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Abstract
Macroinvertebrate distribution and community structure in lotic water are in�uenced by a range of natural
environmental variables and other anthropogenic factors, particularly related to the construction of dams.
Hydropower dams can alter natural �ow regimes, sediment transportation, hydrochemical water quality,
channel morphology, water temperature, and nutrient cycles and physically obstruct the dispersal and the
migration of macroinvertebrates and �sh communities. The objective of this study was to evaluate the
impacts of the Koka Hydropower Dam on benthic macroinvertebrate assemblage structures.

Environmental, hydromorphological, and macroinvertebrate community data were collected along the
course of the Awash River in the upper Awash basin. A total of 2305 macroinvertebrates assigned to 11
orders and 41 families were collected from 15 sites in the upstream, midstream, and downstream
reaches. Ephemeroptera (32.2%), Diptera (24.6%), and Trichoptera (20.2%) represented 77% of the total
abundances.

The canonical correspondence analyses, multivariate test, showed that river velocity and phosphate
concentration explained the majority of the variation (60%) in macroinvertebrate community structure
among the three reaches possibly due to the dam’s impact in addition to other forms of impairment
differences between reaches. The water quality categories of the river reach based on the Shannon
diversity index at upstream, midstream, and downstream locations were high, moderate, and low,
respectively. Based on the macroinvertebrate family-level information, this study found that the water
quality degradation was most severe in the downstream reach. Overall, detection of the speci�c impacts
of the dam is complicated by nutrient pollution in the river.

Introduction
A dam is a barrier constructed across the river to impound water for different purposes such as irrigation,
�ood control, hydropower, water supply, aquaculture, and navigation (Bhattarai et al., 2016). Hydropower
dams provide substantial social and economic bene�ts to human society like electricity, �ood risk
alleviation, irrigation, and recreation (Orr et al., 2008; Reid et al., 2019), and they are a symbol of
modernization and the ability to exploit natural resources (Teodoru & Wehrli, 2005). As per World
Commission on Dams (WCD), on average, 160–320 new large dams have been constructed annually
worldwide (Wcd, 2000). In the era of policy concern about climate change, hydropower generation from
large dams continues to be an attractive investment choice in developing countries (Schulz & Adams,
2019). Schulz and Adams (2019), new hydropower dams are generally not planned using the WCD
approach(Schulz & Adams, 2019). Nowadays, the increasing hydrological changes in river �ow regime
and resultant detrimental impacts on the riverine ecosystem health are recognized worldwide (Tharme,
2003; Kuriqi et al., 2020; Suwal et al., 2020).

From the basic ecological viewpoint, extreme �ow �uctuations exert selective pressure on populations
that dictate the relative success of different biological elements and regulate ecosystem process rates
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(Resh et al., 1988; Castro et al., 2013). The modi�cation of natural �ow regimes alters river
geomorphological and ecosystem processes, affecting diverse abiotic and biotic components (Poff &
Zimmerman, 2010; Darwall et al., 2018; Krajenbrink et al., 2019). For example, hydropower dams alter
natural �ow regimes (Bunn & Arthington, 2002; Orr et al., 2008; Poff & Zimmerman, 2010; Sabater et al.,
2018; Belmar et al., 2019; Ko et al., 2020), sediment transportation (Garcia De Jalon et al., 2015; Gabbud
& Lane, 2016), hydrochemical water quality (Bhadja & Vaghela, 2013; Sabater et al., 2018; Reid et al.,
2019; Winton et al., 2019), channel morphology (Sabater et al., 2018), water temperature (Dewson et al.,
2007), nutrient cycles (Sabater et al., 2018), and physically obstruct the dispersal and the migration of
macroinvertebrates and �sh communities (Liermann et al., 2012; Hastings, 2014). These impacts may
even propagate for hundreds of kilometers downstream of the dam and be ambiguous sources of
environmental degradation (Winton et al., 2019) that can cause incessant disruptions in watercourses
which �nally result in changes in ecosystem integrity (Teodoru & Wehrli, 2005; Orr et al., 2008; Ko et al.,
2020).

Macroinvertebrates, sensitive to alterations in the river environment and ecological conditions (Hastings,
2014; Su et al., 2019), are functionally and taxonomically diverse groups representing a large proportion
of global freshwater biodiversity (Hauer & Resh, 2017). They represent local environmental changes
better than other higher-level consumers such as �sh (Ormerod & Tyler, 1993; Morse et al., 2007) and
re�ect several anthropogenic disturbances such as water �ow variation, eutrophication, water pollution,
climate change, and biological invasions (Fornaroli et al., 2018; Guareschi & Wood, 2019).

The life of a river is closely tied to its �ow, which constantly �uctuates. Damming a river and altering its
�ow pattern generates several physical and biological impacts. The disruption of a river’s �ow obstructs
its natural �ow and affects the habitat (Liermann et al., 2012; Wiley, 2014). For example, Hastings (2014)
showed that the reduction in the �ow of rivers reduces the natural transportation of larger boulders,
cobbles, and debris to downstream habitats (Hastings, 2014). However, the dam's impact on the river
ecology depends on its size. According to the Wcd (2000) report, a dam size with a height of > 15m is
de�ned as a large dam. On the other hand, Wiley (2014) classi�ed dams into three types similarly based
on the height measured from the base to its crest: a small dam (< 30m); a medium-height dam (30 and
100m), and a high dam (> 100m). Several authors reported that small dams have a relatively insigni�cant
impact on the river biota (Sharma et al., 2005; Ambers, 2007). For example, Principe (2010) found minor
changes in macroinvertebrate richness, diversity, and the density of �lterer-collectors. On the other hand,
large dams cause changes in the taxonomic composition of macroinvertebrate communities due to the
alteration of �uvial habitats (Lessard & Hayes, 2003). Moreover, evidence showed that the hydraulic
conditions, besides the physicochemical variables, were signi�cant factors affecting benthic
macroinvertebrate community structures (Tomsic et al., 2007).

In many countries, several studies have assessed the ecological impacts of dams using
macroinvertebrates as indicator organisms (Mor et al., 2018; Krajenbrink et al., 2019; Wang et al., 2019).
Despite the rapidly growing hydropower dam developments and constructions in Ethiopia, there are
limited studies that evaluate their impacts on aquatic macroinvertebrates in the country. The objective of
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this study was to assess the in�uence of the Koka hydropower dam (KHD) on macroinvertebrate
community structure and composition (ecological implications) on the Awash River in the central part of
Ethiopia.

Materials And Methods
Study area and sampling sites

Awash River Basin represents one of the most utilized landscape catchments in Ethiopia (Berhe et al.,
2013; Degefu et al., 2013; Asfaw et al., 2014). It has an area of 112,696 km2, is home to nearly 15 million
people, and consequently is one of the most important basins in the country (Tesfaye & Wolff, 2014;
Englmaier et al., 2020). This river emerges in the central highlands in Ethiopia at an altitude of 3000
m.a.s.l (Berhe et al., 2013; Likasa, 2013; Bussi et al., 2021) and is subjected to severe pollution primarily
from its tributary rivers (Berhe et al., 2013; Asfaw et al., 2014; Getachew et al., 2020). The river �ows 1250
km (Englmaier et al., 2020) through KHD to the northeast along the Great Rift Valley where it �nally drains
into Lake Abe (Likasa, 2013) at the border of Ethiopia and Djibouti (Berhe et al., 2013; Tesfaye & Wolff,
2014). The upper Awash River basin (UARB), located between 8o and 9oN and 38oand 39oE (Reys, 2016)
(Fig. 1), covers an area of 11,600 km2 including Addis Ababa city, the capital of Ethiopia (Bussi et al.,
2021). The KHD, constructed in 1960 with an installed capacity of 42 MW (Degefu et al., 2015) and a
dam height of 42 meters (Reis et al., 2011), is located in the UARB (Fig. 1).

Figure 1

There are more than 1000 meters of elevation drop from the source of Awash River at US1 (2386 m.a.s.l)
to the downstream of KHD at DS5 (1345 m.a.s.l). Several tributary rivers and streams join the Awash
River at different sections from the left and right sides (Fig. 1). Before sampling, 15 sites were selected
with an average distance of 12 kilometers between two successive sampling points. Three study reaches
were de�ned, upstream (US), midstream (MS), and downstream (DS) of KHD. Five sites in the US reach,
selected near the source of the Awash River, are minimally impaired. However, �ve sites selected in the
MS reach above the KHD, and �ve sites selected in the DS reach were highly degraded from
anthropogenic activities (Degefu et al., 2013; Asfaw et al., 2014; Getachew et al., 2021a).

Aquatic habitat selection

Both macroinvertebrates and physicochemical samples were collected from ri�e/run habitats. Habitats
were de�ned using velocity to depth ratio validation and visual identi�cation after
Queensland_Government (2019). The habitat was categorized as ri�e when the velocity to depth ratio is
> 0.032/s, as a run for velocities between 0.0124/s and 0.032/s.

Macroinvertebrate sampling and identi�cation
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Two-minute kick samples (Getachew et al., 2021b) were collected with a D-frame dip net with a mesh size
of 0.5mm (Barbour et al., 1999; Hauer & Resh, 2017) from ri�e/run habitats. Immediately after the
collection of samples, large leaves, sticks, and stones were individually rinsed and inspected for
organisms and discarded. Samples were then preserved in 96% ethanol alcohol after Barbour et al.
(1999) before being sorted and identi�ed to the family level. By considering similar climatic conditions
relative to other non-tropical regions, the South African benthic macroinvertebrate keys (Harrison, 2009;
Schael, 2009) were used for taxa identi�cation at the family level.

Physicochemical and benthic substrates data collection

The river width (m), depth (m), velocity (m/s), and temperature (oC) were measured at each site. To
determine the river depth at each site, an average of three measurements was taken. The surface river
velocity was computed by dividing the 10m distance, measured at each site for sampling, by the average
time the �oating object took to travel that distance and multiplying the quotient by the correction factor
(0.85) to estimate the average water velocity of the stream (Ngoma & Wang, 2018). The GPS reading
such as altitude (m.a.s.l) and the location of sites were recorded in the �eld using a global positioning
system (GERMIN-72H). Substrate types such as bedrock, boulder, cobble, gravel, �ne gravel, and sand and
�nes were visually characterized by changes in habitat features at each sampling site. These substrate
types have been converted to a single substrate index (SI) values after Jowett and Richardson (1990)
using the formula: SI = 0.08* bedrock + 0.07* boulder + 0.06* cobble + 0.05 *gravel + 0.04*�ne gravel + 
0.03* sand and �nes.

The DO, pH, temperature, and EC were measured in-situ using a digital handheld portable multi-parameter
(HACH HQ40D probe). The Measurements were done starting from downstream to the upstream to
minimize disturbance of the sites before sampling. Similarly, turbidity was measured using a handheld
turbidity meter. Nitrate-nitrogen and phosphate were measured using DR3900, HACH spectrophotometer
in the laboratory. The BOD5 was also measured using the Winkler method (Carpenter, 2006).

Metric selection

Taxon richness (Mwedzi et al., 2020), Simpson index (Simpson, 1949), Shannon index, evenness,
Margalef’s index (Washington, 1984; Clarke et al., 2001), the Biological Monitoring Working Party (BMWP)
score (Armitage et al., 1983), and ETHbios score developed for Ethiopia (Lakew & Moog, 2015), %EPT,
and EPT richness calculated from orders of Ephemeroptera, Plecoptera, and Trichoptera were some of the
selected metrics. Also, the functional feeding groups (FFG) such as %Scrapers, %Shredders, %Collectors,
%Filterers, %Predators (Wang et al., 2013), were considered to evaluate differences in the
macroinvertebrate communities between the three study reaches in the UARB.

Data analysis
We used the relative abundances of the macroinvertebrate taxa to carry out the multivariate tests to
control for the sampling times and habitat differences during sampling. Several multivariate analyses
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techniques were used to assess variations in macroinvertebrate community structure and composition
between the three study reaches.

Analysis of Similarity (ANOSIM)

The ANOSIM (Clarke & Green, 1988), which allows a test of the null hypothesis that there are no
macroinvertebrate community structure differences among groups of samples collected from three
reaches (Clarke & Gorley, 2006), was carried out in PRIMER 6, using log(x + 1) transformed relative
abundance data with 999 permutations. The differences among the reaches were measured by the global

R statistic that was calculated as R =
4(

−
r B−

−
r W)

n( n−1) , where 
−
r B and 

−
r W are the mean rank between-group

similarity and within-group similarity, respectively, and n is the total number of samples (Cao et al., 2005).
ANOSIM calculates a test statistic R that ranges from − 1 to 1 (Chapman & Underwood, 1999). When the
R is closer to 1, there is a good separation among the groups and a value closer to 0 shows weak
separation (Chapman & Underwood, 1999; Clarke & Gorley, 2006) and the negative values indicate that
the samples within a group are less similar to one another than to the samples of other groups, probably
due to inappropriate sampling designs (Chapman & Underwood, 1999). An associated P-values to R-
statistics in the analysis of ANOSIM highlights the signi�cance level of the test (Clarke & Gorley, 2006).

Non-metric multidimensional scaling (MDS)

The MDS plot in PRIMER 6 (Clarke & Gorley, 2006) was also used based on the relative abundance of the
macroinvertebrate taxa to assess the (dis)similarity of macroinvertebrate communities in the three study
reaches. Also, the data were log(x + 1) transformed to improve the normality of the data before ordination.
The taxa resemblance matrix was then analyzed using Bray-Curtis similarity with 999 permutations as a
function of sampling sites. As a rule of thumb, an MDS ordination with a stress value equal to or below
0.1 is considered fair while values equal to or below 0.05 indicate a good �t (Clarke, 1993). Also, we used
the SIMPER routine in PRIMER (Clarke & Gorley, 2006) on the relative abundance data to determine the
percentage (dis)similarity in macroinvertebrate communities between the three reaches.

Shannon diversity index

The Shannon diversity index was also analyzed using the natural logarithm in PRIMER to compare the
diversity of macroinvertebrates in each reach. The water quality of the river in the upstream, midstream,
and downstream reaches of KHD is determined from information provided in Fernando et al. (1998) and
Baliton et al. (2020) as very high, high, moderate, poor, and very poor with a corresponding Shannon
diversity index of ≥ 3.5, 3.00-3.49, 2.50–2.99, 2.00-2.49, and ≤ 1.99, respectively.

Kruskal-Wallis test

The Kruskal-Wallis test was carried out to assess differences in continuous dependent variables by a
categorical independent variable with assumptions that the samples drawn from the population are
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random and the observations are independent of each other. This test is used when the assumptions of
one-way ANOVA are not met. The Kruskal-Wallis test was used to examine for signi�cant differences in a
range of metrics among the three study reaches. The metrics analyzed using the Kruskal-Wallis test
include taxa richness, total abundance, the BMWP (Armitage et al., 1983), ETHbios (Aschalew & Moog,
2015), Shannon-Wiener index, evenness, Margalef’s index, Simpson index, %Scrappers, %Shredders,
%Collectors, %Filterer and %Predators, %EPT, and EPT richness. A post hoc test, for the statistically
signi�cant metrics results in a Kruskal-Wallis test, was then run to determine where the differences lay
using a Bonferroni-corrected p-value to reduce the instance of false positives. The Bonferroni corrected P-
values were analyzed in SPSS version 20 statistical software.

Canonical Correspondence Analysis (CCA)

Detrended Correspondence Analysis (DCA) was applied using CANOCO 4.5 (Ter Braak & Smilauer, 2002)
to examine whether Redundancy Analysis (RDA) or Canonical Correspondence Analysis (CCA) would be
appropriate (Ter Braak & Wiertz, 1994) to analyze the data. The DCA yielded gradient lengths that were
higher than three standard deviations, therefore CCA was used for the data analysis. Macroinvertebrate
abundance data were log-transformed, log(x + 1), before analysis to obtain homogeneity of variance.
Environmental variables, except for pH, were square-root transformed in PRIMER statistical software
(Clarke & Gorley, 2006) and standardized since the variables were measured in different units and
transferred to CANOCO 4.5 model for analysis. In the CCA model, forward selection of environmental
variables with Monte Carlo permutations of 499 was used to determine whether the variables exerted a
signi�cant P-value of < 0.05 impact on macroinvertebrate distributions. The statistical signi�cance of
eigenvalues and species-environment correlations generated by the CCA were tested using Monte Carlo
permutations.

BIOENV routine

The BIOENV routine in PRIMER, the typical setup in the exploration of environmental variables that best
correlate to sample similarities of the biological community (Clarke & Gorley, 2006), was also used in this
study. In this case, the similarity matrix of the community is �xed, while subsets of the environmental
variables are used in the calculation of the environmental similarity matrix. A Spearman correlation
coe�cient was then calculated between the two matrices and the best subset of environmental variables
was identi�ed with a 999 permutation test. The similarity matrix of environmental data was based on
normalized "Euclidean" distances to remove the effect of different units between parameters and the
biological variable matrix was based on a Bray-Curtis similarity measure on the log (x + 1) transformed
data (Dixon, 2003; Clarke & Gorley, 2006).

Results
Multivariate Analyses
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A total of 2305 macroinvertebrates belonging to 41 families and 11 orders were identi�ed from the three
reaches, each with �ve sites. Ephemeroptera (32.2%), Diptera (24.6%), and Trichoptera (20.2%) were the
three dominant orders representing 77% of the total collected. The one-way ANOSIM test based on the
relative abundance of the macroinvertebrate taxa showed signi�cant differences among the three
reaches (R = 0.915, P = 0.001, ANOSIM). Also, the pairwise ANOSIM test indicated a complete separation
of the three reaches. The R-statistic for midstream/upstream, upstream/downstream, and
downstream/upstream pairs were 0.784, 1.00, and 0.928, respectively, with P-values of 0.008 for all pairs.

The MDS ordination plot using macroinvertebrate relative abundances also showed that the three river
reaches were well separated from one another (Fig. 2). The low MDS tress level (0.04) showed no overlap
in multidimensional space by the spread of the site within reaches except for the MS1 in the midstream
reach (Fig. 2) that was closer to the upstream sites than the other sites in that reach.

Figure 2

The Shannon index values for the upstream, midstream and downstream reaches from KHD were 3.02,
2.72, and 2.32, respectively. The Kruskal-Wallis tests on this index and biotic and diversity indices as well
as functional measures showed signi�cant differences among the three site reaches except for the
evenness index and %collectors of macroinvertebrate functional feeding groups (Table 1).

 



Page 9/26

Table 1
The Mean ± SE, mean ranks, and the Kruskal-Wallis H tests for macroinvertebrate metrics in the upstream

(US), midstream (MS), and downstream (DS) reaches from KHD in 2021. Metrics with signi�cant
differences in the Kruskal-Wallis H test are presented in bold

Metrics Mean ± SE Mean rank K-W H test

US MS DS US MS DS K-W P-
value

Taxa (S) 34 ± 0.84 24 ± 1.41 14.8 ± 
0.97

13.00 8.00 3.00 12.55 0.002

Abundance
(N)

244.2 ± 
35.17

124.8 ± 
6.64

92 ± 11.14 13.00 7.30 3.70 11.02 0.004

Margalef's
index

6.04 ± 0.06 4.77 ± 0.27 3.06 ± 
0.14

13.00 8.00 3.00 12.5 0.002

Evenness 0.86 ± 0.01 0.86 ± 
0.004

0.86 ± 
0.02

7.40 7.90 8.70 0.22 0.895

Shannon
index

3.02 ± 0.02 2.72 ± 0.05 2.32 ± 
0.08

13.00 7.80 3.20 12.06 0.002

Simpson
index

0.93 ± 
0.004

0.90 ± 
0.007

0.87 ± 
0.01

3.00 8.60 12.4 10.27 0.006

%Predators 26.95 ± 
1.31

23.29 ± 
1.59

11.87 ± 
1.77

11.80 9.20 3.00 10.22 0.006

%Collectors 34.21 ± 
0.54

29.94 ± 
3.23

37.70 ± 
1.67

7.40 5.40 11.2 4.34 0.114

%Shredders 5.52 ± 0.63 5.99 ± 1.03 0.87 ± 
0.36

10.20 10.80 3.00 9.44 0.009

%Scrapers 19.55 ± 
0.80

11.96 ± 
1.44

3.80 ± 
0.61

13.00 8.00 3.00 12.5 0.002

%Filterers 13.77 ± 
0.72

28.81 ± 
3.64

45.76 ± 
1.92

3.00 8.20 12.8 12.02 0.002

BMWP score 197 ± 4.64 114.8 ± 
11.91

61.2 ± 
6.38

13.00 8.00 3.00 12.5 0.002

ETHbios
score

149 ± 3.11 98.2 ± 9.33 47.8 ± 
5.12

13.00 8.00 3.00 12.5 0.002

%EPT 59.32 ± 
1.56

52.28 ± 
3.14

34.44 ± 
1.41

12.00 9.00 3.00 10.52 0.005

EPT richness 9.6 ± 0.24 5.8 ± 0.66 4.2 ± 0.37 13.00 7.20 3.80 11.1 0.004

Table 1

The post hoc tests also highlighted signi�cant differences (P < 0.05) between the upstream and
downstream reaches (Table 2). However, the midstream and downstream reaches were not signi�cantly
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different except for % Shredders (P = 0.033) (Table 2).

 
Table 2

The pairwise post hoc test calculated for macroinvertebrate metrics having signi�cant differences in the
Kruskal Wallis test, 2021

Metrics Reaches TS SE P-
Value

Metrics Reaches TS SE P-
Value

Taxon
richness

MS-DS 5.0 2.823 0.230 %
Scrapers

MS-DS 5.0 2.828 0.231

US-MS 5.0 2.823 0.230 US-MS 5.0 2.828 0.231

DS-US 10.0 2.823 0.001 DS-US 10.0 2.828 0.001

Abundance MS-DS 3.6 2.826 0.608 %
Filterers

MS-DS -5.2 2.828 0.198

US-MS 5.7 2.826 0.131 US-MS -4.6 2.828 0.312

DS-US 9.3 2.826 0.003 DS-US -9.8 2.828 0.002

Margalef's
index

MS-DS 5.0 2.828 0.231 BMWP MS-DS 5.0 2.828 0.231

US-MS 5.0 2.828 0.231 US-MS 5.0 2.828 0.231

DS-US 10.0 2.828 0.001 DS-US 10.0 2.828 0.001

Shannon
index

MS-DS 4.6 2.823 0.310 ETHbios MS-DS 5.0 2.828 0.231

US-MS 5.2 2.823 0.197 US-MS 5.0 2.828 0.231

DS-US 9.8 2.823 0.002 DS-US 10.0 2.828 0.001

Simpson
index

MS - DS 3.4 2.803 0.675 %EPT MS-DS 6.0 2.826 0.101

US-MS 5.5 2.803 0.149 US-MS 3.0 2.826 0.865

DS-US 8.9 2.803 0.004 DS-US 9.0 2.826 0.004

% Predators MS-DS 6.2 2.828 0.085 EPT
richness

MS-DS 3.4 2.793 0.670

US-MS 2.6 2.828 1.000 US-MS 5.80 2.793 0.113

DS-US 8.8 2.828 0.006 DS-US 9.20 2.793 0.003

% Shredders MS-DS 7.2 2.826 0.033          

US-MS -0.6 2.826 1.000          

DS-US 7.8 2.826 0.017          

US = upstream, MS = midstream, DS = downstream, SE = standard error, TS = test statistic. Signi�cant
differences are presented in bold. Tests are 2 – sided. The signi�cance level is 0.05. P-values are
adjusted by the Bonferroni correction for multiple tests

Table 2
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Physicochemical water quality parameters

River depth and width, water temperature, EC, turbidity, pH, and BOD5 showed a general increase from
upstream to downstream reaches. On the other hand, water velocity, substrate index, and DO showed a
general decrease from the upstream to the downstream reaches. The results for nitrate and phosphate
concentrations were more variable. The highest concentrations were found in the midstream reach sites
(MS1-5) before the KHD (Table 3).
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Table 3
The Mean (+/-SE), minimum and maximum values of measured physicochemical variables in the

upstream, midstream, and downstream reaches from KHD on the gradients of Awash River from 15 April-
17 May 2021. SE = standard error, Min = minimum, Max = maximum

Upstream (US1-5) Midstream (MS1-5) Downstream (DS1-5)

Parameter Mean±
(SE)

Min Max Mean±
(SE)

Min Max Mean±
(SE)

Min Max

River width
(m)

17.9 ± 
0.48

16.40 19.20 20.52 
± 0.60

19.40 22.50 21.66 
± 0.67

19.80 23.30

River depth
(m)

0.43 ± 
0.5

0.30 0.55 0.56 ± 
0.03

0.45 0.63 0.73 ± 
0.03

0.62 0.78

Water velocity
(m/s)

0.35 ± 
0.01

0.33 0.38 0.28 ± 
0.02

0.24 0.32 0.18 ± 
0.01

0.15 0.22

Substrate
index

12.20 ± 
0.73

10.00 14.00 9.92 ± 
0.50

8.40 11.00 9.82 ± 
0.07

9.60 10.00

Water
temperature
(OC)

19.8 ± 
0.5

18.3 21.4 23.6 ± 
0.8

21.6 26.4 27.5 ± 
0.3

26.5 28.0

EC (µS/cm) 101.2 ± 
20.6

32.0 154.0 405.2 
± 83.3

193.0 564.0 532.2 
± 11.7

505.0 563.0

Turbidity
(NTU)

46.6 ± 
10.7

19.0 78.0 278 ± 
73.4

97.0 428.0 318.2 
± 13.6

291.0 356.0

DO (mg/l O2) 7.54 
± .22

6.80 8.10 5.56 ± 
0.35

4.70 6.50 5.82 ± 
0.22

5.20 6.20

BOD (mg/l
O2)

2.78 ± 
0.55

1.30 4.30 13.44 
± 3.2

5.20 21.00 13.94 
± 1.31

10.00 16.30

pH (unit) 7.12 ± 
0.12

6.80 7.50 7.56 ± 
0.11

7.30 7.90 8.56 ± 
0.13

8.10 8.90

NO3-N (mg/l) 0.48 ± 
0.22

0.10 1.30 8.68 ± 
2.55

2.50 13.90 5.48 ± 
0.83

3.90 8.41

Phosphate
(mg/l P)

0.56 ± 
0.16

0.04 0.92 4.32 ± 
1.22

1.20 7.60 2.03 ± 
0.23

1.30 2.60

Table 3

Relationships between environmental variables and macroinvertebrate assemblages

The ordination triplot diagram for the environmental variables, macroinvertebrates, and the site locations
of the three reaches are presented in Fig. 3.

Figure 3



Page 13/26

To identify environmental variables that are more closely associated with macroinvertebrate assemblage
structures, the constrained ordination technique using CCA (Ter Braak & Verdonschot, 1995) was used.
Each CCA axis is associated with an eigenvalue (λ) that indicates maximized dispersion of species
scores along the axes (Ter Braak, 1987). The cumulative percentage variance of the species-environment
relationship explained by Axis-1 and Axis-2 for this data set was λ1+2 = 0.33. As a rule of thumb,
eigenvalue > 0.30 indicates strong gradients (Ter Braak, 1987). The CCA model showed that the variation
in the distribution of macroinvertebrates was signi�cantly correlated with river velocity (F = 9.83, P = 
0.001) and phosphate concentration (F = 3.15, P = 0.001). These two variables explained 60%
(λVelocity+Phosphate = 0.3, CCA) of the variation in macroinvertebrate community structure out of the total
canonical variations (66%). The contribution to the variance by NO3-N (6%), water temperature (6%), river
depth (4%), BOD5 (4%), pH (4%), EC (4%), DO (4%), river width (4%), substrate index (2%), and turbidity
(2%) were not signi�cant.

Further analysis of the BIOENV routine in PRIMER (Clarke & Gorley, 2006) showed that river velocity and
depth, water temperature, EC, and phosphate had a combined in�uence on the structure and composition
of macroinvertebrate communities with the Pearson correlation coe�cient (ρ) of 0.842 (P-value = 0.001)
at 999 permutations.

Discussion
Biological assessments aim to characterize the status of stream ecosystems by monitoring changes in
the aquatic communities associated with anthropogenic disturbance (Jun et al., 2012). Highland areas,
having sharp gradients, are characterized by variable climate, riparian vegetation, changes in water
velocity (Hastings, 2014), and others that result in macroinvertebrate communities that are distinct from
downstream reaches (Fureder et al., 2001). For example, Hammer and Linke (2003) and Tiemann et al.
(2004) reported that the decrease in water �ow velocity, typical of the reach downstream of the dam,
causes changes in water quality shifting macroinvertebrate abundances by decreasing Ephemeroptera,
Plecoptera, and Trichoptera; while increasing tolerant families such as Chironomidae. Similarly, in this
study, the orders Ephemeroptera, Plecoptera, and Trichoptera (EPT) were reduced in abundance in the
downstream reaches compared to the upstream and midstream reaches. The statistical analysis test
highlighted that only the upstream and the downstream reach pairs were signi�cantly different. As a
further example, the percent composition of Ephemeroptera was 65.3%, 24.7%, and 10.1% in the
upstream, midstream, and downstream reaches, respectively.

On the other hand, the percent composition of Diptera order was higher (37.8%) in the downstream reach
compared to the upstream (32.4%) and midstream (29.8%) reaches. Speci�cally, the percent composition
of the Chironomidae family was 20.7%, 21.9%, and 57.4% at the upstream, midstream, and downstream
reaches, respectively. The review by Wang et al. (2020) highlighted that macroinvertebrate taxa with
different tolerances to natural and anthropogenically modi�ed environmental conditions, e.g. sensitive
taxa, such as EPT, and tolerant taxa, such as Oligochaeta) also responded distinctly to dams because of
changes in the downstream environment. Dams in�uence macroinvertebrate communities primarily by
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altering habitat structure (Hastings, 2014). For example, the reduction in river velocity reduces the natural
transportation of large boulders, cobbles, and debris to downstream habitats (Hastings, 2014). Other
reports also showed that river damming imposes fundamental physical changes that in turn lead to
chemical and biological changes (such as the production of harmful algal blooms) within the reservoir,
posing a major threat to local and global biodiversity (Reid et al., 2019; Winton et al., 2019). The impacts
may even propagate for hundreds of kilometers downstream of the dam and be a cryptic source of
environmental degradation (Winton et al., 2019). As a result, the structure and composition of
macroinvertebrate communities vary between reaches upstream and downstream of a dam, as
demonstrated in the present study.

In agreement with other similar studies (Quevedo et al., 2018; Ko et al., 2020), both one-way ANOSIM and
pairwise ANOSIM tests, in this study, showed signi�cant differences among the three river reaches as
also illustrated in the MDS ordination plot. Furthermore, the SIMPER analysis results showed 36.28%,
58.31%, and 41.08% dissimilarity between the upstream and midstream, upstream and downstream, and
midstream and downstream reach pairs, respectively. The water quality categories of the reaches, based
on the natural logarithm of the Shannon diversity index (Fernando et al., 1998; Baliton et al., 2020),
varied. In the downstream reach, the water category was low, which highlights the impact was severe
compared to the upstream and midstream reaches having high and moderate water quality, respectively,
even in the presence of several anthropogenic in�uences in the selected sites (Mohammed; Taddese et
al., 2009; Degefu et al., 2013; Asfaw et al., 2014; Englmaier et al., 2020; Getachew et al., 2020; Mersha et
al., 2021). The mean phosphate concentration in the midstream reach was elevated, albeit it was lower
than further downstream.

The impacts of the dam on several macroinvertebrate metrics were evaluated using the Kruskal-Wallis
tests. These showed signi�cant differences among the upstream, midstream, and downstream reaches
except for the evenness index and % collectors. However, the post hoc test showed signi�cant differences
only between the upstream and downstream reaches. The midstream and downstream reaches did not
show any difference in macroinvertebrate community structure, except for %shredders. The retention of
�ne particulate materials by the hydropower dam may explain their reduced abundance below the dam
(Lamberti & Gregory, 2007).

In this study, the constrained ordination technique was used to identify environmental variables closely
associated with macroinvertebrate community structures. River velocity explained high percentages of
the variability (46%) (F = 9.83. p = 0.002) contrary to another �nding (Wang et al., 2020). As per Popoola
and Otalekor (2011), the river velocity is, directly and indirectly, important as it in�uences the riverbed and
the amount of silt deposition which in turn affects the distribution of benthic organisms. With the
assumption that each taxon prefers a particular combination of abiotic environmental parameters,
Macura et al. (2016) also showed that the habitat suitability for organisms is strongly related to river
velocity and depth. According to the information indicated in Xu et al. (2014), suitable �ow velocities are
in the range of 0.3 to 0.8 m/s, whereas unsuitable �ow velocities are < 0.3 or > 0.8 m/s. The average
velocity in this study gradually decreased from 0.35 m/s (upstream) to 0.284 m/s (midstream), and it
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sharply fell to 0.176 m/s in the downstream reach from the dam. As per Xu et al. (2014), this river velocity
is unsuitable for several intolerant macroinvertebrates such as EPT. The decrease in velocity in the
downstream reach is considered to be largely due to the impacts of the dam. Bunn and Arthington (2002)
and Reid et al. (2019) reported that riverine benthic macroinvertebrates are susceptible to dam-induced
�ow and thermal changes, and altered hydrochemistry (Bunn & Arthington, 2002; Reid et al., 2019).
Similarly, Mor et al. (2018) reported that macroinvertebrate interspeci�c relationships and community
structure might be affected by river �ow alterations.

Next to the river velocity, phosphate concentrations explained about 14% of the total constrained
variation in macroinvertebrate community structure. Dams particularly large ones, as the case in this
study, may cause signi�cant environmental changes related to nutrients (Mbaka & Mwaniki, 2015), which
in turn affect macroinvertebrate community structure. The phosphate concentration gradually increased
from the upstream reach sites to the midstream reach and then showed a gradual decrease after it
passed through KHD into the downstream reach sites. Although reduced the phosphate concentrations
below the dam were still elevated and this complicated efforts to identify the speci�c effects of the dam.

River velocity and depth, phosphate, as well as water temperature, and EC were highlighted by the BIOENV
routine in PRIMER as having the strongest in�uence on macroinvertebrate community structure. All these
parameters may be in�uenced by the dam. For example, a similar study by Wang et al. (2020) found that
EC, velocity, and phosphate decreased at sites downstream of dams. Other environmental parameters, in
this study, such as nitrate-nitrogen, BOD5, water temperature, pH, DO, river width, substrate index, and
turbidity did not signi�cantly affect the variation in the distribution of macroinvertebrates.

Overall, this study found signi�cant differences among the three study reaches in terms of several
metrics addressing the structures, composition, and functional feeding attributes of macroinvertebrates
that relate, directly or indirectly, to �ow regime modi�cations. Even, in the presence of several
anthropogenic disturbances particularly in the urban areas (Asfaw et al., 2014; Getachew et al., 2020;
Mersha et al., 2021), a large number of industries in Addis Ababa and the surrounding cities (Degefu et
al., 2013; Getachew et al., 2020), and trace metal pollution (Aschale et al., 2016), the assemblage
structures of the upstream and midstream reaches were far better than the downstream reach. However,
the assessment of the impact of the dam is partly complicated by these water quality problems that
originate upstream of the dam.

Conclusion
A combination of physicochemical and hydromorphological variables in this study explained why
macroinvertebrate community structure and composition differed across the three study reaches. Apart
from phosphate, the water �ow change (river velocity) was highlighted as a key variable structuring the
macroinvertebrate communities and a variable that can be altered by damming. Environmental �ow
assessments (EFAs) are fundamental considerations in the integration of the water-energy-ecosystem
nexus (Kuriqi et al., 2020) but have received negligible attention worldwide (King et al., 1999) including in
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Ethiopia. Although other possible mechanisms for observed differences may exist in the study reaches,
such as water pollution, the results can help stakeholders consider and minimise the impact of existing
and proposed hydropower dams on aquatic ecology by implementing EFAs and maintaining
environmental �ow requirements (EFRs) in rivers downstream of the hydropower dam in Ethiopia and
elsewhere.

Declarations
Acknowledgments

This work was partly funded by the Ethiopian Institute of Water Resources (EIWR), Addis Ababa
University, Ethiopia. The logistic support such as different dissection microscopes by the University
College Dublin (UCD), Ireland has also been acknowledged. The Ethiopian Institute of Water Resources
(EIWR), Jimma University (JU), Wollo University (WU), and Kemise Town Water and Sanitation Service
O�ce (KTWSSO), Ethiopia also supported the transportation service and several other logistics during the
data collection season. The authors also wish to thank the staff at UCD, AAU, JU, WU, and KTWSSO for
their helpful cooperation in the arrangement of laboratory facilities and o�ces. 

Availability of data and materials

Data are available from the corresponding authors upon reasonable request.

Con�ict of interest  

The authors declare no con�ict of interest.

References
1. Ambers, R. K. (2007). Effects of a Small, Century-old Dam on a Secondorder Stream in the Virginia

Piedmont. Southeastern Geographer, 47(2), 181–201.

2. Armitage, P., Moss, D., Wright, J., & Furse, M. (1983). The performance of a new biological water
quality score system based on macroinvertebrates over a wide range of unpolluted running-water
sites. Water research, 17(3), 333–347.

3. Aschale, M., Sileshi, Y., & Quinn, M. K. (2016). ICP-MS Determination of Potentially Toxic Trace
Elements in Little Akaki River of Addis Ababa, Ethiopia: Journal of Environmental Toxicology,
Communicated. Open Water Journal, 3(1), 3.

4. Aschalew, L., & Moog, O. (2015). Benthic macroinvertebrates based new biotic score “ETHbios” for
assessing ecological conditions of highland streams and rivers in Ethiopia. Limnologica, 52, 11–19.
https://doi.org/10.1016/j.limno.2015.02.002

5. Asfaw, H. B., Essen, P. V., & Tsige, T. Z. (2014). Background Information for a Program Approach:
Challenges and Possible Cooperation between Dutch and Ethiopian counterparts. Integrated Water



Page 17/26

Resource Management Upper Awash River Basin, Central Ethiopia. Retrived: 5 May 2021.
https://www.waterethiopia.org/background-information-for-a-program-approach-challenges-and-
possible-cooperation-between-dutch-and-ethiopian-counterparts/

�. Baliton, R., LANDICHO, L., Cabahug, R. E., Paelmo, R. F., Laruan, K., Rodriguez, R., Visco, R. G., &
Castillo, A. K. A. (2020). Ecological services of agroforestry systems in selected upland farming
communities in the Philippines. Biodiversitas Journal of Biological Diversity, 21(2).

7. Barbour, M. T., Gerritsen, J., Snyder, B. D., & Stribling, J. B. (1999). Rapid bioassessment protocols for
use in streams and wadeable rivers: periphyton, benthic macroinvertebrates and �sh (Vol. 339). US
Environmental Protection Agency, O�ce of Water Washington, DC.

�. Belmar, O., Bruno, D., Guareschi, S., Mellado-Díaz, A., Millán, A., & Velasco, J. (2019). Functional
responses of aquatic macroinvertebrates to �ow regulation are shaped by natural �ow intermittence
in Mediterranean streams. Freshwater Biology, 64(5), 1064–1077.
https://doi.org/https://doi.org/10.1111/fwb.13289

9. Berhe, F., Melesse, A., Hailu, D., & Sileshi, Y. (2013). MODSIM-based water allocation modeling of
Awash River Basin, Ethiopia. Catena, 109, 118–128.

10. Bhadja, P., & Vaghela, A. (2013). Assessment of physico-chemical parameters and water quality
index of reservoir water. International Journal of Plant, Animal and Environmental Sciences, 3(3),
89–95.

11. Bhattarai, S., Zhou, Y., Zhao, C., & Yadav, R. (2016). An overview on types, construction method,
failure and key technical issues during construction of high dams. Electronic Journal of Geotechnical
Engineering, 21(26), 10415–10432.

12. Bunn, S. E., & Arthington, A. H. (2002). Basic Principles and Ecological Consequences of Altered Flow
Regimes for Aquatic Biodiversity. Environmental Management, 30(4), 492–507.
https://doi.org/10.1007/s00267-002-2737-0

13. Bussi, G., Whitehead, P. G., Jin, L., Taye, M. T., Dyer, E., Hirpa, F. A., Yimer, Y. A., & Charles, K. J. (2021).
Impacts of Climate Change and Population Growth on River Nutrient Loads in a Data Scarce Region:
The Upper Awash River (Ethiopia). Sustainability, 13(3), 1254.

14. Cao, Y., Hawkins, C. P., & Storey, A. W. (2005). A method for measuring the comparability of different
sampling methods used in biological surveys: implications for data integration and synthesis.
Freshwater Biology, 50(6), 1105–1115. https://doi.org/10.1111/j.1365-2427.2005.01377.x

15. Carpenter, J. (2006). Determination of dissolved oxygen by Winkler Titration. Environmental
Chemistry of Boston Harbor,(1888), 1–10.

1�. Castro, D. M., Hughes, R. M., & Callisto, M. (2013). In�uence of peak �ow changes on the
macroinvertebrate drift downstream of a Brazilian hydroelectric dam. Braz J Biol, 73(4), 775–782.
https://doi.org/10.1590/s1519-69842013000400013

17. Chapman, M., & Underwood, A. (1999). Ecological patterns in multivariate assemblages: information
and interpretation of negative values in ANOSIM tests. Marine Ecology Progress Series, 180, 257–
265. https://doi.org/10.3354/meps180257



Page 18/26

1�. Clarke, K., & Green, R. (1988). Statistical design and analysis for a 'biological effects' study. Marine
Ecology Progress Series, 46(1/3), 213–226. Retrieved May 26, 2021, from
http://www.jstor.org/stable/24827586.

19. Clarke, K. R. (1993). Non-parametric multivariate analyses of changes in community structure.
Australian journal of ecology, 18(1), 117–143.

20. Clarke, K. R., Gorley, R., Somer�eld, P. J., & Warwick, R. (2001). Change in marine communities: an
approach to statistical analysis and interpretation. 2nd ed. Plymouth: Plymouth marine laboratory.
Available from https://lib.ugent.be/catalog/rug01:000852542. Downloaded on 10 July 2021.

21. Clarke, K. R., & Gorley, R. N. (2006). PRIMER v6: User Manual/Tutorial. PRIMER-E Ltd, Plymouth, UK.

22. Darwall, W., Bremerich, V., De Wever, A., Dell, A. I., Freyhof, J., Gessner, M. O., Grossart, H. P., Harrison,
I., Irvine, K., & Jähnig, S. C. (2018). The Alliance for Freshwater Life: a global call to unite efforts for
freshwater biodiversity science and conservation. Aquatic Conservation: Marine and Freshwater
Ecosystems, 28(4), 1015–1022.

23. Degefu, D. M., He, W., & Zhao, J. H. (2015). Hydropower for sustainable water and energy
development in Ethiopia. Sustainable Water Resources Management, 1(4), 305–314.

24. Degefu, F., Lakew, A., Tigabu, Y., & Teshome, K. (2013). The water quality degradation of upper Awash
River, Ethiopia. Ethiopian Journal of Environmental Studies and Management, 6(1), 58–66.

25. Dewson, Z. S., James, A. B. W., & Death, R. G. (2007). A review of the consequences of decreased
�ow for instream habitat and macroinvertebrates. Journal of the North American Benthological
Society, 26(3), 401–415. https://doi.org/10.1899/06-110.1

2�. Dixon, P. (2003). VEGAN, a package of R functions for community ecology. Journal of Vegetation
Science, 14(6), 927–930. https://doi.org/https://doi.org/10.1111/j.1654-1103.2003.tb02228.x

27. Englmaier, G. K., Hayes, D. S., Meulenbroek, P., Terefe, Y., Lakew, A., Tesfaye, G., Waidbacher, H.,
Malicky, H., Wubie, A., & Leitner, P. (2020). Longitudinal river zonation in the tropics: Examples of �sh
and caddis�ies from the endorheic Awash River, Ethiopia. Hydrobiologia, 847(19), 4063–4090.

2�. Fernando, E., Balatibat, J., Peras, J., & Jumawid, R. (1998). Resource inventory and assessment of
biodiversity in Subic Bay Metropolitan Authority. Terminal Report. Research Project funded by DOST-
PCARRD, SBMA and UPLB.

29. Fornaroli, R., Ippolito, A., Tolkkinen, M. J., Mykrä, H., Muotka, T., Balistrieri, L. S., & Schmidt, T. S.
(2018). Disentangling the effects of low pH and metal mixture toxicity on macroinvertebrate
diversity. Environmental Pollution, 235, 889–898.
https://doi.org/https://doi.org/10.1016/j.envpol.2017.12.097

30. Fureder, L., Schütz, C., Wallinger, M., & Burger, R. (2001). Physico-chemistry and aquatic insects of a
glacier-fed and a spring-fed alpine stream. Freshwater biology, 46(12), 1673–1690.
https://doi.org/https://doi.org/10.1046/j.1365-2427.2001.00862.x

31. Gabbud, C., & Lane, S. N. (2016). Ecosystem impacts of Alpine water intakes for hydropower: the
challenge of sediment management. WIREs Water, 3(1), 41–61.
https://doi.org/https://doi.org/10.1002/wat2.1124



Page 19/26

32. Garcia de Jalon, D., Bussettini, M., Rinaldi, M., Grant, G., Friberg, N., Vezza, P., Cowx, I., Magdaleno, F.,
& Buijse, A. D. (2015). Linking e-Flows to sediment dynamics. Deliverable 7.7 Policy Discussion Paper
of REFORM (REstoring rivers FOR effective catchment Management), a Collaborative project (large-
scale integrating project) funded by the European Commission within the 7th Framework Programme
under Grant Agreement 282656.

33. Getachew, M., Mulat, W. L., Mereta, S. T., Gebrie, G. S., & Kelly-Quinn, M. (2020). Challenges for water
quality protection in the greater metropolitan area of Addis Ababa and the upper Awash basin,
Ethiopia – time to take stock. Environmental Reviews, 29(1), 87–99. https://doi.org/10.1139/er-
2020-0042

34. Getachew, M., Mulat, W. L., Mereta, S. T., Gebrie, G. S., & Kelly-Quinn, M. (2021a). Challenges for water
quality protection in the greater metropolitan area of Addis Ababa and the upper Awash basin,
Ethiopia–time to take stock. Environmental Reviews, 29(1), 87–99.

35. Getachew, M., Mulat, W. L., Mereta, S. T., Gebrie, G. S., & Kelly-Quinn, M. (2021b). Re�ning benthic
macroinvertebrate kick sampling protocol for wadeable rivers and streams in Ethiopia.
Environmental Monitoring and Assessment.

3�. Guareschi, S., & Wood, P. J. (2019). Taxonomic changes and non-native species: An overview of
constraints and new challenges for macroinvertebrate-based indices calculation in river ecosystems.
Science of The Total Environment, 660, 40–46.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.01.008

37. Hammer, J., & Linke, R. (2003). Assessments of the impacts of dams on the DuPage River.
Conservation Foundation, Naperville, Illinois.

3�. Harrison, J. d. G. (2009). Guides to the Freshwater Invertebrates of Southern Africa. Volume 10:
Coleoptera, R. Stals & IJ de Moor (Eds.): book review. African Entomology, 17(2), 235–237.

39. Hastings, R. P. (2014). Effects of Dams on Fish and Macroinvertebrate Communities in the Vermilion
River, IL (Publication Number 1264) https://thekeep.eiu.edu/theses/1264

40. Hauer, F. R., & Resh, V. H. (2017). Chapter 15 - Macroinvertebrates. In F. R. Hauer & G. A. Lamberti
(Eds.), Methods in Stream Ecology, Volume 1 (Third Edition) (https://doi.org/10.1016/B978-0-12-
416558-8.00015-9pp. 297–319). Academic Press. https://doi.org/https://doi.org/10.1016/B978-0-
12-416558-8.00015-9

41. Jowett, I. G., & Richardson, J. (1990). Microhabitat preferences of benthic invertebrates in a New
Zealand river and the development of in-stream �ow‐habitat models for Deleatidium spp. New
Zealand Journal of Marine and Freshwater Research, 24(1), 19–30.
https://doi.org/10.1080/00288330.1990.9516399

42. Jun, Y.-C., Won, D.-L. S., Kong, D.-S., & Hwang, S.-J. (2012). A Multimetric Benthic Macroinvertebrate
Index for the Assessment of Stream Biotic Integrity in Korea. Environmental Research and Public
Health, 9(10), 3599–3628. https://doi.org/10.3390/ijerph9103599

43. King, J., Tharme, R., & Brown, C. (1999). De�nition and Implementation of Instream Flows.



Page 20/26

44. Ko, N. T., Suter, P., Conallin, J., Rutten, M., & Bogaard, T. (2020). Aquatic Macroinvertebrate
Community Changes Downstream of the Hydropower Generating Dams in Myanmar-Potential
Negative Impacts From Increased Power Generation [Original Research]. Frontiers in Water, 2(57).
https://doi.org/10.3389/frwa.2020.573543

45. Krajenbrink, H. J., Acreman, M., Dunbar, M. J., Hannah, D. M., Laizé, C. L. R., & Wood, P. J. (2019).
Macroinvertebrate community responses to river impoundment at multiple spatial scales. Science of
The Total Environment, 650, 2648–2656.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2018.09.264

4�. Kuriqi, A., Pinheiro, A. N., Sordo-Ward, A., & Garrote, L. (2020). Water-energy-ecosystem nexus:
Balancing competing interests at a run-of-river hydropower plant coupling a hydrologic–ecohydraulic
approach. Energy Conversion and Management, 223, 113267.
https://doi.org/https://doi.org/10.1016/j.enconman.2020.113267

47. Lakew, A., & Moog, O. (2015). Benthic macroinvertebrates based new biotic score “ETHbios” for
assessing ecological conditions of highland streams and rivers in Ethiopia. Limnologica, 52, 11–19.
https://doi.org/https://doi.org/10.1016/j.limno.2015.02.002

4�. Lamberti, G. A., & Gregory, S. V. (2007). CPOM transport, retention, and measurement. In Methods in
stream ecology (pp. 273–289). Elsevier.

49. Lessard, J. L., & Hayes, D. B. (2003). Effects of elevated water temperature on �sh and
macroinvertebrate communities below small dams. River Research and Applications, 19(7), 721–
732. https://doi.org/https://doi.org/10.1002/rra.713

50. Liermann, C. R., Nilsson, C., Robertson, J., & Ng, R. Y. (2012). Implications of Dam Obstruction for
Global Freshwater Fish Diversity. BioScience, 62(6), 539–548.
https://doi.org/10.1525/bio.2012.62.6.5

51. Likasa, H. (2013). Remote sensing and regionalization for integrated water resources modeling in
upper and middle Awash river basin, Ethiopia University of Twente].

52. Macura, V., Stefunkova, Z., & Skrinar, A. (2016). Determination of the Effect of Water Depth and Flow
Velocity on the Quality of an In-Stream Habitat in Terms of Climate Change. Advances in
Meteorology, 2016, 4560378. https://doi.org/10.1155/2016/4560378

53. Mbaka, J. G., & Mwaniki, M. W. (2015). A global review of the downstream effects of small
impoundments on stream habitat conditions and macroinvertebrates. Environmental Reviews, 23(3),
257–262. https://doi.org/10.1139/er-2014-0080

54. Mersha, A. N., de Fraiture, C., Masih, I., & Alamirew, T. (2021). Dilemmas of integrated water resources
management implementation in the Awash River Basin, Ethiopia: irrigation development versus
environmental �ows. Water and Environment Journal, 35(1), 402–416.

55. Mohammed, Z. Ecological studies of benthic macro _ invertebrates from a sediment along gradient
in the Awash River, Ethiopia Addis Ababa University].

5�. Mor, J.-R., Ruhí, A., Tornés, E., Valcárcel, H., Muñoz, I., & Sabater, S. (2018). Dam regulation and
riverine food-web structure in a Mediterranean river. Science of The Total Environment, 625, 301–



Page 21/26

310. https://doi.org/https://doi.org/10.1016/j.scitotenv.2017.12.296

57. Morse, J. C., Bae, Y. J., Munkhjargal, G., Sangpradub, N., Tanida, K., Vshivkova, T. S., Wang, B., Yang,
L., & Yule, C. M. (2007). Freshwater biomonitoring with macroinvertebrates in East Asia. Frontiers in
Ecology and the Environment, 5(1), 33–42.

5�. Mwedzi, T., Siziba, N., Odume, O. N., Nyamazana, E., & Mabika, I. (2020). Responses of
macroinvertebrate community metrics to urban pollution in semi-arid catchments around the city of
Bulawayo, Zimbabwe. Water SA, 46(4), 583–592.

59. Ngoma, D. H., & Wang, Y. (2018). Hhaynu micro hydropower scheme: Mbulu–Tanzania comparative
river �ow velocity and discharge measurement methods. Flow Measurement and Instrumentation,
62, 135–142.

�0. Ormerod, S., & Tyler, S. (1993). Birds as indicators of changes in water quality. In Birds as Monitors of
Environmental change (pp. 179–216). Springer.

�1. Orr, C. H., Kroiss, S. J., Rogers, K. L., & Stanley, E. H. (2008). Downstream benthic responses to small
dam removal in a coldwater stream. River Research and Applications, 24(6), 804–822.
https://doi.org/ https://doi.org/10.1002/rra.1084

�2. Poff, N. L., & Zimmerman, J. K. (2010). Ecological responses to altered �ow regimes: a literature
review to inform the science and management of environmental �ows. Freshwater biology, 55(1),
194–205.

�3. Popoola, K., & Otalekor, A. (2011). Analysis of aquatic insects’ communities of Awba reservoir and its
physico-chemical properties.

�4. Principe, R. E. (2010). Ecological effects of small dams on benthic macroinvertebrate communities
of mountain streams (Córdoba, Argentina). Annales de Limnologie - International Journal of
Limnology, 46(2), 77–91. https://doi.org/10.1051/limn/2010010

�5. Queensland_Government. (2019). Environmental protection (water) policy (2019)-monitoring and
sampling manual physical and chemical assessment. Acceaased 2 January 2020. In

��. Quevedo, L., Ibáñez, C., Caiola, N., Cid, N., & Hampel, H. (2018). Impact of a reservoir system on
benthic macroinvertebrate and diatom communities of a large Mediterranean river (lower Ebro river,
Catalonia, Spain). Limnetica, 37(2), 209–228.

�7. Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J., Gell, P. A., Johnson, P. T., Kidd, K. A., MacCormack,
T. J., Olden, J. D., & Ormerod, S. J. (2019). Emerging threats and persistent conservation challenges
for freshwater biodiversity. Biological Reviews, 94(3), 849–873.

��. Reis, J., Culver, T. B., McCartney, M., Lautze, J., & Kibret, S. (2011). Water resources implications of
integrating malaria control into the operation of an Ethiopian dam. Water Resources Research, 47(9).

�9. Resh, V. H., Brown, A. V., Covich, A. P., Gurtz, M. E., Li, H. W., Minshall, G. W., Reice, S. R., Sheldon, A. L.,
Wallace, J. B., & Wissmar, R. C. (1988). The role of disturbance in stream ecology. Journal of the
North American benthological society, 7(4), 433–455.

70. Reys, A. (2016). Groundwater potential evaluation and use trends in Upper Awash basin: With special
emphasis to Koka-Becho area. In: Master of Science. Addis Ababa University, Addis Ababa



Page 22/26

71. Sabater, S., Bregoli, F., Acuña, V., Barceló, D., Elosegi, A., Ginebreda, A., Marcé, R., Muñoz, I., Sabater-
Liesa, L., & Ferreira, V. (2018). Effects of human-driven water stress on river ecosystems: a meta-
analysis. Scienti�c Reports, 8(1), 11462. https://doi.org/10.1038/s41598-018-29807-7

72. Schael, D. (2009). Guides to the Freshwater Invertebrates of Southern Africa. Volume 9: Diptera:
edited by JA Day, AD Harrison and IJ de Moor. In: Taylor & Francis

73. Schulz, C., & Adams, W. M. (2019). Debating dams: the World Commission on Dams 20 years on.
Wiley Interdisciplinary Reviews: Water, 6(5), e1396.
https://doi.org/https://doi.org/10.1002/wat2.1369

74. Sharma, C. M., Sharma, S., Borgstrom, R., & Bryceson, I. (2005). Impacts of a small dam on
macroinvertebrates: A case study in the Tinau River, Nepal. Aquatic Ecosystem Health &
Management, 8(3), 267–275.

75. Simpson, E. H. (1949). Measurement of Diversity. Nature, 163(4148), 688–688.
https://doi.org/10.1038/163688a0

7�. Su, P., Wang, X., Lin, Q., Peng, J., Song, J., Fu, J., Wang, S., Cheng, D., Bai, H., & Li, Q. (2019). Variability
in macroinvertebrate community structure and its response to ecological factors of the Weihe River
Basin, China. Ecological Engineering, 140, 105595.

77. Suwal, N., Kuriqi, A., Huang, X., Delgado, J., Młyński, D., & Walega, A. (2020). Environmental �ows
assessment in Nepal: the case of Kaligandaki River. Sustainability, 12(21), 8766.
https://doi.org/10.3390/su12218766

7�. Taddese, G., Sonder, K., & Peden, D. (2009). The water of the Awash River basin: a future challenge to
Ethiopia. ILRI, Addis Ababa.

79. Teodoru, C., & Wehrli, B. (2005). Retention of sediments and nutrients in the Iron Gate I Reservoir on
the Danube River. Biogeochemistry, 76(3), 539–565.

�0. ter Braak, C. J., & Smilauer, P. (2002). CANOCO Reference Manual and Canoco Draw for Windows,
User΄ s Guide. Software for Canonical Community Ordinacion, Version 4.5. Biometrics, 500.

�1. ter Braak, C. J., & Wiertz, J. (1994). On the statistical analysis of vegetation change: a wetland
affected by water extraction and soil acidi�cation. Journal of Vegetation Science, 5(3), 361–372.

�2. Ter Braak, C. J. F. (1987). The analysis of vegetation-environment relationships by canonical
correspondence analysis. Vegetatio, 69(1), 69–77. https://doi.org/10.1007/BF00038688

�3. Ter Braak, C. J. F., & Verdonschot, P. F. M. (1995). Canonical correspondence analysis and related
multivariate methods in aquatic ecology. Aquatic Sciences, 57(3), 255–289.
https://doi.org/10.1007/BF00877430

�4. Tesfaye, G., & Wolff, M. (2014). The state of inland �sheries in Ethiopia: a synopsis with updated
estimates of potential yield. Ecohydrology & Hydrobiology, 14(3), 200–219.

�5. Tharme, R. E. (2003). A global perspective on environmental �ow assessment: emerging trends in the
development and application of environmental �ow methodologies for rivers. River Research and
Applications, 19(5–6), 397–441. https://doi.org/https://doi.org/10.1002/rra.736



Page 23/26

��. Tiemann, J., Gillette, D., Wildhaber, M., & Edds, D. (2004). Effects of Lowhead Dams on Ri�e-Dwelling
Fishes and Macroinvertebrates in a Midwestern River. Transactions of The American Fisheries
Society - TRANS AMER FISH SOC, 133, 705–717. https://doi.org/10.1577/T03-058.1

�7. Tomsic, C. A., Granata, T. C., Murphy, R. P., & Livchak, C. J. (2007). Using a coupled eco-hydrodynamic
model to predict habitat for target species following dam removal. Ecological Engineering, 30(3),
215–230. https://doi.org/https://doi.org/10.1016/j.ecoleng.2006.11.006

��. Wang, J., Ding, C., Heino, J., Jiang, X., Tao, J., Ding, L., Su, W., Huang, M., & He, D. (2020). What
explains the variation in dam impacts on riverine macroinvertebrates? A global quantitative
synthesis. Environmental Research Letters, 15(12), 124028.

�9. Wang, J., Ding, L., Tao, J., Ding, C., & He, D. (2019). The effects of dams on macroinvertebrates:
global trends and insights. River Research and Applications, 35(6), 702–713.

90. Wang, X., Cai, Q., Jiang, W., & Qu, X. (2013). Assessing impacts of dam construction on benthic
macroinvertebrate communities in a mountain stream. Fresenius Environmental Bulletin, 22(1), 103–
110.

91. Washington, H. G. (1984). Diversity, biotic and similarity indices: A review with special relevance to
aquatic ecosystems. Water Research, 18(6), 653–694. https://doi.org/https://doi.org/10.1016/0043-
1354(84)90164-7

92. WCD. (2000). Dams and development: A new framework for decision-making: The report of the World
Commission on Dams (WCD) (1853837989).

93. Wiley, D. (2014). GNU Free Documentation License. An Open Education Reader,
https://www.cs.mcgill.ca/~rwest/wikispeedia/wpcd/wp/d/Dam.htm. Retrieved 11 March 2022.

94. Winton, R. S., Calamita, E., & Wehrli, B. (2019). Reviews and syntheses: Dams, water quality and
tropical reservoir strati�cation. Biogeosciences, 16(8), 1657–1671.

95. Xu, M., Wang, Z., Pan, B., & Yu, G. (2014). The assemblage characteristics of benthic
macroinvertebrates in the Yalutsangpo River, the highest major river in the world. Frontiers of earth
science, 8(3), 351–361. https://doi.org/10.1007/s11707-014-0414-2

Figures



Page 24/26

Figure 1

The locations of sampling sites, land-use types, and Koka hydropower dam in the Upper Awash River
Basin in the central part of Ethiopia, 2021 using GIS 10.5
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Figure 2

The MDS ordination plot with an overlay of clusters with 70% similarity of macroinvertebrate community
structure based on relative abundances along the Awash River in 2021 using PRIMER version 6
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Figure 3

The CCA triplots showing relationships between sites (Diamond), taxa (triangles), and environmental
variables (arrows) in the upstream, midstream, and downstream reaches of the Koka Hydropower dam in
2021 using CANOCO 4.5


