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Lake Hawassa is one of the most threatened Rift Valley 
lakes because of human pressure related to adverse 
watershed, land use, urban development and industrial 
expansion. For example, in the 1980s, there was no 
sign of pollution on the land adjacent to Lake Hawassa 
since there were few recreational activities and minimal 
urban development (Kibret 1985). Nowadays, recessional 
farming, deforestation, urbanisation, recreational activities 
and industrial expansion are among the stressors that 
have affected the lake’s water quality. The effect of these 
multiple stressors has resulted in a deterioration of the 
lake’s ecology. The effects have been physical (modified 
shoreline, less riparian vegetation cover, numerous 
manmade structures in and around the littoral zone), 
chemical (an increasing concentration of nutrients) 
(Wondmagegn 2019), metallurgical (a high bioaccumulation 
of trace metals) (Nigussie et al. 2010) and biological 
(a proliferation of pollution tolerant, macroinvertebrate 
assemblages) (Aklilu 2011).

Lakes of sub-Saharan Africa, including Lake Hawassa, 
are utilised for a variety of purposes that are uncommon 
in developed countries. Such purposes include waste 

disposal, laundry washing, cattle watering, and personal 
hygiene (Wondmagegn and Mengistou 2023) which 
according to Revenga et al. (2005) have caused a decline 
in overall ecological functioning and altered the species 
abundance and richness of biological communities (Strayer 
2006). Changes in benthic organisms in response to human 
pressures are effective tools for monitoring the biological 
integrity of East African waterbodies (Masese et al. 2013). 
Besides, Odountan et al. (2019) recently advocated that 
benthic indices and metrics be used for biomonitoring lakes 
in West Africa and developing countries. Therefore, best 
management practice to ensure the sustainable function of 
the lake ecosystem should include the biological monitoring 
of aquatic organisms to evaluate changes in chemical and 
physical components of the aquatic environment. Such 
action will not only enhance the evaluation of deterioration, 
but also its remediation (Masese et al. 2013; Stribling and 
Dressing 2015a; Stribling and Dressing 2015b).

In earlier times, indicator organisms (metrics) were used 
for biomonitoring practice based on their response to human 
perturbation in their community structure. Later, ecologists 
developed a single biotic index to get a better description 
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Multimetric assessment is one of the important tools for diagnosing, detecting and measuring impairment in 
ecosystem function in lentic ecosystems. It enhances detection capabilities across a broader variety of stressors 
and offers a more complete picture of ecological conditions than single metrics or biological indicators. In this 
context, a diatom-based multimetric index (MMI-D) has been developed to evaluate the ecological health of 
Lake Hawassa. Physicochemical and benthic diatom sampling was conducted at nine sites along the lakeshore, 
representing varying levels of human disturbance, from February to November in2015 and 2016. The sampling sites 
were classified a priori into three categories: minimally disturbed (three sites), moderately disturbed (three sites) and 
highly disturbed (three sites). This classification, was based on a clustering analysis using the percent disturbance 
score (PDS). Of the 24-diatom candidate metrics, only ten were chosen as core metrics for the development of 
MMI-D, based on redundancy analysis, reaction to environmental conditions, percent discriminatory efficiency (%DE) 
and box plots. The newly established MMI-D clearly distinguished between reference and non-reference sites, and 
between the lake’s three clusters. The MMI-D’s performance was validated using independent data sets from lakes 
Hawassa and Ziway and it demonstrated the best capability for discrimination between different disturbance levels. 
MMI-D 2-stage Least Squares (2SLS) regression analysis revealed an inverse but robust connection with the PDS, 
indicating its responsiveness to Lake Hawassa habitat quality degradation (n = 9, R2 = 0.921, p < 0.001). The MMI-D 
revealed a high %DE (95.1%) and a negative but significant connection with nutrients, total suspended solids (TSS), 
and turbidity (R2 > 0.6; p < 0.05). Generally, it can be concluded that this index is a powerful tool that could assist 
endusers by providing a practical method for measuring the ecological quality of Lake Hawassa.
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of the human disturbance to aquatic ecology than the 
indicator organisms (Barbour et al. 1996). In recent years, 
a single biotic index is being replaced by a multimetric biotic 
index since a single biotic index can respond to limited 
stressors which may affect the accuracy of the assessment 
(Wang et al. 2015). Therefore, the multimetric approach 
is a more robust water quality assessor of ecosystem 
integrity and is able to respond to various stressors at once 
(Schoolmaster et al. 2012; Wang et al. 2015). This method 
uses an aggregation of individual community metrics that 
comprise benthic biological elements for the development 
of a single composite multimetric index (De la Rey et 
al. 2004). Its use is recommended for monitoring lakes 
like that of Lake Hawassa which is exposed to multiple 
stressors (Wondmagegn and Mengistou 2020). A composite 
multimetric index can potentially reflect multiple effects of 
human impact on the structure and function of an aquatic 
ecosystem (Barbour et al. 1999; Menetrey et al. 2011). 
It compares the biological metrics of minimally disturbed 
to highly disturbed sites in the water body (Stoddard et al. 
2006; Whittier et al. 2007).

The application of the diatom-based multimetric index 
in lake biomonitoring is quite recent and only a few 
studies have been conducted in tropical regions (Phiri 
et al. 2007; Wang et al. 2015; Chen et al. 2017) but not 
Ethiopian lakes such as Lake Hawassa. Since the water 
quality of Lake Hawassa has been affected by several 
stressors, a multimetric approach is highly recommended 
(Wondmagegn et al. 2019) for obtaining accurate results 
from the response of diatoms to the potential stressors of 
the littoral regions of the lake. Therefore, the objective of 
this study was to develop a diatom-based multimetric index 
(MMI-D) of the biotic integrity of Lake Hawassa, and to 
validate its capability of discriminating between reference 
and non-reference sites in the lake.

Materials and Methods

Description of the study area
Lake Hawassa lies 275 km south of Addis Ababa in 
the main Ethiopian rift (MER), at a surface elevation of 
1686 m asl (6°33′–7°33′ N and 38°22′–38°29′ E; Figure 1) 
(Welcomme 1972). While the lake has no visible outlet, a 
UN Geothermal Survey has indicated the possibility of 
groundwater flowing away from the lake on its southwestern 
and northern sides, which may account for significant water 
loss. This outflow could help explain the relatively low 
alkalinity of Hawassa compared to the more saline Lake 
Shala and Lake Abiyata, both of which are also endorheic 
lakes (Makin et al. 1975).

Tikur Wuha, the only perennial river feeding the lake, 
drains the vast swamps of the Wendo Genet area, which 
drains the highlands on the east. The surface area of the 
lake is about 92 km² (Makin et al. 1975), 16 km long, up to 
8 km wide, and has an estimated volume of 1.3 billion m³. 
The maximum and mean depth of the lake is about 22 m 
and 11 m, respectively.

Lake Hawassa is ecologically very important and is 
home to eight species of fish (Dadebo 2000; Tekle-Giorgis 
et al. 2017), pelicans, storks, herons, hammerkops, sea 
eagles and kingfishers. There is a small-scale fish market 

on the shore at Amora Gedel. The lake also supports 
large mammals including hippopotamuses (Wondmagegn 
et al. 2019).

Sampling site selection
The sampling sites were selected according to their exposure 
to anthropogenic activities. Habitat quality was determined by 
percent disturbance score (Table 1 and Figure 1). So, KW1, 
KW2 and WSH were categorised as reference groups. The 
remaining sites were classified as non-reference groups 
and included: MK, TW1, TW2 as moderately disturbed 
sites and WR, RH1 and AG1 as highly disturbed sites 
(Table 1) according to Wondmagegn et al. (2019). All the 

AFRICA

Ethiopia

See enlarged area

TW1

TW2

WSH

MK

AG1
RH1

WR

KW1
KW2

0 3 6 km

7°7′30″ N

7°3′ N

6°58′30″ N
38°28′30″ E38°24′ E

To Shashemene

Awassa

Lake Hawassa

A8
A8

SOUTHERN NATIONS

OROMIA

Southern
Nations

Oromia

Regional State boundary

Tikur Wuha

Sampling site

Figure 1: Map showing the location of Lake Hawassa and the 
sampling sites included in this study (adapted from Wondmagegn 
et al. 2019). Note: AG1 refers to Amora Gedel-1; MK is Mekilt; RH1 
denotes referral Hospital; KW1 and KW2 are Kuyu Wata-1 and, 
Kuyu Wata-2, respectively; TW1and TW2 indicate Tikur Wuha-1 
and Tikur Wuha-2; WR stands for Worancha; and WSH represents 
Wabie Shebelle Hotel
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physicochemical and biological sampling was conducted on 
these categorised sites with three replications.

Sampling of environmental parameters
A combined portable HQ40D multimeter was used to 
measure in situ physicochemical parameters, including 
temperature (T), pH, conductivity (EC) and dissolved 
oxygen (DO). The turbidity was measured with an OAKTON 
turbidimeter (T-100). Moreover, the concentrations of nitrite 
(NO2

–), nitrate (NO3
–), ammonium (NH4

+), soluble reactive 
phosphate (SRP) and total phosphorus (TP) were analysed 
spectrophotometrically at the Limnological Laboratory 
of Addis Ababa University. Nitrate concentrations were 
measured using the sodium salicylate method (Robarge 
et al. 1983), while ammonium levels were assessed with 
indophenol blue method (APHA 1995). Soluble reactive 
phosphate (SRP) was determined using the ascorbic acid 
method (APHA 1999). Nitrite concentrations were measured 
through the reaction of sulfanilamide with N-naphthyl-
(1)-ethylenediamine dihydrochloride (APHA 1995). Total 
phosphorus (TP) and silica (SiO2) were quantified using 
the persulfate digestion method and the molybdosilicate 
method, respectively (APHA 1999).

Chlorophyll a concentration was estimated using 
the method of Talling and Driver (1963). At each site, 
200–500 ml of lake water was filtered through Whatman 
GF/F filters. The filters were then folded in aluminium foil, 
labelled and transported to the laboratory in an icebox, 
ensuring they were stored for no longer than one day. 
Pigments were extracted from the algal material by grinding 
and suspending it in 90% acetone. After centrifugation, 
the extract was carefully decanted into a 5 ml cuvette for 
spectrophotometric analysis of Chlorophyll a absorbance at 
wavelengths of 665 nm and 750 nm. Total suspended solids 
(TSS) samples were filtered using Whatman GF/F filters and 
analysed according to the methodology outlined by Wetzel 
and Likens (2000).

Sampling of benthic diatoms
Diatoms were scraped from cobbles and macrophytes in the 
littoral areas of Lake Hawassa at a maximum depth of 1 m. 
Sampling was conducted by taking cobbles (five stones with 
upper surface areas of cobble ~25 cm2) and macrophytes 
(five random stems of macrophytes with 5 cm length) from 
the lake shore (King et al. 2005; Martin and Fernandez 
2012). Approximately 50 ml of lake water was poured into a 
tray. The biofilm from the upper surfaces of each cobble and 
the macrophyte was removed by vigorously scrubbing with 
a toothbrush, which was regularly rinsed with lake water. 
Afterwards, the suspension was poured into a labelled 150 
ml plastic bottle. Before pouring, the suspension was swirled 
in the tray to re-suspend any settled particles. Finally, the 
diatom samples were preserved using 70% ethanol. A 
5–10 ml aliquot of each sample was taken from the bottle 
and homogenised by shaking. Diatom samples were treated 
with concentrated sulfuric acid and potassium dichromate 
following the protocol of Patrick and Reimer (1966). A drop 
of cleaned diatom samples was placed onto a microscopic 
slide and dried on a hot plate. A permanent slide was 
prepared by adding Naphrax® (refractive index of 1.73) to 
the coverslip, which was then positioned over the dried slide. Ta
bl
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Diatom frustules were examined using a Carl Zeiss 
Axioskop light microscope at 1 000× magnification, 
employing an oil immersion objective and bright-field 
illumination with a green filter to enhance contrast. This 
work was conducted in the laboratory of the Environmental 
Centre at Lancaster University, UK. Identification of diatom 
species was conducted using standard identification keys 
and publications, including those by Van Meel (1954); 
Gasse (1986); Krammer and Lange-Bertalot (1986; 1988; 
1991a and 1991b); Kelly (2000); Taylor et al. (2007a; 
2007b); (Taylor and Cocquyt 2016). For each slide, 500 
valves were counted and the relative abundance of each 
species was calculated as a percentage. 

Diatom indices/metric calculation
The analysis of diatom indices and metrics listed in 
Table 2 (Lecointe et al. 1993) was conducted using 
OMNIDIA software version 6.1. Four reference-based 
metrics (RATD, RRTD, PRATD and PRRTD) were also 
calculated. The development of the MMI-D was based 
on three a priori clusters of sites: C1 included minimally 
disturbed sites (KW1, KW2 and WSH), C2 consisted of 
moderately disturbed sites (MK, TW1 and TW2) and C3 were 
highly disturbed sites (WR, RH1 and AG1).

Selection and removal of redundant metrics
A total of 24 diatom candidate metrics (17 of them published 
in Wondmagegn et al. 2019; Table 2) represented various 
aspects of the diatom communities related to family 
richness, taxonomic composition, tolerance measures, 
biotic indices and other metrics were compiled (Kelly and 
Whitton 1995; Rott et al. 1999; Lecointe et al. 2003). The 
listed candidate metrics and indices were used to select the 

core metrics for developing the MMI-D of biotic integrity for 
Lake Hawassa. The procedure for selecting the potential 
metrics was performed according to Barbour et al. (1999), 
with some modification. The selection was done based on 
the metrics’ response to physicochemical parameters, their 
interrelationships and their effectiveness in characterising 
both reference and non-reference sites. Metrics which 
significantly correlated with physicochemical variables were 
selected for the subsequent analysis. Redundancy analysis 
was employed to identify pairs of metrics with a significant 
correlation (i.e., correlation coefficient ≥ 0.7) (Ofenböck 
et al. 2004; Hering et al. 2006). From the redundant metrics, 
the one most strongly correlated with the physicochemical 
variables was considered for further analysis, while the 
others were rejected. The percentage of discriminatory 
efficiency (%DE) for each metric was calculated to identify 
the most suitable ones, with a focus on those achieving a % 
DE of 50% or higher, as noted by Wondmagegn et al. (2019) 
and Wondmagegn and Mengistou (2023).In addition, the 
inclusion percentage of diatom species in index calculations 
was considered an important criterion for selecting diatom 
indices, with any indices showing less than 50% inclusion 
being excluded from further analysis (Wondmagegn 
et al. 2019). To visualise the distribution of each metric 
between reference and non-reference sites, box and whisker 
plots were used. The sensitivity of the metrics was assessed 
based on the degree of interquartile overlap, according to 
the methodology outlined by Barbour et al. (1996).

Scoring of metrics
Using the discrete type of scoring system, calculated metric 
values were converted (normalised) to metric scores of 5, 3 
or 1 depending on their proximity to the optimal values used 

Table 2: List of candidate indices/metrics of macroinvertebrate and diatoms tested in this study

Metric *Response
CEE Commission for Economical Community metrics (Descy and Coste, 1991) Decrease 
DES Descy’s pollution metric (Descy, 1979) Decrease
EPID pollution metric based on diatoms (Dell’Uomo, 2004) Decrease
IBD biological diatom index (Monnier et al. 2009) Decrease
IDG generic diatom index (Coste and Ayphassorho 1991) Decrease
IDAP indice diatomique Artois Pircardie (Prygiel et al., 1996) Decrease
IPS specific pollution sensitivity index (CEMAGREF 1982) Decrease
ROTT trophic metric (Rott et al. 1999) Decrease
SHE Steinberg & Schiefele trophic metric (Steinberg and Schiefele 1988) Decrease
PSI indice saprobique (Rott et al. 1999) Decrease
TID indicetrophique (Rott et al. 1999) Decrease
SLA Sládeček’s pollution index (Sládeček 1986) Decrease
LOBO Lobo and Bresil (Lobo et al. 2004) Decrease
PDI Pampean diatom index (Gómez and Licursi 2001) Decrease
WAT Watanabe pollution metric (Lecointe et al. 2003) Decrease
DI-CH Swiss diatom index (Lecointe et al. 2003) Decrease
TDI Trophic diatom index (Kelly and Whitton 1995) Increase 
LDTI 2 Phytobenthos – diatoms for assessing river and lake ecological quality (WFD-UKTAG 2014) Decrease
T.PI New trophic index (Pfister et al. 2016)
TDIL trophic diatom index for lakes (Stenger-Kovács et al. 2007) Decrease
RATD Reference abundance taxa of diatoms (present study) Decrease
RRTD Richness of reference taxa of diatoms (present study) Decrease
PRATD Percent reference abundance taxa of diatoms (present study) Decrease
PRRTD Percent richness of reference taxa of diatoms (present study) Decrease
Notes: (*Expected response with increasing disturbance)
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by Wondmagegn and Mengistou (2023). Metrics whose 
values decreased with the increase of disturbance (positive 
metric) 5, 3 and 1 scoring was used, and the reverse scoring 
for negative metrics. For instance, positive metric values 
above the 75th percentile were scored as five. Metric values 
between and including the 75th and 25th percentiles were 
scored as 3, and all metric values below the 25th percentile 
were scored as 1 (Barbour et al. 1996; Wang et al. 2005).

Development of multimetric index of biotic integrity for 
Lake Hawassa
The scored values of each potential metric value were 
combined into one index, the MMI-D, by summing up the 
score of each individual metric. The possible maximum and 
minimum MMI-D values were calculated (maximum value 
= total number of selected metrics multiplied by 5, and 
minimum value = total number of selected metrics multiplied 
by 1) and divided into quartile ranges to have four quality 
classes. Thus, the highest score indicated very good quality 
and the lowest score, poor quality. Box and whisker plots 
were also used to visualise MMI-D’s distribution between 
the reference and non-reference sites. The plots also tested 
the MMI-D’s potential to discriminate between the minimally 
disturbed sites and the moderately and highly disturbed 
sites of Lake Hawassa.

Ecological quality ratio (EQR)
The ecological quality ratio (EQR) was employed to 
classify the ecological status of each sampling station 
(Wondmagegn and Mengistou 2023). The EQR was 
calculated by dividing MMI-D values of each site by the 
median MMI-D values of reference sites, resulting in a 
numerical value typically ranging from zero to one. To 
categorise the ecological status, the 90th percentile of the 
EQR values from the reference sites was used, leading to 
five ecological classes. Generally, an EQR value close 
to one indicates a high ecological status, while a value 
approaching zero is considered to have a poor ecological 
status (EQR 2007; Delgado et al. 2010).

Validation of the MMI-D
The validation of the MMI-D was conducted using 
independent data sets which were not incorporated in 
the MMI-D development for Lake Hawassa. One of the 
independent data sets was taken from the reference and 
non-reference sites of Lake Hawassa. Moreover, it was 
validated using the independent data set from Lake Ziway 
with box and whisker plot of Sigma Software version 10.0. 
The independent data set of Lake Ziway was obtained from 
unpublished data of Abnet Woldesenbet. Two-stage Least 
Squares (TSLS) regression analysis was also employed 
to test the relationship between the MMI-D and percent 
disturbance score in the SPSS package version 20. Principal 
component analysis (PCA) was also used to visualise the 
capability of MMI-D’s distribution between the reference and 
non-reference sites of Lake Hawassa.

Data analysis
OMNIDIA software version 6.1 was employed to calculate 
the diatom indices/metric. Spearman rank correlation 
was used to check relationships of candidate metrics with 

themselves and with environmental parameters, to select the 
core metrics. Two-stage least squares (TSLS) regression 
analysis was also employed to test relationship between 
the MMI-D and percent disturbance score. The above 
analyses were done with Statistical Package for Social 
Science Students (SPSS Inc., software version 20.0). Box 
and whisker plot and PCA were the techniques employed 
to show the discriminatory potential of the MMI-D across the 
reference and test sites of Lake Hawassa using Sigma-plot 
version 15.0 and PAST 3.15 software programmes, 
respectively. The validation of the potential of the MMI-D 
with an independent data set of Lake Ziway was checked 
with box and whisker figures using Sigma-plot version 10.0.

Results

Metric selection
Metric selection was based on percent inclusion of the 
diatom species in the index calculation (the greater the 
number of species included in the index calculation, the 
more efficient the index is to explain the ecology). In addition, 
their discrimination efficiency, correlation, and response 
to environmental parameters were checked (Tables 2 and 
3). As a result, the indices IDAP, P.SI, WAT, DES, LOBO, 
PDI, and P.TI indices were excluded from selection due 
to their inclusion of less than 50% of diatom species in the 
index calculations using OMNIDIA software. Moreover, 
these indices did not exhibit a significant correlation with 
ecologically important physicochemical variables such as 
total phosphorus (TP), soluble reactive phosphorus (SRP) 
and nitrate (Table 3). Furthermore, IBD, IPS, and CEE 
were also excluded from the metrics selection due to their 
high correlation with SHE, IDG and TDI. Therefore, indices 
with greater than 50% discrimination efficiency, at least 
50% species inclusion, minimal redundancy and significant 
correlations with most of the physicochemical variables 
(EPID, SHE, SLA, IDG, TDI, ROTT, TDIL and LDTI2) were 
included in the metrics selection (Table 3). Among the four 
reference taxa-based metrics, we selected RATD and 
PRATD due to their high discriminatory efficiency for the 
development of the MMI-D (Tables 2 and 3). These metrics 
did not exhibit a complete overlap in their interquartile 
ranges, demonstrating their potential to effectively 
characterise both reference sites and non-reference sites as 
illustrated in Figure 2. 

Development of a multimetric index of Lake Hawassa
From the list of 24 diatom candidate metrics, ten diatom 
metrics were selected, based on their response to the 
different level of disturbances, their discriminatory power 
between the reference and test sites and their correlation 
with physicochemical parameters. The selected metrics 
were used for the development of a MMI-D for Lake 
Hawassa (Table 4). The total score for each site was 
summed to calculate the MMI-D value, which ranges from 
a minimum of 10 to a maximum of 50 (Table 5). These 
MMI-D values were then divided into quartiles: 41–50 was 
classified as “very good”, 31–40 as “good”, 21–30 as “fair” 
and 10–20 as “poor quality”.

Therefore, the current study showed that the MMI-D 
had the potential to discriminate clearly between the 
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reference and the non-reference sites and between the 
three-disturbance levels (minimal, moderate and high 
disturbance level) of the clustered sampling stations of the 
lake (Figure 3). It classified the minimally disturbed sites 
(C1) as “very good” to “good” categories (KW1, KW2 and 
WSH), the moderately disturbed sites (C2) as fair (MK, 
TW1 and TW2) and the highly disturbed sites (C3) as “poor” 
categories (Table 6).

The discriminatory capacity of the MMI-D was evaluated 
using box and whisker plots to compare reference and 
non-reference sites, based on the previous classification of 
sampling stations in Lake Hawassa. Therefore, the MMI-D 
effectively distinguished between reference sites and 
non-reference (test) sites (Figure 3a). It also demonstrated 
a clear separation among the three clusters: C1 (minimally 
disturbed), C2 (moderately disturbed) and C3 (highly 
disturbed sites) in the lake (Figure 3b).

Ecological quality ratio (EQR)
The EQR ratio was calculated at a range between one and 
zero. Values greater than one were considered as one. The 
90th percentile of the reference site of the EQR values was 
one. The sampling site’s ecological status was classified 
based on the range of the EQR values (Table 7).

The EQR effectively distinguished between reference 
and non-reference sites. The minimally disturbed sites 
(C1) were classified into high quality and good quality 
or reference conditions (KW1, KW2, and WSH). The 

moderately disturbed sites were categorised as moderate 
quality, while the highly disturbed sites were identified as 
poor-quality sites (Table 8).The box and whisker plots 
demonstrated that the EQR effectively distinguished 
between reference and non-reference sites andthe three 
clustered sites (C1, C2 and C3; Figure 4).

Validation of the multimetric index
The effectiveness of the MMI-D in distinguishing between 
reference and non-reference sites, as well as in classifying 
sampling stations based on disturbance levels (minimal, 
moderate and high) was evaluated by using box and whisker 
plots in the previous section. Furthermore, to ensure the 
suitability and robustness of the newly developed MMI-D, 
it underwent a validation process. This validation was 
conducted using independent data sets that were not 
involved in the index’s development. The performance of the 
MMI-D was specifically tested with new data sets from Lake 
Hawassa and Lake Ziway. Three sites from Lake Hawassa 
were subjected to validation using the MMI-D. The results 
classified one site as “very good” with an MMI-D value of 
34, while the other two sites were categorised as “fair”, both 
with MMI-D values of 28 These findings coincided with the 
previous classification of these sites. The developed MMI-D 
also discriminated between reference and test sites in Lake 
Ziway as shown in Figure 5. It showed strong potential for 
characterising the lake’s clustered sites. Specifically, all 
three reference sites (C1) were classified as very good 

Table 3: Spearman correlation between diatom indices/metrics and selected physicochemical variables, along with discrimination efficiency 
percentage (%DE) and average percent inclusion (%AI) of diatom species used in the calculation of these indices and metrics in the 
OMNIDIA software

Metric T EC TP SRP NO3 Chl a TUR %DE %AI
CEE -0.483 -0.677* 0.250 0.528* 0.610* -0.367 -0.383* 59.1 64.48
IBD -0.527* -0.142 -0.477 -0.412* -0.366 -0.218 -0.335 13.4 77.11
IPS -0.833** -0.233 -0.467 -0.234 -0.402* -0.483 -0.533 59.1 94.92
IDG -0.851** -0.678* -0.802** 0.692* 0.675* -0.705* -0.877** 89.4 100
DES -0.681* -0.192 0.059 -0.214 0.210 -0.126 -0.426* 40.5 37.5
P.SI -0.595 -0.132 -0.108 -0.155 -0.17 -0.158 -0.466** 12.3 47.53
SLA -0.777** -0.201 0.726* -0.655* 0.722* -0.635* -0.835** 80.1 52.91
IDAP -0.287 -0.675* -0.236 0.093 0.292 -0.354 -0.673* 28.1 19.23
EPID -0.800** -0.671* -0.833** 0.679* 0.390 -0.667* -0.833** 60.1 64.28
LOBO 0.563* 0.101 -0.092 0.11 -0.085 0.395 0.521* 23.3 32.6
DICH -0.717* -0.433 -0.183 -0.134 0.186 -0.650 -0.800** 11.1 54.56
ROTT -0.686* -0. 861** -0.442 -0.671* -0. 879** 0.803** -0.703* 83.3 52.48
WAT -0.083 0. 627* 0.133 0.059 0.237 -0.35* -0.383** 47.2 37.43
TDI -0.674* -0.667* 0. 837** 0. 962** 0.659* -0.683* -0.693* 71.1 79.8
PDI -0.686* -0.485 0.025 0.118 0.281 -0.268 -0.351 87.7 43.38
SHE -0.752* 0.109 -0.694* 0.726* 0.802** -0.435 -0.602* 67.2 59.91
P.TI -0.644 -0.685* 0.059 -0.203 0.377 0.08 -0.619 83.3 49.04
TDIL -0.633* -0.767** -0. 670* 0.759* 0.825** -0.683* -0.667** 63.9 51.47
TDI4 -0.672* -0.185 0.084 -0.181 0.111 -0.269 -0.437* 17.1 52.48
LDTI2 -0.679* -0.673* -0.705* -0.826** -0. 675* -0.694* -0. 956** 81.6 59.1
RATD -0.150 -0.832** -0.677* -0.851** 0.620* -0.741* -0. 853** 77.4 NA
RRTD 0. 755* 0.155 -0.627* -0.424* -0.414 -0.377 -0.309 47.7 NA
PRATD -0.150 -0.832** -0.677* -0.851** 0.620* -0.741* -0. 853** 77.4 NA
PRRTD -0. 706* 0.417 -0.333 -0.335 -0.220 -0.400 -0.680* 23.3 NA
*& ** Correlation is significant at the 0.05 & 0.01 level, respectively (2-tailed)
Abbreviations: T = temperature, EC =water conductivity, TP = total phosphorus, SRP = soluble reactive phosphate, Chl a = chlorophyll a and
Tur = turbidity
Note: NA indicates not applicable; additional abbreviations can be found in Table 2
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quality, while the three moderately disturbed sites (C2) were 
rated as fair. The highly disturbed sites (C3) fell into the poor 
category. The PCA accounted for 96.85% of the variation 
between reference site and non-reference sites in Lake 
Hawassa, highlighting the significance of both the first and 
second axes (Figure 6). This confirms the effectiveness of 
the MMI-D in differentiating between these site types. The 
TSLS regression analysis of the MMI-D showed a strong 

inverse relationship with the percent disturbance score 
which demonstrates that the MMI-D is highly responsive 
to habitat quality degradation in Lake Hawassa (n = 9, 
R2 = 0.921, p = 0.000; Figure 7). The MMI-D also showed 
significant positive correlation with DO and significant 
negative correlations with temperature, nutrient levels, TSS 
and turbidity. The index also demonstrated a high percent 
discriminatory efficiency (%DE = 95.1; Table 9).
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Figure 2: Boxplots illustrating the distribution of selected indices across the clustered sites of Lake Hawassa. The line in each box indicates 
the median, while the boxes represent the interquartile range (25th to 75th percentiles). The range bars show the maximum and minimum 
values. Note that except for RATD and PRATD, all values were standardised with a quality level of 20 (for abbreviations, refer to Table 2)
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Table 4: Distribution of selected metric values across clustered sites in Lake Hawassa

Metrics 
C1 C2 C3

KW1 KW2 WSH MK TW1 TW2 WR RH1 AG1
IDG 15.1 15.1 13.1 12.1 12.5 12.6 9.5 9 8.4
SLA 14.5 14.3 14.25 13.6 12.7 12.5 12.45 12.4 12.6
EPID 13.3 13.1 10.6 12.2 12.9 13.15 11.4 11.5 9.6
ROTT 7.7 8.6 5.55 6 6.6 7.6 5.35 5.5 4.4
TDIL 8.8 9.4 5.7 5.9 8.9 10.2 5.4 5.35 3.9
TDI 12.2 13 9.5 8.1 8.6 8.2 5.2 5.3 3.2
LDTI 2 10.7 10.8 8.8 8.8 9.3 9 8 7.6 6.7
SHE 14.5 15 12.6 12.1 12.4 12.1 9.5 9.2 8.4
RATD 328.0 390 358 241 53 127 167 148 70
PRATD 65.6 78 71.6 48.2 10.6 25.4 33.4 29.6 14
Note: except for RATD and PRATD, all values of diatom metrics used were standardised with quality 20)

Table 5: Frequency distribution statistics for final metrics and scoring criteria

Metric
Frequency distribution Score

25th Percentile 75th Percentile 5 3 1
IDG 9.25 14.10 >14.10 9.25–14.10 <9.25
SLA 12.55 14.15 >14.15 12.55 ̶14.15 <12.55
EPID 11.00 13.20 >13.20 11.00 ̶13.20 <11.00
ROTT 5.45 7.65 >7.65 5.45 ̶7.65 <5.45
TDIL 5.45 9.15 >9.15 5.45 ̶9.15 <5.45
TDI 5.25 10.85 <5.25 5.25 ̶10.85 >10.85
LDTI2 8.10 10.00 >10.00 8.10 ̶10.00 <8.10
SHE 9.60 13.55 >13.55 9.60 ̶13.55 <9.60
RATD 98.50 343.00 >343.00 98.50 ̶̶343.00 <53.00
PRATD 19.70 68.60 >68.60 19.70 ̶68.60 <19.70

Table 6: The MMI-D and its ecological interpretation

Clustered sites Sites
Ecological interpretation of the MMI-D

MMI-D WQC Ecological status
C1 Minimally disturbed reference KW1 44 I Very good

KW2 48 I Very good
WSH 34 II Good

C2 Moderately disturbed MK 30 III Fair 
TW1 26 III Fair
TW2 30 III Fair

C3 Highly disturbed WR 18 III Poor 
RH1 20 IV Poor
AG1 12 IV Poor

Abbreviations: WQC= water quality class; C1, C2 and C3= Cluster 1, Cluster 2 and Cluster 3, respectively

Table 7: The classification of the ecological status of Lake Hawassa based on Ecological Quality Ratio (EQR) 
values

No. Values of ecological quality ratio (EQR) Ecological status

1 ≥1 High quality (reference site) (I)
2 1 < EQR ≥ 0.75 Good quality (II)
3 0.75 < EQR ≥ 0.5 Moderate quality (III)
4 0.5 < EQR ≥ 0.25 Poor (IV)
5 0.25 < EQR ≥ 0 Bad (V)
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Figure 3: Boxplots of the multimetric index (MMI-D) across different clustered sites. (a) compares reference and non-reference sites, (b) 
highlights three clusters: C1(minimally disturbed sites), C2 (moderately disturbed sites) and C3 (highly disturbed sites). The line in each 
box indicates the median, the boxes represent the interquartile range (25th to 75th percentiles) and the range bars show maximum and 
minimum values

Table 8: The Ecological Quality Ratio (EQR) and its interpretations

Clustered sites Sites
Ecological interpretation of the EQR

EQR WQC Ecological Status
C1 Minimally disturbed reference KW1 1 I High quality

KW2 1.09 I High quality
WSH 0.77 II Good quality

C2 Moderately disturbed MK 0.68 III Moderate quality
TW1 0.59 III Moderate quality
TW2 0.68 III Moderate quality

C3 Highly disturbed WR 0.41 IV Poor quality
RH1 0.45 IV Poor quality
AG1 0.27 IV Poor quality

Abbreviations: WQC= water quality class; C1, C2, C3= Cluster 1, Cluster 2 and Cluster 3, respectively.
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Figure 4: Box plots of the EQR across clustered sites. The central line in each box represents the median, while the boxes represent the 
interquartile ranges (25th to 75th percentiles). The range bars show the maximum and minimum values. The clusters are categorised as 
follows: C1= minimally disturbed sites; C2= moderately disturbed sites and C3 = highly disturbed sites
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Figure 7: Two-stage least squares (TSLS) regression analysis of 
MMI-D values in relation to the PDS, based on a sample size of 
nine. The model shows a high explanatory power (R² = 0.921) and 
a statistically significant relationship (p < 0.001)

Table 9. Spearman correlation between the MMI-D and selected physicochemical variables

T DO TP SRP Nitrate TSS Tur %DE
MMI-D -0.610* 0.667* -0.851** -0.651* -0. 675* -0.680* -0.777** 95.1
Note: Refer to Table 3 for abbreviations.

Discussion

Lake Hawassa’s ecological health has been severely 
impacted by various stressors which come from different 
sources–primarily non-point sources. The development of 
a multimetric index is essential for assessing the ecological 
status of different sampling stations affected by human 
induced disturbances and to quantify the ecological integrity 
of Lake Hawassa, enabling better management and 
conservation efforts.

The MMI-D for Lake Hawassa showed a clear 
demarcation between reference and non-reference/test 
sites shown in Table 6 and Figure 3. It also placed the 

minimally disturbed sites (C1) in the very good to good 
categories (KW1, KW2 and WSH), while moderately 
disturbed sites (MK, TW1 and TW2) were rated as fair and 
highly disturbed sites (WR, RH1 and AG1) as poor quality 
(Table 6). The MMI-D, therefore, effectively discriminated 
among the three clusters of sampling stations of the lake 
as previously classified. In addition, the EQR provided 
insight into the ecological condition of the sampling 
sites (Table 8). The EQR is an ecological expression of 
the MMI-D as noted by Lepistö et al. (2004); Wells et al. 
(2007) and Gabriels et al. (2010). Generally, the MMI-D 
and EQR showed robust results that clearly distinguish 
the ecological quality levels of sampling stations as very 
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Figure 5: Validation of the MMI-D using box and whiskers plots for clustered sites: (a) reference and non-reference sites, and (b) Cl, C2 
and C3 in Lake Ziway. In these plots, the line in each box represents the median, the boxes indicate the interquartile range (25th to 75th 
percentiles) and the whiskers depict the maximum and minimum values
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good, fair, or poor. Therefore, it is crucial to conserve 
the very good quality sites, while also focusing on the 
rehabilitation of those classified as fair or poor. The 
suitability and robustness of the newly developed MMI-D 
requires validation to effectively assess lake conditions 
and recommend future applications, restoration and 
conservation methods and to identify research gaps 
(Jun et al. 2012). The use of independent data sets to 
validate MMI-D is a valuable approach as it demonstrates 
the multimetric index’s expected performance across 
various sampling sites and offers good insight for broader 
application in other lakes in the ecoregion (Lunde and 
Resh 2012; Villamarín et al. 2013). The potential use of 
MMI-D was confirmed by the discrimination efficiency of the 
independent data set taken from Lake Hawassa and Lake 
Ziway, which coincided with previous classification of these 
sites. Consequently, the validation of MMI-D showed its 
potential for biomonitoring both Lake Hawassa and other 
lakes in the East African Rift system (Thieme et al. 2005).

The MMI-D was further validated through the analysis 
of physicochemical parameters and PCA, highlighting its 
responsiveness to different levels of ecological degradation 
observed at both reference and non-reference sites. A 
significant inverse correlation was found between MMI-D and 
the percent disturbance score (PDS) representing the index’s 
strong responsiveness to lake habitat quality (PDS: n = 9, 
R2 = 0.921, p < 0.01, Figure 7). A similar phenomenon was 
observed in studies on multimetric indices in Lake Kariba, 
Africa (Phiri et al. 2007), lakes in the USA (Stevenson et al. 
2013) and Lake Dongting (Wang et al. 2015). The MMI-D, 
considered a positive metric, demonstrated a decrease in 
value in relation to habitat disturbance (Figure 7), similar to 
findings from the wetlands in California (Lunde and Resh 
2012). This wetland report showed that higher multimetric 
index scores signalled a less disturbed environment, whereas 
lower scores reflected greater habitat disturbance. The MMI-D 
out-performed individual diatom metrics tested in the study 
by Wondmagegn et al. (2019). Similar effectiveness was 
observed in Alaska’s biomonitoring practices, which exhibited 
high precision and discrimination efficiency in their multimetric 
developments (Bouchard et al. 2004). In addition, the MMI-D 
showed a significant positive response to DO, while exhibiting 
a significant negative correlation with temperature, nutrient 
levels, TSS and turbidity (Table 9). This pattern aligns with 
findings from lakes in the USA (Stevenson et al. 2013), 
Lithuanian lakes (Šidagytė et al. 2013) and lakes in Flanders, 
Belgium (Gabriels et al. 2010). The negative correlation of 
the MMI-D with nutrients, TSS and turbidity is consistent with 
expectations for stress-related variables (Gabriels et al. 2010). 
These results suggest that the MMI-D is a suitable tool for 
assessing the ecological quality of Lake Hawassa.

The overall findings of the current research highlight the 
significant advantages of a multimetric approach when 
assessing a water body exposed to various stressors, 
as noted by Everard et al. (2011). The index can also 
reduce the independent metric prediction problem by 
capturing disturbances in lake ecosystem segments that 
are not visually apparent or easily measured. According to 
Schoolmaster et al. (2012), the multimetric approach is 
most effective in situations where the exact cause of water 
quality degradation is not clear. The discriminatory power of 

the MMI-D between different levels of human disturbance, 
further demonstrates the effectiveness of this multimetric 
approach. In addition, the development of the MMI-D for 
specific lakes enhances its performance by reducing natural 
variability in factors, such as geology, soils, landscapes, 
climate and water chemistry, across different sites. It can 
be challenging to distinguish natural variability from human 
induced variability when assessments are conducted over 
large spatial scales (Stevenson et al. 2013). Furthermore, 
the MMI-D clearly discriminated between reference and 
non-reference sites in Lake Hawassa and demonstrated 
similar effectiveness in Lake Ziway (both located in the same 
ecoregion). Therefore, it can be recommended for application 
in biomonitoring activities in other lakes in this ecoregion. 

Acknowledgements — The authors would like to thank the Sweden 
International Development Aid (SIDA), the water thematic research 
of Addis Ababa University and the Ministry of Water, Irrigation and 
Electricity for their financial support. We also appreciate the staff 
members at the Department of Zoological Science, Addis Ababa 
University (AAU) for their unwavering assistance during our field 
and laboratory research. We are also indebted to the Lancaster 
Environment Centre, Lancaster University, for their collaboration in 
identifying the diatom specimens. Lastly, we are deeply grateful to 
Mathieu Lecointe, the developer of OMNIDIA software, for providing 
us with the latest version of OMNIDIA 6.1. software at no cost.

Declaration of competing interest — The authors declare that they 
have no competing financial interests or personal relationships that 
might have influenced the findings reported in this paper.

ORCIDs

TW Gelaw: https://orcid.org/0000-0002-5721-0418
PA Barker: https://orcid.org/0000-0002-5334-9201

References

Aklilu A. 2011. Water quality assessment of the eastern shore of 
Lake Hawassa using physicochemical parameters and benthic 
macro-invertebrates. Unpublished master’s thesis. Addis Ababa 
University, Addis Ababa, Ethiopia.

APHA (American Public Health Association) 1995. Standard 
methods for the examination of water and wastewater (19th edn). 
Washington, DC.

APHA (American Public Health Association) 1999. Standard 
methods for the examination of water and wastewater (20th edn). 
New York.

Barbour M, Gerritsen J, Griffith G, Frydenborg R, McCarron E, 
White J, Bastian M. 1996. A framework for biological criteria for 
Florida streams using benthic macroinvertebrates. Journal of the 
North American Benthological Society 15: 185–211. https://doi.
org/10.2307/1467948.

Barbour MT, Gerritsen J, Snyder B, Stribling J. 1999. Rapid 
bioassessment protocols for use in streams and wadeable rivers. 
(EPA 841-B-99-002). US Environmental Protection Agency.

Bouchard RW, Ferrington LC, Karius ML. 2004. Guide to aquatic 
invertebrates of the Upper Midwest. Water Resources Center, 
University of Minnesota.

CEMAGREF (French Institute for Agricultural and Environmental 
Engineering Research). 1982. Etude des méthodes biologiques 
quantitatives d’appréciation de la qualité des eaux. Rapport 
Division Qualité des Eaux Lyon. Agence financiè de Bassin 
Rhone-Méditerarée. Corse, Pierre-Bénite. pp. 28.

https://doi.org/10.2307/1467948
https://doi.org/10.2307/1467948


Gelaw, Mengistou and Barker12

Chen K, Hughes RM, Brito JG, Leal CG, Leitão RP, de Oliveira-
Júnior JM, et al. 2017. A multi-assemblage, multimetric biological 
condition index for eastern Amazonia streams. Ecological 
Indicators 78: 48–61. https://doi.org/10.1016/j.ecolind.2017.03.003.

Coste M, Ayphassorho H. 1991. Étude de la qualité des eaux du 
Bassin Artois-Picardie à l’aide des communautés de diatomées 
benthiques (Application des indices diatomiques). Rapport 
Cemagref Bordeaux, Agence de l’Eau Artois-Picardie, Douai.

Dadebo E. 2000. Reproductive biology and feeding habits of the 
catfish Clarias gariepinus (Burchell)(Pisces: Clariidae) in Lake 
Awassa, Ethiopia. SINET: Ethiopian Journal of Science 23: 
231–246. https://doi.org/10.4314/sinet.v23i2.18168.

De la Rey P, Taylor J, Laas A, Van Rensburg L, Vosloo A. 2004. 
Determining the possible application value of diatoms as 
indicators of general water quality: a comparison with SASS 5. 
Water SA 30: 325–332. https://doi.org/10.4314/wsa.v30i3.5080.

Delgado C, Pardo I, García L. 2010. A multimetric diatom index 
to assess the ecological status of coastal Galician rivers (NW 
Spain). Hydrobiologia 644: 371–384. https://doi.org/10.1007/
s10750-010-0206-y.

Dell’Uomo A. 2004. L’indice diatomico di eutrofizzazione/polluzione 
(EPI-D) nel monitoraggio delle acque correnti. Linee Guida. 
APAT-ARPAT-CTN-AIM, Roma, Firenze. p. 101.

Descy JP. 1979. A new approach to water quality estimation using 
diatoms. Nova Hedwigia 64: 305–323.

Descy JP, Coste M. 1991. A test of methods for assessing water 
quality based on diatoms. Internationale Vereinigung für 
theoretische und angewandte Limnologie: Verhandlungen 24: 
2112–2116.

ECEQR (European Commission Ecological Quality Ratio). 2007. 
Ecological Quality Ratios for Ecological Quality Assessment 
in Inland and Marine Waters. European Water Framework 
Directives. from: https://publications.jrc.ec.europa.eu/repository/
bitstream/JRC36757/6757%20-%20Deliverable_10_1%200recc.
pdf (accessed 15 November 2024).

Everard M, Fletcher MS, Powell A, Dobson MK. 2011. The 
feasibility of developing multi-taxa indicators for landscape scale 
assessment of freshwater systems. Freshwater Reviews 4: 1–19. 
https://doi.org/10.1608/FRJ-4.1.129.

Gabriels W, Lock K, De Pauw N, Goethals PLM. 2010. Multimetric 
Macroinvertebrate Index Flanders (MMIF) for biological 
assessment of rivers and lakes in Flanders (Belgium). 
Limnologica – Ecology and Management of Inland Waters 40: 
199–207. https://doi.org/10.1016/j.limno.2009.10.001.

Gasse F. 1986. East African diatoms: Taxonomy, ecological 
distribution. Berlin-Stuttgart: Cramer. pp. 201.

Gómez N, Licursi M. 2001. The Pampean Diatom Index (IDP) for 
assessment of rivers and streams in Argentina. Aquatic Ecology 
35: 173–181. https://doi.org/10.1023/A:1011415209445.

Hering D, Feld CK, Moog O, Ofenböck T. 2006. Cook book for 
the development of a multimetric index for biological condition 
of aquatic ecosystems: experiences from the European AQEM 
and STAR projects and related initiatives. In: Furse MT, Hering 
D, Brabec K, Buffagni A, Sandin L, Verdonschot FM (eds.), 
The Ecological Status of European Rivers: Evaluation and 
Intercalibration of Assessment Methods. Frankfurt: Springer. 
https://doi.org/10.1007/978-1-4020-5493-8_22.

Jun YC, Won DH, Lee SH, Kong DS, Hwang SJ. 2012. A 
multimetric benthic macroinvertebrate index for the assessment 
of stream biotic integrity in Korea. International Journal of 
Environmental Research and Public Health 9: 3599–3628. 
https://doi.org/10.3390/ijerph9103599.

Kelly M. 2000. Identification of common benthic diatoms in rivers. 
Field Studies 9: 583–700.

Kelly MG, Whitton BA. 1995. The Trophic Diatom Index: a new 
index for monitoring eutrophication in rivers. Journal of Applied 
Phycology 7: 433–444. https://doi.org/10.1007/BF00003802.

Kibret T. 1985. The benthos study of Lake Awasa. Unpublished 
Master’s thesis. Addis Ababa University, Addis Ababa, Ethiopia.

King L, Bennion H, Kelly M, Yallop M. 2005. Sampling littoral 
diatoms in lakes for ecological status assessments: a literature 
review. Science Report SC030103/SR1.

Krammer K, Lange-Bertalot H. 1986. 1. Teil: Naviculaceae. 
In: Gerloff JHH, Ettl H, Heynig H, Mollenhaurer D, editors. 
Bacillariophyceae: Süsswasserflora von Mitteleuropa. Vol. 1. 
Stuttgart: VEB Gustav Fischer Verlag Jena. p. 876. 

Krammer K Lange-Bertalot H. 1988. 2. Teil. Bacillariaceae, 
Epithemiaceae, Surirellaceae. In: Gerloff JHH, Ettl H, Heynig H, 
Mollenhaurer D (eds), Bacillariophyceae: Susswasserflora von 
Mitteleuropa. vol. 2. Stuttgart: VEB Gustav Fischer Verlag Jena.

Krammer K, Lange-Bertalot H. 1991a. 3 Teil: Centrales, 
Fragilariaceae, Eunotiaceae In: Ettl H, Gerloff JHH, Mollenhaurer 
D. (eds), Bacillariophyceae: Süsswasserflora von Mitteleuropa. 
vol. 2. Stuttgart: VEB Gustav Fischer Verlag Jena. German.

Krammer K, Lange-Bertalot H. 1991b. 4. Teil: Achnanthaceae, 
Kritische Erganzungen zu Navicula (Lineolatae) und 
Gomphonema. In: Ettl H, Gerloff J,  Heynig H, Mollenhaurer D 
(eds), Bacillariophyceae: Süsswasserflora von Mitteleuropa, vol. 
2. Stuttgart: VEB Gustav Fischer Verlag Jena.

Lecointe C, Coste M, Prygiel J. 1993. “Omnidia”: software for 
taxonomy, calculation of diatom indices and inventories 
management. Hydrobiologia 269: 509–513.

Lecointe C, Coste M, Prygiel J. 2003. Omnidia 3.2. Diatom index 
software including diatom database with taxonomic names, 
references and codes of 11645 diatom taxa. Hydrobiologia 269: 
509–513.

Lepistö L, Holopainen AL, Vuoristo H. 2004. Type-specific and 
indicator taxa of phytoplankton as a quality criterion for assessing 
the ecological status of Finnish boreal lakes. Limnologica 34: 
236–248. https://doi.org/10.1016/S0075-9511(04)80048-3.

Lobo E, Bes D, Tudesque L, Ector L. 2004. Water quality 
assessment of the Pardinho River, RS, Brazil, using epilithic 
diatom assemblages and faecal coliforms as biological 
indicators. Vie et Milieu/Life & Environment 54: 115–125.

Lunde KB, Resh VH. 2012. Development and validation of a 
macroinvertebrate index of biotic integrity (IBI) for assessing 
urban impacts to Northern California freshwater wetlands. 
Environmental Monitoring and Assessment 184: 3653–3674.
https://doi.org/10.1007/s10661-011-2214-4. https://doi.
org/10.1007/s10661-011-2214-4.

Makin MJ, Kingham T, Waddams A, Birchall C, Teferra T. 1975. 
Development prospects in the Southern Rift Valley, Ethiopia. In: 
A reconnaissance land resource study of the Rift Valley lakes 
area of southern Ethiopia, Vol. 12. Surbiton: Land Resources 
Division, Ministry of OverseasDevelopment, Tolworth Tower.

Martin G, Reyes Fernandez M. 2012. Diatoms as Indicators of 
Water Quality and Ecological Status: Sampling, Analysis and 
Some Ecological Remarks. In: Voudouris K. (eds) Ecological 
Water Quality Water Treatment and Reuse. London: InTech. pp. 
183–204. https://doi.org/10.5772/33831.

Masese FO, Omukoto JO, Nyakeya K. 2013a. Biomonitoring 
as a prerequisite for sustainable water resources: a review of 
current status, opportunities and challenges to scaling up in East 
Africa. Ecohydrology and Hydrobiology 13: 173–191. https://doi.
org/10.1016/j.ecohyd.2013.06.004.

Menetrey N, Oertli B, Lachavanne JB. 2011. The CIEPT: A 
macroinvertebrate-based multimetric index for assessing the 
ecological quality of Swiss lowland ponds. Ecological Indicators 
11: 590–600. https://doi.org/10.1016/j.ecolind.2010.08.005. 

Monnier O, Coste M, Rosebery J. 2009. Une classification des 
taxons de l’Indice Biologique Diatomées (IBD, norme AFNOR NF 
T90-354, décembre 2007). Diatomania 13: 17–47.

Nigussie K, Chandravanshi BS, Wondimu T. 2010. Correlation 
among trace metals in tilapia (Oreochromis niloticus), sediment 

https://doi.org/10.1016/j.ecolind.2017.03.003
https://doi.org/10.4314/sinet.v23i2.18168
https://doi.org/10.4314/wsa.v30i3.5080
https://doi.org/10.1007/s10750-010-0206-y
https://doi.org/10.1007/s10750-010-0206-y
https://doi.org/10.1608/FRJ-4.1.129
https://doi.org/10.1016/j.limno.2009.10.001
https://doi.org/10.1023/A:1011415209445
https://doi.org/10.1007/978-1-4020-5493-8_22
https://doi.org/10.3390/ijerph9103599
https://doi.org/10.1007/BF00003802
https://doi.org/10.1016/S0075-9511(04)80048-3
https://doi.org/10.1007/s10661-011-2214-4
https://doi.org/10.1007/s10661-011-2214-4
https://doi.org/10.5772/33831
https://doi.org/10.1016/j.ecohyd.2013.06.004
https://doi.org/10.1016/j.ecohyd.2013.06.004
https://doi.org/10.1016/j.ecolind.2010.08.005


African Journal of Aquatic Science 2024, 49(4): xxx–xxx 13

and water samples of lakes Awassa and Ziway, Ethiopia. 
International Journal of Biological and Chemical Sciences 4: 
1641–1656.

Odountan OH, Janssens de Bisthoven L, Abou Y, Eggermont 
H. 2019. Biomonitoring of lakes using macroinvertebrates: 
recommended indices and metrics for use in West Africa and 
developing countries. Hydrobiologia 826: 1–23. https://doi.
org/10.1007/s10750-018-3745-2. 

Ofenböck T, Moog O, Gerritsen J, Barbour M. 2004. A stressor 
specific multimetric approach for monitoring running waters in 
Austria using benthic macro-invertebrates. Hydrobiologia 516: 
251–268. https://doi.org/10.1023/B:HYDR.0000025269.74061.f9.

Patrick R, Reimer C. 1966. The diatoms of the United States. 
(vol.1. Monograph 13). Philadelphia: Academy of Natural 
Sciences of Philadelphia.

Pfister P, Hofmann G, Ehrensperger G. 2016. Fliessgewässer-
Phytobenthos Überarbeitung des Trophie und Saprobie 
Bewertungssystems nach Rott et al. 1999, 1997. ARGE 
Limnologie; Bundesministerium für Land und Forstsirtschaft, 
Umwelt und Wasserwirtschaft, Vienna, Austria.

Phiri C, Day J, Chimbari M, Dhlomo E. 2007. Epiphytic diatoms 
associated with a submerged macrophyte, Vallisneria aethiopica, 
in the shallow marginal areas of Sanyati Basin (Lake Kariba): 
a preliminary assessment of their use as biomonitoring 
tools. Aquatic Ecology 41: 169–181. https://doi.org/10.1007/
s10452-006-9073-z.

Prygiel J, Leveque L, Iserentant R. 1996. Un nouvel indice 
diatomique pratique pour l’évaluation de la qualité des eaux en 
réseau de surveillance. Revue des sciences de l’eau/Journal of 
Water Science 9: 97–113.

Revenga C, Campbell I, Abell R, De Villiers P, Bryer, M. 2005. 
Prospects for monitoring freshwater ecosystems towards the 
2010 targets. Philosophical Transactions of the Royal Society 
of Biological Sciences 360: 397–413. https://doi.org/10.1098/
rstb.2004.1595.

Robarge W, Edwards A, Johnson B. 1983. Water and wastewater 
analysis for nitrate via nitration of salicylic acid. Communications 
in Soil Science and Plant Analysis 14: 1207–1215. https://doi.
org/10.1080/00103628309367444.

Rott E, Pipp E, Pfister P, Van Dam H, Ortler K, Binder N, Pall K. 
1999. Indication lists for growth algae in Austrian watercourses 
Part 2: Trophy indication (as well as geochemical preferences, 
taxonomic and toxicological notes). Water Management 
Cadastre. Vienna: Federal Ministry of Agriculture and Forestry.

Schoolmaster DR, Grace JB, William Schweiger E. 2012. A 
general theory of multimetric indices and their properties. 
Methods in Ecology and Evolution 3: 773–781. https://doi.
org/10.1111/j.2041-210X.2012.00200.x.

Šidagytė E, Višinskienė G, Arbačiauskas K. 2013. Macroinvertebrate 
metrics and their integration for assessing the ecological status 
and biocontamination of Lithuanian lakes. Limnologica 43: 
308–318. https://doi.org/10.1016/j.limno.2013.01.003.

Sládeček, V. 1986. Diatoms as indicators of organic pollution. 
Acta Hydrochimica, Hydrobiologica 14: 555–566. https://doi.
org/10.1002/aheh.19860140519.

Steinberg C, Schiefele S. 1988. Biological indication of trophy 
and pollution of running waters Zeitschrift für Wasser und 
Abwasser-Forschung 21: 227–234. https://doi.org/10.1007/
s10750-007-0729-z.

Stenger-Kovács C, Buczko K, Hajnal E, Padisak J. 2007. 
Epiphytic, littoral diatoms as bioindicators of shallow lake trophic 
status:Trophic Diatom Index for Lakes (TDIL) developed in 
Hungary. Hydrobiologia 589: 141–154.

Stevenson RJ, Zalack JT, Wolin J. 2013. A multimetric 
index of lake diatom condition based on surface-sediment 
assemblages. Freshwater Science 32: 1005–1025. https://doi.
org/10.1899/12-183.1.

Stoddard JL, Larsen DP, Hawkins CP, Johnson RK, Norris 
RH. 2006. Setting expectations for the ecological condition 
of streams: the concept of reference condition. Ecological 
Applications 16: 1267–1276. https://doi.org/10.1890/1051- 
0761(2006)016[1267:SEFTEC]2.0.CO;2.

Strayer DL. 2006. Challenges for freshwater invertebrate 
conservation. Journal of the North American Benthological 
Society 25: 271–287. https://doi.org/10.1899/0887-3593(2006) 
25[271:CFFIC]2.0.CO;2.

Stribling JB, Dressing SA. 2015a. Technical Memorandum 4: 
applying benthic macroinvertebrate multimetric indexes to stream 
condition assessments, October 2015. Developed for U.S. 
Environmental Protection Agency by Tetra Tech, Inc., Fairfax, 
USA, 14 p. https://www.epa.gov/sites/production/files/2015-10/
documents/tech_memo_4_oct_15.pdf [accessed 28 June 2018].

Stribling JB, Dressing SA. 2015b. Technical Memorandum 4: 
applying benthic macroinvertebrate multimetric indexes to stream 
condition assessments, October 2015. Developed for USEPA by 
Tetra Tech, Inc., Fairfax, USA, pp.14. https://www.epa.gov/sites/
production/files/2015-10/documents/tech_memo_4_oct_15.pdf. 
[accessed 28 June 2018].

Talling JF, Driver D. 1963. Some Problems in the Estimation 
of Chlorophyll a in Phytoplankton. In: Proceedings of the 
Conference of Primary Productivity Measurement, Marine and 
Freshwater. University of Hawaii, Honolulu Atomic Energy 
Commission TID – 7633, pp. 142–146.

Taylor JC Cocquyt C. 2016. Diatoms from the Congo and Zambezi 
Basins - Methodologies and identification of the genera. ABC 
Taxa 16: 355.

Taylor JC, Harding W, Archibald C. 2007a. A methods manual 
for the collection, preparation and analysis of diatom samples. 
Vol. 1. WRC Report No TT 281/07. Pretoria: Water Research 
Commission. pp 60.

Taylor JC, Harding WR, Archibald C. 2007b. An illustrated guide to 
some common diatom species from South Africa. Pretoria: Water 
Research Commission.

Tekle-Giorgis Y, Berihun A, Dadebo E. 2017. Assessment of 
sustainable yield and optimum fishing effort for the tilapia 
(Oreochromis niloticus L. 1758) stock of Lake Hawassa, 
Ethiopia. Momona Ethiopian Journal of Science 9: 1–21. https://
doi.org/10.4314/mejs.v9i1.1.

Thieme ML, Abell R, Burgess N, Lehner B, Dinerstein E, Olson 
D. 2005. Freshwater ecoregions of Africa and Madagascar: A 
conservation assessment. Island Press. pp.[incomplete].

Van Meel L. 1954 Phytoplankton. Scientific results of the 
Hydrobiological Exploration of Lake Tanganyika (1946–1947). 
Brussels: Institut Royal des Sciences Naturelles de Belgique. pp. 
571–586.

Villamarín C, Rieradevall M, Paul MJ, Barbour MT, Prat N. 
2013. A tool to assess the ecological condition of tropical high 
Andean streams in Ecuador and Peru: The IMEERA index. 
Ecological Indicators 29: 79–92. https://doi.org/10.1016/j.
ecolind.2012.12.006.

Wang X, Zheng B, Liu L, Wang L. 2015. Development and 
evaluation of the Lake Multi-biotic Integrity Index for Dongting 
Lake, China. Journal of Limnology 74: 594–605. https://doi.
org/10.4081/jlimnol.2015.1186.

Wang YK, Stevenson RJ, Metzmeier L. 2005. Development 
and evaluation of a diatom-based Index of Biotic Integrity 
for the Interior Plateau Ecoregion, USA. Journal of the North 
American Benthological Society 24: 990–1008. https://doi.
org/10.1899/03-028.1.

WelcommeRL. 1972. The inland waters of Africa. CIFA Technical 
paper 1. Rome: FAO.

Wells E, Wilkinson M, Wood P, Scanlan, C. 2007. The use of 
macroalgal species richness and composition on intertidal rocky 
seashores in the assessment of ecological quality under the 

https://doi.org/10.1007/s10750-018-3745-2
https://doi.org/10.1007/s10750-018-3745-2
https://doi.org/10.1023/B:HYDR.0000025269.74061.f9
https://doi.org/10.1007/s10452-006-9073-z
https://doi.org/10.1007/s10452-006-9073-z
https://doi.org/10.1098/rstb.2004.1595
https://doi.org/10.1098/rstb.2004.1595
https://doi.org/10.1080/00103628309367444
https://doi.org/10.1080/00103628309367444
https://doi.org/10.1111/j.2041-210X.2012.00200.x
https://doi.org/10.1111/j.2041-210X.2012.00200.x
https://doi.org/10.1016/j.limno.2013.01.003
https://doi.org/10.1002/aheh.19860140519
https://doi.org/10.1002/aheh.19860140519
https://doi.org/10.1007/s10750-007-0729-z
https://doi.org/10.1007/s10750-007-0729-z
https://doi.org/10.1899/12-183.1
https://doi.org/10.1899/12-183.1
https://doi.org/10.1890/1051-0761(2006)016%5b1267:SEFTEC%5d2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5b1267:SEFTEC%5d2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)25%5b271:CFFIC%5d2.0.CO;2
https://doi.org/10.1899/0887-3593(2006)25%5b271:CFFIC%5d2.0.CO;2
https://www.epa.gov/sites/production/files/2015-10/documents/tech_memo_4_oct_15.pdf
https://www.epa.gov/sites/production/files/2015-10/documents/tech_memo_4_oct_15.pdf
https://www.epa.gov/sites/production/files/2015-10/documents/tech_memo_4_oct_15.pdf
https://www.epa.gov/sites/production/files/2015-10/documents/tech_memo_4_oct_15.pdf
https://doi.org/10.4314/mejs.v9i1.1
https://doi.org/10.4314/mejs.v9i1.1
https://doi.org/10.1016/j.ecolind.2012.12.006
https://doi.org/10.1016/j.ecolind.2012.12.006
https://doi.org/10.4081/jlimnol.2015.1186
https://doi.org/10.4081/jlimnol.2015.1186
https://doi.org/10.1899/03-028.1
https://doi.org/10.1899/03-028.1


Gelaw, Mengistou and Barker14

European Water Framework Directive. Marine Pollution Bulletin 
55: 151–161. https://doi.org/10.1016/j.marpolbul.2006.08.031. 

Wetzel RG, Likens G. 2000. Limnological analyses. New York: 
Springer Science & Business Media. https://doi.org/10.1007/ 
978-1-4757-3250-4.

WFD-UKTAG [Water Framework Directive – United Kingdom 
Technical Advisory Group] 2014. Phytobenthos – Diatoms for 
Assessing River and Lake Ecological Quality (River DARLEQ2). 
Castle Business Park Stirling, FK9 4TZ, Scotland.

Whittier TR, Stoddard JL, Larsen DP, Herlihy AT. 2007. Selecting 
reference sites for stream biological assessments: best 
professional judgment or objective criteria. Journal of the 
North American Benthological Society 26: 349–360. https://doi.
org/10.1899/0887-3593(2007)26[349:SRSFSB]2.0.CO;2.

Wondmagegn T. 2019. Water quality assessment of Lake 
Hawassa, Ethiopia, using benthic macroinvertebrate and diatom 

based multimetric index. Unpublished PhD Thesis, Addis Ababa 
University, Addis Ababa, Ethiopia.

Wondmagegn T, Mengistou S. 2020. Effects of anthropogenic 
activities on macroinvertebrate assemblages in the littoral zone 
of Lake Hawassa, a tropical Rift Valley lake in Ethiopia. Lakes & 
Reservoirs: Science, Policy and Management for Sustainable Use 
25: 1–11. https://doi.org/10.1111/lre.12303.

Wondmagegn T, Mengistou S. 2023. Development of 
macroinvertebrate based multimetric index for ecological health 
monitoring in Lake Hawassa, Ethiopia. Environmental and 
Sustainability Indicators 18: 100242. https://doi.org/10.1016/j.
indic.2023.100242. 

Wondmagegn T, Mengistou S, Barker P. 2019. Testing of the 
applicability of European diatom indices in the tropical rift valley 
lake, Lake Hawassa, in Ethiopia. African Journal of Aquatic Science 
44: 209–217. https://doi.org/10.2989/16085914.2019.1645640.

Manuscript received: 4 January 2024, revised: 4 July 2024, accepted: 13 October 2024.
Associate Editor: V Kendall

View publication stats

https://doi.org/10.1016/j.marpolbul.2006.08.031
https://doi.org/10.1007/978-1-4757-3250-4
https://doi.org/10.1007/978-1-4757-3250-4
https://doi.org/10.1899/0887-3593(2007)26%5b349:SRSFSB%5d2.0.CO;2
https://doi.org/10.1899/0887-3593(2007)26%5b349:SRSFSB%5d2.0.CO;2
https://doi.org/10.1111/lre.12303
https://doi.org/10.1016/j.indic.2023.100242
https://doi.org/10.1016/j.indic.2023.100242
https://doi.org/10.2989/16085914.2019.1645640
https://www.researchgate.net/publication/386269433

