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Abstract

Freshwater quality is declining globally due to changes in natural and human-driven land use. Lake Tana, Ethiopia’s larg-
est lake, exemplifies this change. Human activities within its watershed have pushed it toward a trophic state, evident in
the expansion of water hyacinths since 2011. This research aimed to evaluate the degree of pollution and trophic state of
Lake Tana and identify the most important factors for effective management strategies. Eleven water quality parameters
were collected from 20 sampling stations in Lake Tana from July 2018 to June 2019. Spatial distribution maps for water
quality, trophic state and pollution index were generated using ArcMap. Water quality indicators were explored through
factor analysis (FA) and principal component analysis (PCA). Lake Tana’s trophic level index ranges from 37.1 (oligo-
trophic) to 87.9 (hypereutrophic) annually. The pollution index classification indicated that the lake fell within categories
three and four, changing from slightly polluted to polluted. According to the PCA and FA methods, oxygen depletion,
nutrients, eutrophication, and suspended solids are identified as major factors influencing deteriorating water quality.
Shores exhibit higher eutrophication and pollution levels than pelagic zones. Thus, all stakeholders must actively partici-
pate in management strategies prioritizing coastal areas and targeting the identified pollution factors.
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Introduction

The decline in lake water quality globally, especially in
developing countries, poses significant risks to health,
economic stability, and societal well-being (Akhtar et
al. 2021). A combination of natural and human elements
causes this decline. Human-related factors contributing to
lake water quality deterioration include industrial wastewa-
ter, agricultural runoff, and domestic sewage. The increase
in population and the expansion of industries have led to
lake pollution, resulting in issues such as salinization, eutro-
phication, and the degradation of wetlands (Mishra 2023).
These factors disrupt ecosystem functioning and compro-
mise drinking water safety. Harmful infestations of plank-
tonic algae, known as algal blooms, significantly interfere
with lake water and aquatic life (Kumar et al. 2023; Mon-
teiro et al. 2021). Also, algal blooms have become more
prevalent in lakes worldwide (Ho et al. 2019; Huang et al.
2020).

Nutrient and light availability play crucial roles in sup-
porting the growth of plants and animals in lake ecosystems.
Plankton community growth can be affected by light condi-
tions, while high chlorophyll-A concentrations contribute
to eutrophication and potentially reduce dissolved oxygen
(DO) levels in lakes (Chao et al. 2022). Phytoplankton
growth is influenced by nutrient flux, chlorophyll levels, and
physical and chemical factors (Girdner et al. 2020; Ishikawa
et al. 2022; Tasnim et al. 2021).

Freshwater ecosystems are facing major threats from
floods and the use of agrochemicals. Excessive phospho-
rus and nitrogen inputs trigger the transition from an oli-
gotrophic to a hypertrophic state, leading to the harmful
overgrowth of cyanobacteria (Dubey and Dutta, 2020). This
includes the resuspension of sediments, significant internal
nutrient loads from the bottom residue to the upper water,
and lake residence time (Yang and Yin, 2022).

Lake Tana, Ethiopia’s largest freshwater body, is expe-
riencing rapid deterioration in water quality (Moges et al.
2017; Tibebe et al. 2019; Wondim 2016). Increased agri-
cultural activity in upstream areas and sediment deposition
contribute to nutrient-rich inflows. Various studies have
been conducted on Lake Tana. For example, water hyacinth
(Anteneh et al. 2015; Dersseh et al. 2019; Tewabe 2015),
water balance (Alemu et al. 2020; Dessie et al. 2015),
sediment available nutrient characteristics (Kebedew et al.
2020a), which reassesses the accuracy of lake level data
obtained through radar altimetry (Kaba 2007), suspended
sediment flux budgeting (Zimale et al. 2018), and water
quality evaluation using Landsat 7 ETM + images (Moges et
al. 2017). Abate et al. (2017) have also reported on escalat-
ing nutrient-rich inflows and sediment deposition. Despite
these previous research efforts, comprehensive assessments
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of lake-wide water quality, eutrophication patterns, and pol-
lution status are still lacking. This has resulted in inadequate
information about the trophic state and water pollution level
of the Lake. Moreover, none of the prior studies employed
PCA or FA methodologies to investigate the water quality.
As aresult, there is a limited understanding of the major fac-
tors contributing to the deterioration of water quality in Lake
Tana. The objective of this study is to use statistical tech-
niques such as PCA and FA to uncover the underlying rela-
tionships among various water quality parameters in Lake
Tana. This will provide valuable insights into the factors
contributing to water quality degradation. The information
is essential for developing effective management strategies
to mitigate water pollution, control eutrophication, and pre-
serve ecological integrity. Additionally, the findings of this
study can be used as a basis for future research and policy-
making initiatives related to freshwater resource manage-
ment and environmental conservation in the region.

Materials and methods
Study area

Lake Tana is located northwest of the Ethiopian highlands
and has coordinates between 11°30° N, 37°0° E, and 12°20°
N, 37°40 E. It received recognition from UNESCO as a
biosphere reserve (Kalmbach 2017). Satellite images and
the bathymetric survey show that the lake is nearly cylindri-
cal, with an axis of 80 km in the north-south direction and
65 km east-west. At the average lake elevation of 1786.5 m
a.s.], the area of the lake was 3046 km?, with a volume of
29.6 km® and a shore length of 431 km. The average depth is
9.7 m, the median depth is 10.5 m and the maximum depth
is 14.8 m. Since the length and the width are much larger
than the depth, Lake Tana is classified as a shallow and well-
mixed lake (Vijverberg et al. 2009; Alemu et al. 2020). Con-
sequently, since the calculated wave base depth extends up
to Lake Tana’s maximum depth of 14.8 m, there is a strong
relationship between the dissolved and available phospho-
rus (Kebedew et al. 2020b, 2023). Four large rivers and
more than 40 small, intermittent rivers feed the lake. The
four major rivers, Rib, Megech, Gilgel Abay, and Gumara,
contribute 90% of the lake’s water and most of the materials
that are transported to the lake (Alemu et al. 2020). Dessie
et al. (2015) found that Gilgel Abay contributes 58% of
the inflow water, Rib and Gumara from the east contribute
30%, Megech from the north contributes 10%, and numer-
ous small streams in the west contribute 2%. Zimale et al.
(2018) also estimated that the sediment budgets from the
Megech, Rib, Gumara, and Gilgel Abay Rivers were 0.9 Mt.
yr!,3.9Mt. yr!, 8.2 Mt. yr'!, and 14.3 Mt. yr', respectively.



Sustainable Water Resources Management (2024) 10:175

Page3of 15 175

The lake and its surrounding wetlands support the liveli-
hoods of more than half a million people (Vijverberg et al.
2009). Lake Tana and its surrounding areas were designated
as growth corridors by both regional and federal govern-
ments, leading to the implementation of various irrigation
systems. The increasing trend in agricultural land use in lake
watersheds significantly impacts sediment yields (Andu-
alem and Gebremariam 2015). Recent growth of water
hyacinths has occurred (Anteneh et al. 2015; Tewabe 2015;
Dersseh et al. 2019).

Sampling design

The water samples were collected from 20 sampling loca-
tions in Lake Tana, as shown in Fig. 1. The sampling stations
were identified by considering the proximity and accessibil-
ity of the locations, the level of anthropogenic activity in
the areas, the potential for agricultural runoff loading, and
the major river outlets. A 10 km by 10 km grid was used
to assess eleven water quality indicators: temperature (T),
turbidity, Secchi depth (SD), pH, dissolved oxygen (DO),
electrical conductivity (EC), total dissolved solids (TDS),
nitrate, chlorophyll-A (Chl-a), phosphate, and ammonia.
The water samples were collected quarterly throughout a

single research year (2018-2019), representing the distinct
seasonal changes. A Van Dorn water sampler (Fig. 2a) was
used to collect the water samples at the designated sampling
locations within the grid system.

Data collection

Water quality parameters were measured both in situ and
in the laboratory. For parameters analyzed in the labora-
tory, water sampling, sample preservation, transportation,
and analysis adhered to standard protocols (Bartram and
Balance 1996). In situ measurements of dissolved oxygen
(DO), temperature (T), pH, Total Dissolved Solids (TDS),
and electrical conductivity (EC) were conducted using a
portable field kit instrument (Aqua Probe-7000) (Fig. 2c).
Secchi disk (SD) was also measured in-situ using a 20-cm
diameter black and white marked circular disk (Fig. 2b) to
measure the visible depth. A marked rope was used to sub-
merge the disk, and the depths at which the disk was no
longer visible from the surface were recorded. Turbidity and
nitrate, phosphate, and ammonia levels were determined
using an automated wavelength photometer system at the
Water Treatment and Hydrology Lab of Bahir Dar Institute
of Technology, Bahir Dar University.
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Fig. 1 Location map of the study area: (a) location map of Ethiopia in
Africa (https://datacatalog.worldbank.org/dataset/world-bank-official-
boundaries); (b) map of Ethiopia and Ethiopia’s lakes; and (¢) map of

Lake Tana, which indicates the sampling stations, including the major
inlets and outlet rivers
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Fig.2 Sample pictures showing water sampling and onsite measuring processes: images were taken during (a) rainy season, (b) post-rainy season),

and (c) dry season

Optical density measurement and chlorophyll-A (Chl-a)
calculations

The chlorophyll-A (Chl-a) analysis involved an acetone
extraction process, where the water samples were filtered
through a pre-washed 0.47-pm-diameter membrane filter.
The optical density of the filtered samples was measured at
wavelengths of 750 nm, 663 nm, 645 nm, and 630 nm using
a Jenway UV-6405 spectrophotometer. The Chl-a concen-
tration was calculated using the methodology described in
Han et al. (1994).

[11.64( 663 p5) — 2.16(645,,,,) + 0.1 (63044, V2]

Chla (u gL’l) = VL (1)

V, is the acetone volume used for extraction (ml), V,is the
volume of water in the sample water filtered (ml), and L
represents the length of the cell path (cm).

Interpolation

Spatial interpolation was performed to generate maps
depicting patterns of water quality, trophic level index
(TLI), and pollution index (PI) using ArcGIS software. The
maps were created based on the average values of the four
seasonal’ measurements utilizing the kriging interpolation
tool in ArcGIS.
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Trophiclevel index (TLI)

A comprehensive TLI was conducted following the meth-
ods described by Huo et al. (2013). The concentrations of
Chl-a, SD, total phosphorus (TP), and total nitrogen (TN)
were input parameters to calculate the TLI. The overall TLI
(2) represents the combined TLI, where W is the correla-
tive weightiness of parameter /, and TLL is the trophic level
index of parameter j.

TLI(X) =Y 7 W, TLI, 2)
2
T
W; ST (€)

Chl-a is the standard parameter, and 7j represents the cor-
relation coefficient between parameter j and Chl-a. SD, TP,
and TN were used as quantitative trophic status indicators.

TLI(Chl — a) = 10(2.5+ 1.086 In Chl — a) @)
TLI(TP) = 10(9.436 + 1.624 TP) (5)
TLI(TN) = 10(5.453 + 1.694InTN) (6)
TLI(SD) = 10(5.118 — 1.941n SD) 7
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Pollution index (Pl)

The pollution status of Lake Tana was assessed using the
pollution index (PI) method, as described by Yan et al.
(2015). This approach involved calculating the concentra-
tion of pollutants (C;) and comparing them to the tolerable
limits (S,) for freshwater quality. The resulting PI value was
then used to categorize the overall pollution level of the lake
water.

=iy ()

where m represents the number of pollutants.

®)

Statistical analysis
Correlation analysis

All the statistical analyses were performed using Micro-
soft Excel 2019 and statistical software IBM SPSS 24.0.
Pearson correlation analysis was employed to assess the
relationships among the various water quality indicators in
Lake Tana.

Principal component analysis (PCA)

PCA is used to identify the key water quality parameters
(factors) that contribute the most to the observed variability.
It can determine the principal components that account for
most water quality data variance. These principal compo-
nents represent the dominant factors influencing water qual-
ity. The main objective of PCA was to maintain the original
variability in the data (Cho et al. 2023). Primarily, the cova-
riance matrix was determined. If X represents the original
dataset in a matrix setup with m rows (representing different
measurements of a particular characteristic) and » columns
(the attributes), the covariance matrix, C,, is estimated as
follows:

1

Next, the eigenvalues (1) and eigenvectors (v) are computed
as follows:

v(Cp — Al) =0 (10)
PCA uses X as the transpose matrix of X and 7 as the iden-
tity matrix of the same dimension as C,. The number of
components is equal to the number of datasets. Most of the
information is found in the first component, followed by the
second, third, and so on. The number of components is typi-

cally determined by eigenvalues greater than 1 (Cho et al.
2023).

Factor analysis (FA)

The factor analysis (FA) was employed to examine the devi-
ations in each water quality variable and identify the domi-
nant pollution factors influencing Lake Tana. The FA model
interpreted the principal factors using composite variables
and calculated the percentage of variation by the factor
loadings. Eigenvalues for each factor were subsequently
computed using the principal component analysis (PCA)
extraction method, as presented in Table 1.

Results

Spatiotemporal results of the water quality
indicators

The analysis of the water quality parameters revealed varia-
tions in space and time. Turbidity levels were significant
(»<0.05), ranging from 11.5 to 273 NTU, with an average
0f 22 t0 231 TU during the dry and wet seasons. High turbid-
ity concentrations, predominantly exceeding 50 NTU, were

Table 1 The Pearson correlation matrix between eleven water quality variables in Lake Tana (significance test at p =0.05)

Parameters Turbidity ~ Temperature SD pH EC TDS DO Ammonia  Phosphate  Nitrate Chl-a
Turbidity 1.00 - - - - - - - - - -
Temperature 0.39 1 - - - - - - - - -
Secchi Disk -0.78 -0.42 1 - - - - - - - -
pH 0.05 0.18 0.14 1 - - - - - - -
EC 0.10 -0.01 0.24 0.45 1 - - - - - -
TDS 0.08 -0.10 0.27 0.45 0.97 1 - - - - -
DO -0.71 -0.53 0.59 0.18 -0.02 0.01 1 - - - -
Ammonia 0.72 0.10 -0.61 0.08 0.11 0.14 -0.47 1 - - -
Phosphate 0.74 0.37 -0.73 0.24 0.21 0.19 -0.69 0.65 1 - -
Nitrate 0.80 0.24 -0.75 0.03 0.04 0.04 -0.51 0.60 0.62 1 -
Chl-a 0.47 0.18 -0.68 0.02 -0.41 -0.46 -0.58 0.28 0.26 0.50 1
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observed at the major river entrance sites (Rib, Gumara,
Megech, and Gilgel Abay), as illustrated in Fig. 3a.

The water temperature of Lake Tana ranged from 18 °C
during the wet season to 29 °C during the dry season. Parts
of the lake have been observed to exceed 25 °C, which is the
maximum limit for freshwater ecosystems. The pH of Lake
Tana was observed to range from 5.9 to 8.4, with an aver-
age annual range of 6.8 to 7.2. Spatially, station S15 exhib-
ited nearly acidic values in August 2018, while station S19
exhibited an alkaline pH in April 2019, just before the rainy
season. Higher pH values were documented in the north-
eastern direction (stations S10 and S17) and at the entrance
of the Megech River, as illustrated in Fig. 4a.

Lake Tana’s electrical conductivity (EC) and total dis-
solved solids (TDS) ranged from 101to 169 puS/cm and 67
109 mg/L, respectively. The Minimum EC and TDS val-
ues were recorded during the wet season, while maximum
values occurred throughout the dry season. The dissolved

Turbidity (NTU) Temperature (0C)
22-35.05 21.1-2223
35.05 - 50.01 22.23 -23.46
50.01 - 60.02 23.46 - 24.81

% 60.02 - 80.22 % 24.81-26.29

» 80.22-231.6 » 26.29-279

(d) (e)

Chla (ug/L) TDS (mg/L)

35.43-432 81.32-86.38

43.2-5434 86.38 - 89.08

54.34-70.29 89.08 - 90.51
% 70.29 - 79.01 % 90.51-93.21
% 79.01-90 » 93.21-98.27

0357 14 21 28 35 42

N s sk

oxygen (DO) concentrations in Lake Tana ranged between
3.1 and 5.9 mg/L, with average values varying from 3.45
to 4.93 mg/L. Additionally, the ammonia concentrations
ranged from 0.006 to 0.07 mg/L, with an average value
ranging from 0.014 to 0.033 mg/L.

Trophic state variables

The Secchi depth (SD) in Lake Tana ranged from 15 to
107 cm, and the average depth was between 25 and 86 cm.
The minimum and maximum values of SD were observed
during the wet and before the rainy seasons. The phosphate
concentration in the lake was between 0.03 and 0.61 mg/L
(Fig. 4e). The mean phosphate concentrations were 0.58,
0.51, 0.45, and 0.50 mg/L in the rainy, rainy, dry, and before
rainy seasons. The nitrate concentrations ranged from 7.3
to 17.6 mg/L, and the mean values ranged between 8.9 and
15.3 mg/L (Fig. 4d). The spatial variability in the nitrate

(a) A (b) . A - (© . A
ﬂA |

*

SD (cm)
® 225-45.64

% 45.64-53.15
53.15-55.6
55.6 - 63.11
63.11 - 86.25

()

EC (uS/em)
122.7 - 130.25
130.25 - 134.28
134.28 - 136.42

» 136.42-14045
% 140.45-148

Fig. 3 Spatial variations in water quality indicators in Lake Tana: (a) turbidity, (b) temperature, (¢) SD, (d) Chl-a, (e) TDS, and (f) EC
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(a) l (c) A
pH DO (mg/L) Ammonia (mg/L)
6.55 - 6.85 » 345-39 0.015-0.017
6.85-7.01 » 39-431 0.017 - 0.018
7.01-7.1 4.31-455 0.018 - 0.02
% 71-715 4.55-4.7 % 0.02-0.022
% 715-7.23 4.7-5.02 ‘ % 0.022-0.031
(d) A
>
Nitrate (mg/L) Phosphate (mg/L)
8.88 - 9.86 0.17-0.29
9.86 -11.19 0.29-0.35
11.19-13.03 0.35-0.47
% 13.03-14.36 % 0.47-0.68
% 1436-15.34 % 0.68 - 1.06
0357 14 21 28 35 42

O e mm km

Fig.4 Spatial variations in water quality indicators in Lake Tana: (a) pH, (b) DO, (¢) ammonia, (d) nitrate, and (e) phosphate

concentration was significant (p < 0.05). The nitrate concen-
trations in the western, eastern, and northern parts of the
lake were greater than those in the open water and southern
(outflow) areas (Fig. 4d). Seasonally, nitrate concentrations
tend to increase from the dry season to the rainy season.

Chl-a concentrations varied between 31 and 98 g/L, with
average levels falling between 35 and 89 pg/L (Fig. 3e).
Compared to previous studies, the Chl-a concentration
observed in our study (Fig. 3d) notably exceeded those
found elsewhere, particularly in the southeast and east of the
lake. Recent investigations showed that the Rib and Gumara
outlets east of the lake have greater nutrient influxes and
amplify Chl-a levels.

Eutrophication and pollution status in Lake Tana
The findings of a single TLI for Chl-a concentration, phos-

phate concentration, nitrate concentration, and SD at twenty
sampling stations across four seasons are presented in Table

S5 of the supplementary material. The seasonal distribu-
tions of TLI for every sampling station are plotted in Fig. 5.
The average TLI values varied from 37 to 87 in the dry
and rainy seasons, respectively (i.e., higher oligotrophic to
hypereutrophic). Comprehensive PI values are depicted in
Fig. 6. The annual PI results were between 0.68 and 1.86.

Statistical analysis
Correlation analysis

Table 2 shows the results of a Pearson correlation analy-
sis among turbidity, temperature, SD, pH, EC, TDS, DO,
ammonia, phosphate, nitrate, and Chl-a. The significance
test for all water quality variables in the correlation matrix
was at the 95% confidence level (p=0.05). The strong cor-
relation exists between sediment-related parameters such as
turbidity, and Secchi disk was expected. Phosphate concen-
tration and turbidity were also related because the lake is

@ Springer
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Fig.5 The seasonal variations in the comprehensive trophic level index (TLI) in Lake Tana

= Rainy Season
= Dry Season

18 F
L —— Average

15 F

12 F

PI

09 f T
06 F

0.3

After Rainy Season
Before Rainy Season

L.

S5

S1

S2  S3  S4 S6 S7 S8 S9

S10 S11

S12 S13 S14 S15 S16 S17 S18 S19 S20

Sampling Stations

Fig. 6 The seasonal variations in comprehensive pollution index (PI) levels in Lake Tana

constantly mixed, and the phosphate is in equilibrium with
the suspended sediment (Kebedew et al. 2020b) The cor-
relation of other parameters, with the exception of nitrate,
is poor because they are not affected by the suspended
sediment.

Principal component analysis

The principal factors extracted from the eleven water qual-
ity variables are shown in Table 1.

Factor analysis

Using the PCA analysis, three principal factors were
extracted (Table 3). The first factor (F1) had a strong nega-
tive correlation with DO concentration (-0.82) and was
strongly positively correlated with turbidity (0.91). The sec-
ond factor (F2) was strongly negatively linked to EC and

@ Springer

TDS and positively related to Chl-a. The third factor (F3)
had a strong positive relationship with temperature. In the
second section of Table 3, the rotated component matrix
shows the cumulative deviation percentage by extracted
components.

Discussion

Physical and chemical water quality indicators
Turbidity, temperature and dissolved oxygen (DO)

Lake Tana (Fig. 3a) has high turbidity concentrations, espe-
cially near the outlet of the four major rivers (Rib, Gumara,
Megech, and Gilgel Abay) that transport. Sediment in these

rivers originates mainly from active gullies upstream (Zeg-
eye et al. 2016). Similarly, Wondim (2016) observed a high



Sustainable Water Resources Management (2024) 10:175

Page9of 15 175

@)

TLI
37.14 - 58.21
58.21 - 67.81
67.81 -75.41
» 75.41-80.27
2 80.27 - 90.01

0357 14 21 28 35 42
| . T  km

(b)

PI
0.683 - 0.804
0.804 - 0.858
0.858 - 0.979
% 0979 -1.252
% 1.252-1.864

Fig.7 Spatial patterns of (a) trophic level indices (TLI) and (b) pollution indices (PIs) in Lake Tana

Table 2 The total variance was Components Initial Eigenvalues Extracted Sums of Squared Rotated Sums of Squared
explained by extracting principal Loadings Loadings”
component‘s frorq eleven water Total % of Cumu- Total % of Cumu- Total % of Cumu-
quality variables in Lake Tana Variance lative Variance lative Variance lative
% % %
Turbidity 5.5 49.8 498 55 49.8 49.8 5.3 47.7 47.7
Temperature 2.9 26.3 761 29 26.3 76.1 3.1 27.8 75.5
Secchi Disk 1.6 14.9 91.0 1.6 14.9 91.0 1.7 15.5 91.0
pH 0.4 3.7 94.8
EC 0.2 2.0 96.8
TDS 0.1 1.2 98.0
DO 0.1 0.9 98.9
Ammonia 0.1 0.5 99.4
Phosphate 0.1 0.4 99.8
“Rotation converged in 5 itera- Nitrate 0.0 0.2 100.0
Chl-a 0.0 0.0 100.0

tions

turbidity concentration (5-989 NTU) in Lake Tana. Sedi-
ment clogs fish gills, impairing their ability to find food
(Newport et al. 2021), hindering visual attack feeders and
benefiting large-body zooplankton survival. The western
and northern shorelines of Lake Tana experience increas-
ing temperatures (Fig. 3b), which can boost biochemical
reactions and impact microbial development in water. The
variation between the lowest and highest temperatures dur-
ing this research period was 12 °C. This variability could

significantly impact biochemical reactions and the lake’s
ecosystem balance. Lake Tana has nearly comparable tem-
perature ranges to the lakes in Annex 2.

The low dissolved oxygen concentrations in Lake Tana,
ranging from 3.1 to 5.9 mg/L, pose a significant limitation
for fish. The littoral areas had lower DO concentrations than
the pelagic parts (Fig. 4b). The annual average DO concen-
tration did not exceed 4 mg/L, suggesting that DO is a major
limiting factor for fish in Lake Tana. The primary cause of

@ Springer
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Table 3 Component matrix and rotated component matrix of water quality indicators in Lake Tana
Component Matrix Rotated Component Matrix
Parameters Component Component

1 2 3 1 2 3

Turbidity 0.91 0.10 0.04 0.91 -0.06 0.12
Temperature 0.47 -0.07 0.68 0.35 -0.30 0.67
SD -0.63 0.32 -0.12 -0.90 0.29 -0.19
pH -0.40 0.34 0.17 -0.60 0.45 0.32
EC -0.72 -0.96 -0.09 -0.19 -0.96 -0.39
TDS -0.24 -0.96 -0.28 -0.18 -0.96 -0.30
DO -0.82 -0.08 0.79 -0.78 -0.12 0.84
Ammonia 0.89 0.21 0.37 0.82 0.05 0.33
Phosphate 0.86 0.07 0.09 0.91 0.09 0.09
Nitrate 0.87 0.09 0.36 0.83 0.27 0.08
Chl-a -0.57 0.87 0.38 -0.51 0.86 0.19

this low DO concentration is attributed to the high turbidity
in Lake Tana. Turbidity can reduce oxygen availability by
limiting light penetration and hindering plant growth in the
water. Other factors, such as temperature, turbulence, rain-
fall events, and plant productivity, could reduce the lake’s
DO. The lowest DO levels were at locations S11, S12, S16,
and S17 (Fig. 1) in the northeast of Lake Tana, which is
the shallowest and has the greatest dissolved P concentra-
tions (Kebedew et al. 2023). DO levels increase slightly
during the wet season due to plant growth, lower tempera-
tures, higher rainfall intensity, and freshwater mixing. Lake
Tana’s DO level is in the lower range of other tropical lakes
(Annex 2), which is consistent with the findings of Tibebe
etal. (2019).

Electrical conductivity, total dissolved solids, pH and
ammonia

Lake Tana exhibited the highest EC values during the rainy
season, after which the values decreased. The maximum EC
value of 169 puS/cm is much lower than Lakes Hawassa,
Abaya, Chagan, Chamo, and Bellunder but higher than the
lake’s EC in Arenguade and Shalla (Annex 2). This is posi-
tive news for aquatic health, biodiversity, and other impacts
in Lake Tana. However, continuous monitoring is neces-
sary to maintain low salinity levels. The TDS concentra-
tions consistently remained below 100 mg/L. The current
findings indicate no chronic effects on aquatic or human
health. Nonetheless, slight fluctuations in TDS suggest the
introduction of anthropogenic and naturally occurring inor-
ganic salts and organic chemicals into the lake. Figure 3e
& f demonstrate relatively higher EC and TDS levels in the
northern regions of the lake, attributed to agricultural runoff,
saline chemicals, and solid materials.

Aquatic organisms thrive within pH ranges of 5.0-9.0
(Cotruvo 2017). In our study, the annual average pH ranged
from 5.9 to 8.4, consistent with previously published values
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0f 7.0-9.9 (Wondim 2016) and 6.5-9.2 (Tibebe et al. 2019).
Similarly, other studies have reported pH values within
the range of 8.9-9.0 for Lake Chamo (Ghebremedhin and
Gupta, 2023) and 7.1-9.3 for Lake Hawassa (Menberu et
al. 2021) in Ethiopia. The pH level observed in Lake Tana
falls within the recommended limits for aquatic health and
human health. The pH level plays a critical role in predict-
ing the toxicity of ammonia in aquatic animals.

The ammonia levels in Fig. 4c are elevated, especially
near the eastern shore, threatening aquatic fauna, particu-
larly fish. Fish are extremely sensitive to concentrations of
ammonia (Wang et al. 2017). When the pH rises, even small
amounts of ammonia can become toxic to fish, decreasing
the capacity of the blood to carry oxygen. Depending on the
pH and temperature conditions, this can result in suffocation
(Wang et al. 2017). Therefore, fish in Lake Tana may be at
risk of ammonia toxicity in areas with elevated pH and tem-
perature. Ammonia likely originates from the urea used by
farmers as fertilizer. Reducing its input to the lake demands
immediate attention to protect aquatic life.

Trophic state parameters

The Secchi Disk (SD) is widely used to measure water
transparency. It involves using a circular disc with white
and black sections to determine the visible depth of the
water. According to Duggan and Kotalik (2019), an annual
average SD value should not be less than 10% of the lake’s
natural mean depth. Lake Tana, with an average depth of
9.7 m (Kebedew et al. 2020b), is taken as a reference. Our
study revealed that the average SD value at each station and
season fell below the threshold, indicating the presence of
algae and suspended sediments. SD values decrease from
the lake’s coastal regions toward its pelagic zones (Fig. 3c).
The dry season exhibits higher SD values than the wet sea-
son. Turbidity and algal blooms, particularly during rainfall,
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are the primary factors affecting water clarity in coastal
regions of lakes.

In our study, the highest phosphate concentration
(0.61 mg/L) occurred during the wet season, while the low-
est value (0.02 mg/L) was recorded during the dry season.
The phosphate levels in Lake Navaishia (Kenya) are similar
and range from 0.021 to 0.83 mg/L (Ndungu et al. 2013).
Phosphorus accelerates the growth of algae and aquatic
plants and reduces oxygen levels when in excess (Fig. 4e).
During the wet season, phosphate concentrations are high-
est near the outlets of the Gilgel Abay, Rib, Gumara, and
Megech Rivers. In Lake Tana, nitrate is limiting, and phos-
phorus concentrations are not directly linked with eutrophi-
cation levels (Dersseh et al. 2022).

The maximum desirable nitrate levels should be main-
tained at 50 mg/L for aquatic life and 45 mg/L for drink-
ing water usage (Cotruvo 2017; Duggan and Kotalik,
2019). High nitrate concentrations were recorded in the
shoreline regions of Lake Tana (Fig. 4d), most likely
due to agrochemical release and fish farming activities.
Ewnetu et al. (2014) observed comparable nitrate concen-
trations (2.7-12.1 mg/L). However, the current Lake Tana
exceeded those of most tropical lakes (Annex 2). Nitrate
levels (1.8-8.0 mg/L) reported by Gezie et al. (2018) were
slightly lower than those in the present study. The increasing
trend of nitrate is associated with intensifying agriculture
and the increase in the use of fertilizers on farmland in the
catchment.

The current Chl-a concentrations (35 to 89 g/L) showed
an increasing trend compared to previous findings (27—
50 pg/L) by Tibebe et al. (2019). This indicates nutrient
availability, promoting algal bloom growth. This study
identified factors influencing Chl-a levels in Lake Tana, pol-
luted with various pollutants. Phosphorus and nitrogen sig-
nificantly impact algae growth, reflecting the poor health of
the lake ecosystem. The water hyacinth dispersion in Lake
Tana could be linked to lake circulation that deposited P-rich
sediment in the Northeastern part of the Lake (Kebedew et
al., 2022a). The lowest Chl-a concentration occurred in the
rainy season due to reduced algal blooms from increased
wind waves, rainfall, diminished light, and greater dilution
caused by runoff. The highest levels of Chl-a were found in
the post-rainy and dry seasons and were attributed to stag-
nant water, ample light, enhanced phytoplankton growth,
and biochemical changes.

Eutrophication and pollution indices

A comparison of the mean eutrophication values with the
criteria of Duggan and Kotalik (2019) confirmed a middle-
eutrophic to hypereutrophic state, potentially due to nutri-
ent flux. Nutrient intrusions from sewage, agriculture, and

cattle enrich the lake, expanding water hyacinths and algal
blooms. Lake Tana’s eutrophication status affects its eco-
logical network, requiring the monitoring of nutrient loads.
Figure 7a also demonstrated eutrophic conditions across all
sites in Lake Tana. Higher TLI values are observed in the
northeastern (Megech and Rib Rivers joining), southeast-
ern (near the Gumara River), and southwestern (near the
entrance of the Gilgel Abay River) areas. Eutrophication
levels increase from the central to the shoreline parts of the
lake. The eutrophication status in Fig. 5 shows important
seasonal variability. The maximum TLI (92) was observed
during the rainy season. Most of Lake Tana is in middle-
eutrophic to higher-eutrophic conditions, covering 30%
and 40% of the lake area, respectively. Approximately 10%
of the lake is in a hypereutrophic state. Blue-green algal
blooms, dead fish, and unpleasant odors were observed dur-
ing the field assessments, particularly near the shorelines
and islands. This is associated with hypereutrophic condi-
tions. Approximately 20% of the lake remains oligotrophic,
mesotrophic, and moderately clear but susceptible to eutro-
phication. Previous studies reported lower average TLIs for
Lake Tana (Tibebe et al. 2019). The present study confirmed
an increasing trend in TLI associated with intensifying agri-
culture and a lack of conservation practices limiting the
influx of sediment and nutrients.

The seasonal variations in PI in Fig. 6 showed that Lake
Tana’s water exceeded the initial PI level of 0.4 set by Yan
et al. (2015). Based on the determined comprehensive PI,
the pollution level in Lake Tana was predominantly in
classes III (slightly polluted) and IV (polluted), according
to Annex 1. Multiple sources contribute to pollution, includ-
ing domestic waste, agriculture, fishing, industrial activities,
and swimming. The production of water hyacinths in lakes
is an example of increasing pollution levels. Key locations
that influence water quality are near Bahir Dar town and the
mouths of the Megech, Rib, Gumara, and Gilgel Abay Riv-
ers (Fig. 7b). These areas experience significant deteriora-
tion in water quality due to wastewater inflow from nearby
towns and high sediment loads, particularly during the rainy
season.

Correlation, principal component and factor
analysis

Turbidity and temperature were strongly positively corre-
lated with ammonia, phosphate, nitrate, and Chl-a (Table 2).
These findings suggest that organic pollutants, such as
agrochemicals, may be potential sources of pollution. The
correlation matrix showed that the concentration of Chl-a
(»<0.05) increased with nutrient intrusion and turbidity but
reversed with DO. Temperature exhibited a strong negative
correlation with DO and a weak negative correlation with EC
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and total TDS. pH (p > 0.05) exhibited a weak positive rela-
tionship with turbidity, ammonia, nitrate, and Chl-a, while it
was moderately correlated with temperature, EC, TDS, DO,
and phosphate. Although pH is not a primary factor in Lake
Tana’s water pollution, increased alkalinity can significantly
impact fish due to the presence of ammonia. Notably, there
was a strong negative correlation between turbidity and SD,
indicating that sediment loads and topsoil inflows adversely
affect the water clarity of the lake. The oxygen levels were
negatively correlated with phosphate, indicating that nutri-
ent levels were linked to oxygen depletion.

In PCA, the top three principal components were identi-
fied when eigenvalues larger than one were extracted. These
components explain most of the variability in the initial
eleven variables. The initial and extracted components are
displayed in the first and second sections of Table 1. These
three components explained a total of 91% of the initial
variables, significantly reducing the complexity of the data-
set with only a 9% loss of information. PCA summarized the
aggregate percentage of variation described by the rotated
components. Convergence was achieved after five iterations
in SPSS.

Factor analysis also offers valuable insights for inter-
preting each factor, particularly in water quality analysis.
In Table 1, the factor analysis findings demonstrated the
three extracted factors. F1, which accounts for 50% of the
total variance, is characterized by high loadings of turbidity,
ammonia, phosphate, and nitrate (Table 3). Therefore, F1 is
defined as the suspended solids pollution factor (SSPF) and
the nutrient pollution factor (NPF). A higher concentration
of Chl-a also had a strong influence on F2. This explains
26% of the overall variance. This factor is referred to as
the eutrophication pollution factor (EPF) and supports the
trophic level findings from both this study and Tibebe et
al. (2019). F3 captured 15% of the total variance, primar-
ily driven by temperature and DO. Temperature catalyzes
a wide range of biochemical reactions in water, which can
directly impact DO levels and lead to depletion. Hence, F3
is defined as the oxygen depletion factor (ODF).

Implications for future water quality management
in Lake Tana

The variations in water quality in Lake Tana are likely
linked to the area’s climate and seasonal changes. This
study aimed to understand how nutrient levels and other
water quality measures have changed over time and loca-
tion in Lake Tana. The increasing pollution from sources
such as agricultural runoff, sewage discharge, and upstream
erosion may be causing a significant decline in the lake’s
water quality. To address this, it’s important to control the
release of fertilizer runoff and soil erosion near major river
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mouths in the northern and northeastern areas, and to reduce
aquaculture growth and fertilizer use. Additionally, more
research is necessary to assess water quality in Lake Tana
at various scales. Remote sensing methods can also be valu-
able for studying water quality changes over long periods
and large areas.

Conclusions

In this research, a comprehensive evaluation of the water
quality, eutrophication, and pollution levels in Lake Tana
was conducted. The findings underscore substantial pol-
lution and eutrophication, particularly in the northern and
northeastern areas. There were noticeable spatial and sea-
sonal discrepancies, with higher levels of turbidity, sus-
pended solids, phosphate, nitrate, and TLI during the rainy
seasons, attributed to increased rainfall, runoff, and nutri-
ent enrichment. Conversely, lower levels of ammonia, dis-
solved oxygen, and chlorophyll-A were observed during
dry seasons due to low flows in the rivers and intensified
phytoplankton growth. The presence of high turbidity con-
centrations, low DO levels, and pollutants such as ammonia,
phosphate, nitrate, and Chl-a suggested potential sources of
pollution from agricultural runoff, sewage discharge, and
other human activities.

The lake was identified to be in a middle-eutrophic to
hypereutrophic state, with significant nutrient fluxes contrib-
uting to algal blooms and degraded water quality. Pollution
levels, based on pollution indices, were mainly categorized
as slightly to heavily polluted, especially in areas near major
river mouths and coastal regions. Strong correlations were
observed between various water quality parameters, high-
lighting the interconnectedness of physicochemical factors
in Lake Tana. Principal Component Analysis (PCA) and
Factor Analysis (FA) identified significant pollution factors,
including suspended solids pollution factor (SSPF), nutri-
ent pollution factor (NPF), eutrophication pollution fac-
tor (EPF), and oxygen depletion factor (ODF), providing
insights into the type and extent of pollution in the lake.

Water quality degradation in Lake Tana’s coastal areas
is worse than in the pelagic areas due to higher nutrient and
pollutant inputs from agricultural activities and sediment
intrusions. Effective management strategies are needed to
address these challenges, emphasizing proactive actions
and conservation measures to safeguard this vital freshwa-
ter resource. Control measures targeting nutrient and sedi-
ment inputs, such as soil erosion and agricultural runoff,
are essential for preserving the lake’s ecological health.
Continued monitoring and remote sensing practices are
recommended to track water quality dynamics and inform
management decisions over time.
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Annex

Annex 1 Classification of surface water quality based on eutrophica-
tion and pollution indices

Trophic Level Indices (Huo et al. 2013)

Pollution Level Indices
(Yan et al. 2015)

TLI Eutrophic Descriptions Pl Water quality
conditions level (Class)
<30  Oligotrophic Clear water <0.20 I-Cleanness/
and oxygen all Excellent
year.

30-40 Higher Some shal- 0.20to  II-Sub

Oligotrophic lower lakes 0.40 cleanness/
may become Acceptable
slightly
anoxic.

40-50 Mesotrophic There is a 0.41to  III-Slightly
growing 1.00 Polluted
likelihood of
anoxia.

50-60 Lower Eutrophic Lower 1.0l to  IV-Polluted
boundary 2.00
of eutrophic
conditions.

60-70 Middle Prevalence >2.01  V-Severely

Eutrophic of blue-green Polluted
algae, and
extensive
macrophytes

70-80 Higher Eutrophic Possible heavy
algal blooms.

> > Hyper Eutrophic  Extreme algal

80 scum and fish

death.
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Annex 2 Comparison of water quality parameters in Lake Tana with those in other tropical lakes (T, pH, DO, EC, and Chl-a stand for temperature
in °C, H + concentration, dissolved oxygen in mg/L, electrical conductivity in pS/cm, and chlorophyll-A in pg/L, respectively). Nitrate and phos-

phate were in mg/L, and turbidity was in NTU

Lakes Turbidity T pH DO EC Nitrate Phosphate Chl-a Authors

Chamo 40-59.5 245283 8.93-9.0 6.48-7.25 1363.5-1429 9.95-28.02 0.46-5.44 - (Ghebremedhin and Gupta 2023)
Hawassa 4.0-16.0 18.8-21.5 7.14-9.34 1.41-7.47 311-917 2.6-9.8 - - (Menberu et al. 2021)
Navaishia 21.4-258 7.12-897 6.58-17.37 230-260 0.0-0.058 0.021-0.83 - (Keyombe and Waithaka 2017)
Abaya 57-188  18.5-29.2 8.11-9.27 5.58-15.1 147.7-1006 1.42-3.51 0.04 19-65 (Enawgaw and Lemma 2018)
Arenguade 33.5-42.6 21.65-23 9.7-10.41 3.12-3.66 525-5.65 9.1-97.7 14828 - (Melese and Debella 2023)
Chagan - 12.6-30.5 >8 5.6-8.87  430-1800 - - - (Liu et al. 2019)

Bellunder - 28.4-29.8 6.14-8.0 1.49-6.43 934-956 - 0.37-0.46 - (Rashid et al. 2018)

Shalla 3.17-275 21.9-234 9.8-10.7 6.63-8.47 23-30.85 20.6-40.57 1.1-2.3 - (Melese and Debella 2023)
Tana 5-989° 16-31° 7.1-10.0° 3.83-8.86° 262-1169°  1.75-8.01° - 27-50°  Prior study

Tana 11.5-273 21.07-279 59-84 3.1-5.87 100.6-169 7.33-15.2 0.02-0.61 31.1-98.2 Current study

= (Gezie et al. 2018), ® = (Wondim 2016) and © = (Tibebe et al. 2019)
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