment correlations
generated by the CCA were tested using Monte Carlo per-
mutations with a p-value of <0.05.

RESULTS
Environmental variables

The values of measured environmental variables and
their statistical significance across the three river reaches
are presented in Tab. 2. The midstream reach had the deep-
est water depths (minimum and maximum), whereas water
velocity was, as expected, highest in the upper reaches, pro-
gressively decreasing in a downstream direction. The same
applied to conductivity as well as water temperature, which
varied from an average of 16.4°C in the upper reach to
23.7°C downstream of the dam. Oxygen concentrations
were relatively low (mean value <8 mg L™') throughout the
sites, with average values decreasing from the upstream to
midstream and downstream reaches. BOD was low
(2.78+0.55 mg O, L) in the upper reaches, but values in

Tab. 2. The minimum, maximum, mean + SE of measured environmental variables, and mean rank and the Kruskal-Wallis test among
the upstream, midstream, and downstream river reaches on the Awash River in Ethiopia.

Variable Mean rank  Kruskal-
Wallis
Max Mean +SE i Max Mean +SE Min Max Mean +SE US MS DS test
River depth (m) 0.33 0.37  0.35+0.01 0.39 042  0.40+0.00 0.29 032 0.31+0.01 13.00 8.00 3.00 12.50%
Velocity (m s™) 0.40 046  0.42+0.01 0.29 0.38  0.34+0.02 0.15 022 0.18+0.01 13.00 8.00 3.00 12.50%
Substrate index 5.79 7.33 6.62+0.26 5.42 5.68 5.60+0.05 3.54 4.02 3.83+0.11 13.00 8.00 3.00 12.52%
Temperature (°C)  15.00 17.30  16.40+0.43 17.64  21.62  18.88+0.72 21.60 26.00 23.70+£0.73  3.00 &.10 12.90 12.28*
EC (uS em™) 32.00 154.00 101.20+20.58 193.00 564.00 405.20+£83.27 505.00 563.00 532.20+11.74 3.00 10.10 10.90 9.47*
Turbidity (NTU) 19.00 78.00 46.60+10.73  97.00 428.00 278.00£73.41 291.00 356.00 318.20+13.60 3.00 11.00 10.00 9.50*

Midstream Downstream

Upstream

DO (mgL™) 7.00 8.10  7.58+0.19 6.22 7.10  6.64+0.15 4.28 6.02  527+035 12.80 820 3.00 12.02%
BOD;(mg L") 130 430  2.78+0.55 520 21.00 13.44+3.20 10.00 1630 13.94+1.31  3.00 10.70 10.30 9.41*
pH 6.80 7.50  7.12+0.12 7.30 838  7.88+0.22 7.70 8.08  7.83+0.07 3.40 10.50 10.10 7.98*

NO;-N (mg L) 086  4.01 2.21+0.59 421 7.88  5.58+0.71 0.70 3.25 1.77+0.47 6.10 13.00 490 9.57*
Phosphate (mg L")  0.03 029  0.11%0.05 0.63 1.76 1.10+0.18 0.05 0.01 0.03+0.01 7.40 13.00 3.60 11.18*

US, upstream river reach; MS, midstream river reach; DS, downstream river reach; NTU, nephelometric turbidity units; DO, dissolved oxygen, BOD,
biochemical oxygen demand, *metrics that have significant differences.
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the midstream and downstream reaches were 13.4443.20 ing groups (FFGs), %Collectors generally increased from
and 13.94+1.31 mg O, L™, respectively. The mean concen- the upstream sites to the downstream direction. On the
tration values of phosphate and nitrate at midstream were other hand, other FFGs showed variable values at all river
higher than downstream of KHD, which might be due to reaches. Among the 12 orders identified from the three river
their being absorbed in the reservoir (Tab. 2). reaches, Trichoptera dominated at all sites of the upstream

river reach, whereas Diptera dominated at the midstream

Macroinvertebrate assemblages and downstream sections (Tab. 3).

A total of 2,305 individuals belonging to 73 species or The result of the Kruskal-Wallis test showed that there
genera, 43 families, and 12 orders were collected (Tab. 3, was no significant difference in %Predators, %Shredders,
Tab. S1). The upstream sites showed the highest total taxon and %Filterers between the river reaches (p>0.05). How-
richness (61 at Site US1), between 19 and 26 EPT taxa rich- ever, there were significant differences in other metrics
ness, and 56.98 to 71.10% EPT abundance. Sites in the such as %Collectors, %Scrapers, the Shannon, Simpson,
midstream section had values between upstream and down- Evenness indices, total and EPT taxa richness, and %EPT
stream river reaches. Conversely, the downstream river abundances (p<0.05) (Tab. 4).
reach had the lowest total taxa richness (21-28), EPT taxa The post-hoc analysis of all metrics also highlighted
richness (7-8), and % EPT abundance (21.25-31.65%) significant differences (p<0.05) between the upstream-mid-
(Tab. 3). Regarding the macroinvertebrate functional feed- stream, upstream-downstream, and midstream-downstream

Tab. 3. Composition, diversity, functional measures, and relative abundances of orders of macroinvertebrate taxa (genera or species) at
each sampling site in the upstream (US), midstream (MS), and downstream (DS) river reaches of Koka hydropower dam in the Awash
River basin in Ethiopia.

MetricsUpstream reach Midstream reach Downstream reach

US2 US3 US4 US55 MS1 MS2 MS3 MS4 MSS DS1 DS2 DS3 DS4 DSS

Composition measures

Total taxa richness 61.00  53.00 46.00 46.00 48.00 43.00 40.00 36.00 34.00 33.00 25.00 21.00 23.00 27.00 28.00
EPT richness 26.00 22.00 19.00 20.00 21.00 15.00 15.00 12.00 13.00 12.00 800 7.00 7.00 7.00  8.00
%EPT abundances 66.12  65.36  71.10 61.26 5698 5139 4436 4649 40.19 3232 2125 31.65 2738 2277 31.50

Diversity measures

Evenness 0.92 0.92 0.89 0.92 094 093 0.94 095 095 0.94 0.95 0.96 0.96 0.95 0.95
Shannon index 1.64 1.58 1.48 1.54 1.59 1.52 1.51 1.48 1.45 1.43 1.33 1.27 1.31 1.37 1.38
Simpson index 0.97 0.97 0.95 0.96 0.97 0.96 0.96 096  0.96 0.95 0.95 0.94 0.95 0.95 0.95

Functional measures

%Collectors 26.02 2321 19.72 3351 3128 2500 30.08 2895 33.64 3939 4500 4430 41.67 38.61 34.65
Y%Predators 19.78  19.64 20.18 1099 11.17 20.14 1429 20.18 1589 9.09 750 506 1071 20.79 17.32
%Shredders 1.90 1.43 046  0.00 279 347 226 000 374 202 250 127 0.00 099 079
Y%Filterers 3333 3679 42.66 4031 3575 39.58 42,11 4474 3925 3737 4125 4937 3810 30.69 41.73
Y%Scrapers 1897 1893 1697 15.18 1899 11.81 1128 6.14 748 12.12 375 0.00  9.52 8.91 5.51

Relative abundance of orders

Ephemeroptera 19.78 21.07 23.85 2461 2123 2083 1429 1754 1589 13.13 375 10.13 7.14 693 10.24

Odonata 5.15 5.71 3.67 5.24 1.68 694  0.75 439 374 000 000 0.00 238 099 1.57
Diptera 894 11.79 10.09 13.61 1564 23.61 30.08 3246 3832 4949 5375 50.63 41.67 40.59 3858
Hemiptera 5.15 357 596 262 447 625 7.52 439 467 202 1.25 0.00 0.00 1287 12.60
Lepidoptera 0.00 000 0.00 000 279 278 226 000 374 202 000 000 000 0.00 0.00
Veneroida 1.08 1.07  0.00 3.14 279 1.39 3.01 263 093 202 1250 12.66 833 990 236
Coleoptera 10.57 893 642 12.04 838 486  6.02 7.02 1.87  3.03 5.00 1.27 238 1.98 1.57
Trichoptera 40.38 3857 4083 36.65 3575 3056 30.08 2895 2430 19.19 17.50 21.52 2024 15.84 21.26
Annelida 0.00 000 0.00 000 0.00 000 0.00 0.88  0.93 1.01 0.00 000 238 198  0.79
Plecoptera 596 571 642  0.00 0.00 000 0.00 0.00 0.00 000 000 000 000 0.00 0.00

Basommatophora  2.98 3.57 1.83 1.05 5.59 1.39 451 0.00 1.87 6.06 3.75 0.00 9.52 8.91 5.51
Unionoida 0.00 0.00 0.92 1.05 1.68 1.39 1.50 175 374 2.02 2.50 3.80 5.95 0.00 5.51
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river reach pairs except for the Simpson Index and %Col-

lectors in the upstream-midstream and %Scrapers in the Resembiance 317 Bray Curts smisrty
midstream-downstream river reach pairs (Tab. 5). ust A A Upsteam.
. . US2 A & Midstream
Cluster analysis based on macroinvertebrate assem- -ussA:l—h |7 Downstream

blage data was effective in grouping sites according to their 322 }—'
level of anthropogenic impacts. At 65% Bray-Curtis simi- Wit
larity index (Fig. 2), three groups of sites were clustered: 1) émsa DS :’J_\

. . . . Sms1 o
upstream river reach sites relatively less impacted by sz }J
human activities; ii) midstream river reach sites upstream g:;g:}—l
of the reservoir, which is impacted by urbanisation and Hosay
agricultural activities; and iii) the downstream river reach s }—I
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The ANOSIM test demonstrated significant differences in vesimilarty
macroinvertebrate assemblages between the three river Fig. 2. A dendrogram (similarity cluster analysis) based on
reaches (Global R = 0.968, p=0.001). SIMPER analysis results of group average macroinvertebrate log(x+1)

also showed significant differences between all pairs of transformed data.

Tab. 4. The mean + SE, mean ranks, and Kruskal-Wallis H tests for macroinvertebrate metrics in the upstream (US), midstream (MS),
and downstream (DS) river reaches of Koka hydropower dam.

Mean + SE Mean rank Kruskal-Wallis H tests
MS MS K-W p-value

Composition measures

% EPT 64.8+2.34 45.743.3 29.30+1.9 13.00 8.00 3.00 12.50 0.002"
EPT taxa richness 21.6+1.21 13.4+0.7 7.4+0.2 13.00 8.00 3.00 12.66 0.002"
Total taxa richness 50.8+2.85 37.2+1.9 24.8+1.3 13.00 8.00 3.00 12.52 0.002"
Diversity measures
Evenness index 0.92+0.01 0.9+0.004 0.96+0.002 3.40 7.60 13.00 11.58 0.003"
Simpson index 0.97+0.001 0.96+0.01 0.95+0.002 10.40 10.20 3.40 7.94 0.019"
Shannon index 1.7+0.03 1.5+0.02 1.3+0.02 12.60 8.40 3.00 11.58 0.003"
% Collectors 26.34£2.5 29.9+2.5 39.5+1.8 4.60 6.80 12.60 8.54 0.014"
% Predators 16.1£2.13 15.1£2.5 11.9£2.8 10.00 7.80 6.20 1.82 0.40
% Shredders 1.3+£0.49 2.240.6 1.1+04 7.20 10.40 6.40 2.26 0.32
% Filterers 38.9+1.9 43+3.1 42.2+3.0 5.40 10.00 8.60 2.78 0.25
% Scrapers 17.49+0.8 9.3+1.2 5.4+1.7 13.00 7.20 3.80 10.82 0.004"

*Metrics that have significant differences.

Tab. 5. The pairwise post-hoc test calculated for macroinvertebrate metrics having significant differences in the Kruskal-Wallis test.

Upstream-midstream reach pairs Upstream-downstream reach pairs  Midstream-downstream reach pairs

MR-US MR-MS M-WU p-value MR-US MR-DS M-WU p-value MR-MS MR-DS M-WU p-value
%EPT 8.00 3.00 0.00 0.009" 8.00 3.00 0.00 0.009" 8.00 3.00 0.00 0.009"
EPT taxa richness 8.00 3.00 0.00 0.009" 8.00 3.00 0.00 0.008" 8.00 3.00 0.00 0.008"
Total taxa richness 8.00 3.00 0.00 0.009" 8.00 3.00 0.00 0.009" 8.00 3.00 0.00 0.009"

Evenness index 3.40 7.60 2.00 0.028" 3.00 8.00 0.00 0.009" 3.00 8.00 0.00 0.009"
Simpson index 5.80 5.20 11.00 0.754 7.60 3.40 2.00 0.028" 8.00 3.00 0.00 0.009"
Shannon index 7.60 3.40 2.00 0.028" 8.00 3.00 0.00 0.009" 8.00 3.00 0.00 0.009"
%Collectors 4.60 6.40 8.00 0.347 3.00 8.00 0.00 0.009" 3.40 7.60 2.00 0.028"
% Scrapers 8.00 3.00 0.00 0.009" 8.00 3.00 0.00 0.009" 7.20 3.80 4.00 0.076

MR, mean rank, M-W U Mann-Whitney U test; *significant differences between river reach pairs with 2-sided test and a significance level of p<0.05.
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river reaches, with the highest separation between the up-
stream-downstream river reach pairs (65.93%) with Am-
phipsyche senegalensis (7.11%) and Cheumatopsyche
sexfasciata  (5.43%) (Hydropsychidae), Heptagenia
(4.85%) and Leucrocuta (4.48%) (Heptageniidae), and
Neoperla (3.95%) (Perlidae) as the taxa with the highest
contributions to the dissimilarity.

The mean dissimilarity between upstream and mid-
stream groups was 51.33%. Here the taxa contributing to

Amphipsyche senegalensis (4.69%) (Hydropsychidae), and
the genera Orthocladius (4.06%) (Chironomidae), Hepta-
genia (4.05%) (Heptageniidae), and Hemerodromia (3.87)
(Empididae) as the taxa with the highest contributions to
the dissimilarity. The NMDS ordination plot also demon-
strated a clear separation of the three river reaches, each of
which is represented by five sampling locations (Fig. 3).
Fig. 4 depicts the ordination triplot diagram for the en-
vironmental variables, macroinvertebrate assemblages, and

the dissimilarity were Amphipsyche senegalensis (6.44%)
and Cheumatopsyche sexfasciata (6.23%) (Hydropsychi-
dae), Neoperla (4.94%) (Perlidae), Leucrocuta (4.38%) and
Heptagenia (3.73%) (Heptageniidae). Similarly, the mean

o
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dissimilarity between midstream and downstream groups
was 48.35% with Hydropsyche abyssinica (4.92%) and Ms3 m| g MS2
Ms4 ]
™ Ms1
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Fig. 4. The CCA ordination triplot illustrates the relationships
between significant environmental variables at p<0.05 (arrows),
macroinvertebrate taxa (circles), and sampling locations
(squares) in the upstream, midstream, and downstream river
reaches of the Koka hydropower dam. The figure was produced
using the Canoco for Windows version 4.5. SI, substrate index.

Fig. 3. The NMDS ordination plots of the macroinvertebrate
assemblages at the three river reaches. The ordination plot was
produced using PRIMER 6 software. Triangles, circles, and
diamonds serve as symbols for the US, MS, and DS reaches,
respectively.

Tab. 6. The CCA results representing the independent and cumulative contribution of environmental factors in explaining the variation
in the assemblages of macroinvertebrates in the three reaches of the Awash River.

Environmental factors Eigenvalue () % Explained Cumulative Cumulative F-ratio p-value
for each factor) by each factor Eigenvalue (A)  percentage
Velocity (ms™) 0.28 40.58% 0.28 40.58 7.19 0.002"
Phosphate (mg L) 0.10 14.49% 0.38 55.07 3.05 0.002"
Substrate index 0.06 8.70% 0.44 63.77 1.8 0.016"
DO (mg O,L 1Y) 0.04 5.80% 0.48 69.57 1.47 0.106
River depth (m) 0.04 5.80% 0.52 75.37 1.39 0.136
NO;-N (mg L) 0.04 5.80% 0.56 81.17 1.35 0.196
Electrical conductivity (uS cm™) 0.03 4.35% 0.59 85.52 1.19 0.342
Temperature (°C) 0.03 4.35% 0.62 89.87 0.89 0.515
BOD; (mg L) 0.03 4.35% 0.65 94.22 0.89 0.514
pH 0.03 4.35% 0.68 98.57 1.17 0.318
Turbidity (NTU) 0.01 1.45% 0.69 100.00 0.45 0.778

DO, dissolved oxygen; BOD, biochemical oxygen demand; NTU, nephelometric turbidity unit; *metrics that have significant differences.
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site locations within the three river reaches. Each CCA axis
has an eigenvalue () that represents the maximum disper-
sion of taxonomic scores along the axes. The cumulative
percentage variance of the taxa-environment relationship
explained by Axis-1 and Axis-2 was A (1+ 2) = 0.38, with
an eigenvalue of >0.30 indicating strong gradients. The
CCA model showed that the variation in macroinvertebrate
assemblages was significantly correlated with river velocity
(F =7.19, p=0.002), phosphate concentration (F = 3.05,
p=0.002), and substrate index (SI) (F = 1.8, p=0.016) (Tab.
6). These three environmental variables explained 63.77%
(A=0.44, CCA) of the total variation in macroinvertebrate
assemblages. The contributions of the other variables
ranged from 1.45% to 5.8% but were not significant.

DISCUSSION

The objective of our study was to assess the impacts of
KHD on macroinvertebrate assemblage patterns based on
their spatial locations. The ANOSIM test highlighted sig-
nificant differences (Global R = 0.968, p=0.001) in
macroinvertebrate assemblages between river reaches. This
finding was consistent with previous studies conducted on
dam impacts on the distribution of macroinvertebrates (Siz-
iba, 2017; Ko et al., 2020). We observed the lowest diver-
sity of macroinvertebrate taxa in the downstream sites
relative to those in the upstream and even midstream river
reaches. More pollution-sensitive Trichoptera and
Ephemeroptera taxa dominated upstream sites, whereas
pollution-tolerant taxa in the Diptera order such as Chirono-
mus (Chironomidae), Aedes (Culicidae), Musca (Musci-
dae), Simulium and Prosimulium (Simuliidae), and
Chrysogaster (Syrphidae) were found in the downstream
river reach. The results of earlier studies demonstrated sim-
ilar changes in macroinvertebrate assemblages downstream
of a dam in terms of changes in either the abundance or di-
versity of taxa and species richness (Sharma et al., 2005;
Ko et al., 2020; Wang et al., 2020).

All macroinvertebrate composition, diversity, and some
functional measures (% collectors and %Scrapers) also
showed significant differences between the three river
reaches, consistent with an earlier study (Hauer and Resh,
2017). The results of the multivariate analysis also revealed
considerable differences in the macroinvertebrate assem-
blages between the river reaches. The SIMPER analysis,
for instance, indicated significant differences between all
pairs of river reaches, with the upstream-downstream river
reach pairs showing the greatest divergence and emphasis-
ing changes in macroinvertebrates. Several studies have
highlighted the impacts of dams (Ko et al., 2020; Bussi et
al., 2021; Mersha et al., 2021). For example, Bussi et al.
(2021) and Mersha ef al. (2021) showed that variations in
macroinvertebrate assemblages may be brought on by al-
terations in the physical characteristics of the river reaches

as well as alterations in land use and water quality. The vari-
ations in these metrics might be related to several factors,
such as the retention of sediments and nutrients in the reser-
voir, as demonstrated in the previous studies (Schmutz and
Moog, 2018; Winton et al., 2019; Cattaneo et al., 2021).

Earlier studies showed that the Awash River basin is
subjected to high climate variability and experiences inten-
sive anthropogenic activities (Mersha et al., 2021), such as
water abstraction for various purposes and inputs of pollu-
tants (Adeba et al., 2015; Getachew et al., 2020; Mersha et
al.,2021). For example, Mersha et al. (2021) estimated the
abstraction of 1200 million cubic meters of water from the
total annual surface water resource potential of 4600 mil-
lion cubic meters in the Awash basin (Adeba et al., 2015).
Indeed, the cause of the variation might be associated with
urbanization since the Awash basin is located in areas where
several cities, including the capital Addis Ababa, are situ-
ated and many industries are concentrated (Englmaier et
al., 2020; Getachew et al., 2020; Mersha et al., 2021).

In our study, only three significant environmental fac-
tors -river flow velocity, phosphate concentration, and
substrate index (SI)- significantly explained 63.8% of the
variation in macroinvertebrate assemblages. Earlier stud-
ies also supported this finding (Winton et al., 2019; Ko et
al., 2020). The river flow velocity accounted for the high-
est percentage (40.6%) of the variation in macroinverte-
brate assemblages between the three river reaches (F =
9.5, p=0.002). In this regard, the development of the dam
might decrease the downstream river flow as a result of
impoundment, diversions for irrigation, or drought that
limits the amount of suitable habitat for aquatic organisms.
Petts and Maddock (1994) and Extence et al. (1999) high-
lighted that alterations in community composition may
occur as a direct consequence of varying flow patterns or
indirectly through associated habitat change. Ko et al.
(2020) also showed that dams negatively alter the natural
flow regime in terms of magnitude, frequency, and dura-
tion in the downstream river reach. Several other studies
demonstrated that flow velocity may well contribute the
most to macroinvertebrate assemblage change, as velocity
affected nutrient transfer, the mobility of drifting species,
and the morphology of benthic substrates (Matthaei et al.,
1997; Nelson and Lieberman, 2002; Brooks et al., 2005;
Wolmarans ef al., 2017). The sedentary behavior of the
species may further limit their ability to disperse down-
stream of the dam (Cairns and Prall, 1993).

The average river velocities in the downstream, mid-
stream, and upstream portions were 0.18, 0.33, and 0.45 m
s, respectively, highlighting that the downstream river ve-
locity is unsuitable for most macroinvertebrate taxa. Ac-
cording to Xu et al. (2014), unsuitable flow velocities are
either <0.3 or >0.8 m s!, whereas suitable flow rates fall
between 0.3 and 0.8 m s7'. On the other hand, Extence et
al. (1999) allocated commonly identified freshwater
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species into one of the six groups based on recognized river
flow associations as rapid (>1.0 m s!), moderate to fast
(0.2-1.0 m s™"), slow or sluggish flows (<0.2 m s'), and the
rest three groups that are related to standing waters and
drought-impacted sites. Jowett and Richardson (1990) also
showed that the velocity preferences of macroinvertebrates
may change with size or life stage. However, some taxa
exist exclusively in very turbulent, high-velocity waters
where they use sucker discs, hooks, or silk to remain at-
tached to the substratum (Hauer and Lamberti, 2011; Hauer
and Resh, 2017). For example, many Tipulidae, Tri-
choptera, and Plecoptera species that feed on coarse aquatic
macrophytes (Shredders) (Merritt ef al., 2002) occur in rif-
fles (Hauer and Lamberti, 2011). Li et al. (2009) deter-
mined that the optimum river velocity for various
macroinvertebrate taxa, such as Baetis, is 0.4 m s™'. Our
study did not include flow sensitivity as LIFE index and
we would like to recommend future studies include it in
similar research on dam impacts.

The ranges of upstream and midstream river reach ve-
locities were 0.4-0.46 m s' and 0.29-0.38 m s!, which are
closer to the optimum value and have a better composition
of macroinvertebrates, while the downstream river reach
velocities ranging from 0.15 to 0.22 m s. However, the
more diverse macroinvertebrates, particularly in the up-
stream reach, maybe not only attributable to river velocity
but also because of the presence of other conducive envi-
ronmental characteristics such as lower temperatures,
higher concentrations of DO, and more varied and coarse
substrate compositions.

The other environmental parameter that explained
14.5% of the variation in macroinvertebrate distribution be-
tween the three river reach sections was differences in phos-
phate concentration. Earlier studies have reached similar
conclusions (Ko et al., 2020; Wang et al., 2020). Particu-
larly, large dams can significantly trap nutrients (Poff and
Hart, 2002; Cattaneo et al., 2021). For instance, Wang et
al. (2020) reported that one sign of the effect of large dams
on macroinvertebrate assemblage was a greater decline in
nutrient levels at downstream sites, which has also been
demonstrated in our study. The concentration of phosphate
increased from the upstream to the midstream direction,
probably because of differences in land uses such as agri-
culture and urbanisation, as also highlighted in various ear-
lier studies (Englmaier et al., 2020; Getachew et al., 2020;
Mersha et al., 2021). However, the concentration of phos-
phate decreased in the downstream reach, which might
partly be related to dam impacts, as supported by earlier
studies. For example, Kunz ez al. (2011) reported that more
than 90% of the phosphorus was trapped in Kariba Dam on
the Zambezi River.

The canonical correspondence analysis also showed
that the changes in SI alone significantly explained 8.7%
of the variation in the distribution of macroinvertebrates.

According to Wang et al. (2020), damming disturbs the
availability of suitable habitats for macroinvertebrates, and
sediment trapping within reservoirs may have a significant
impact. Wang et al. (2020) highlighted that the causes of
macroinvertebrate richness reductions downstream of the
dam were mainly attributed to changes in downstream sub-
strate composition, i.e., from coarse substrates (high SI) to
fine substrates (low SI). Fine substrates can cause an accu-
mulation on the fine and fleshy body parts of macroinver-
tebrates (such as gills and filter-feeding apparatus), making
it difficult for aquatic residents to breathe and feed (Jones
etal.,2012).

Substrate preferences of macroinvertebrates vary from
taxa to taxon. For example, stoneflies, cased caddisflies,
and Diptera showed a preference for a substrate index of
more than 6 (boulder/cobble) and the substrate index pref-
erence of beetles is about 5.6 (gravel/cobble) (Jowett and
Richardson, 1990). The optimum substrate index for the
majority of macroinvertebrates was just under cobble size
(SI = 6) (Jowett and Richardson, 1990). The calculated
mean SI for the upstream, midstream, and downstream
sites were 6.63, 5.6, and 3.83, respectively, indicating that
the downstream sites had substrates between sand (SI =
3) and gravel (SI =4) which is far below the optimum SI.
The absence of pollution-sensitive taxa such as Heptage-
nia and Leucrocuta (Heptageniidae), Neoperla (Perlidae),
Ecnomus similis (Ecnomidae), and the dominance of pol-
lution-tolerant taxa such as Chironomus (Chironomidae)
in the downstream river reach might partly be associated
with a reduction of SI.

The overall view is that the impacts of dams could be
seen as eco-deficits (a condition related to insufficient water
to meet the needs of the ecosystem) or eco-surplus (a con-
dition related to water exceeding what is needed by the
ecosystem) (Serfas, 2012). Several authors showed that
dams alter the quantity, quality, and availability of water in
relation to the natural environment (Gracey and Verones,
2016; Winton ef al., 2019). Our research has identified im-
portant environmental factors such as flow regulation,
which might be related to changes in river flow velocity,
changes in SI, and variations in nutrient loads to the down-
stream river reach that have caused changes in macroinver-
tebrate assemblage patterns between the reaches upstream
and downstream of the KHD. However, the lower reaches
of this river also carry the impact of pollution from further
upstream, thus confounding efforts to attribute impacts di-
rectly to the presence of the dam.

CONCLUSIONS

Although dams often deliver economic services such as
hydropower, flood risk alleviation, water supply, recreation,
and more, there is evidence that dams have impaired the
key functions of rivers in providing diverse habitats and
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maintaining ecosystem integrity. A combination of envi-
ronmental and hydromorphological variables in this study
explained why macroinvertebrate assemblages differed
across the three river reaches above and below the KHD.
Our study demonstrated that there is a significant difference
between the three river reaches in terms of macroinverte-
brate compositions, diversity, and some functional metrics.
Changes in river flow regime due to changes in water ve-
locity, variations in nutrient loads (phosphate concentra-
tion), and SI were highlighted as key variables determining
the assemblage patterns of macroinvertebrates. Although
other possible mechanisms for the observed differences
may exist, the findings of this study are useful for the as-
sessment of hydropower dam impacts on rivers in this re-
gion.
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