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Nutrient enrichment from increased anthropogenic activities causes algal blooms and

the proliferation of water hyacinth and other aquatic weeds. It is a recent phenomenon in

developing nations where the link between water quality and water hyacinth infestation

is not well studied. The objective of this study is to investigate the relationship between

phosphorus, nitrogen, and chlorophyll-a on the distribution of water hyacinths in Lake

Tana, located in the tropical highlands of Ethiopia. In this 3,000 km2 lake, water hyacinths

have expanded from almost none to 25 km2 during the last 10 years. Water samples

were taken near the four large rivers and at 27 nearshore stations. Samples were

analyzed for total phosphorus, total nitrogen and chlorophyll-a. Our measurements were

augmented with concentrations reported in the literature historically. Our results show

that phosphorus concentration increased exponentially since the first measurements in

2003 from 0.01mg P/l to near 1.8mg P/l in 2020. Nitrogen concentrations increased

from near zero at the end of the dry phase but remained nearly constant at around 2mg

total N/l after 2016. As a result, the ratio of nitrogen and phosphorus decreased in time,

and the lake went from phosphorus to nitrogen limiting. Chlorophyll-a concentrations

ranged from 0.3 to 104 µg/l. Water hyacinths appeared in the lake around 2010 after the

nitrogen assimilation capacity of the lake was exceeded. They are found mainly in the

northeastern part of Lake Tana, while nutrient concentrations are suitable for growing

water hyacinths throughout the lake after 2010. Its location is mainly a consequence

of lake circulation and wind direction. Minimum Chl-a concentrations were measured at

locations with water hyacinths. Preventing future expansion of water hyacinth in Lake

Tana is complicated but will require at minimum management practices that reduce

the nitrogen and phosphorus loading from fertilizers applied in agriculture and prevent

contributions from point sources.
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INTRODUCTION

Freshwater lakes are an important income source for local
communities. The lakes are used for fishing, transportation,
agriculture, industry, recreation, tourism, and temperature
regulation (Giardino et al., 2001). Lake water quality in
countries with the highest GDP in Europe is improving
(Steinebach, 2019). In contrast, lakes in developing countries are
deteriorating rapidly because natural purification processes are
insufficient to break down the increasing nutrient contributions
of anthropogenic activities (Wold and Hershey, 1999; Giardino
et al., 2001; Kanownik et al., 2019). Lake ecosystem services are
severely affected by excess nutrients (Yang et al., 2013; Wondie,
2018).

Lakes receive nutrients from external and internal sources
(Ramm and Scheps, 1997; Pettersson, 1998; Jeppesen et al.,
2007; Mooney et al., 2020). External sources consist of point
and non-point sources. For lakes in agricultural-dominated
areas, nutrients from non-point sources could be substantially
greater than point sources (Singh and Pandey, 2019). Non-
point P sources are inorganic fertilizers, human and animal
wastes, soil erosion, detergents discharges from septic systems,
and runoff from farmlands (Robach et al., 1995; Jarvie et al.,
2012; Kast et al., 2021). Point sources include sewer outlets
and agricultural industries such as sugar factories and cheese
plants. The major sources of total nitrogen (TN) are fertilizer,
human waste, livestock, and atmospheric deposition and fixation
(Preston and Brakebill, 1999; Zheng et al., 2008). The internal
loading of nutrients is affected by lake morphology. Specifically,
the wave base depth, the maximum depth at which a water
wave’s passage causes significant water motion (Kebedew et al.,
2020b). In shallow lakes, the lake bottom sediment affects lake
water quality due to the suspension of bottom sediments by
wave actions (Osborne, 1980; Magnien et al., 1992; Kozerski
et al., 1999; Burger et al., 2008). Several researchers (Osborne,
1980; Forsberg, 1989; Søndergaard et al., 1999) have shown that
nitrogen and phosphorus fluxes from the bottom sediments
increased the primary aquatic plant productivity and growth in
shallow lakes.

Invasive aquatic weeds proliferation, such as water hyacinth,
depends on the nutrient concentration in the lake water (Hecky
et al., 2010). Various experimental data provide concentrations
for its growth in lakes. Gaikwad and Gavande (2017) reported
that the minimum requirement for the survival of water hyacinth
was 5.5mg N/l and 1.66mg P/l. However, Center and Spencer
(1981) reported that water hyacinths grew well at concentrations
above 1mg N-N03/l and between 0.5 and 2mg total phosphate
P. Concentrations for maximum growth of water hyacinth,
according to Khan and Ansari (2005) and Gaikwad and Gavande
(2017) are 20 mg/l N, and 3 mg/l P. Polomski et al. (2009) and
Yan and Guo (2021) reported an optimum growth rate of water
hyacinths was reported both under experimental conditions
of N and P weight ratio of 4.5 to 7 with P concentrations
greater than 0.39mg P/l and N >2.3mg N/l. Under low
nutrient conditions, optimum N and P weight ratio of 1.5–5
have been reported (Reddy and Tucker, 1983). According to
Smith (1982), Chl-a is dependent on total nitrogen (TN), and

total phosphorus (TP) ratio (weight equivalent) is <5, it is
dependent only on TN, and if the ratio is >10, it is dependent
only on TP.

In Africa, water hyacinth was noted first in Egypt in the
late 1880s, in South Africa in 1910, in Zimbabwe in 1937, and
in Lake Victoria, growth started around 1990 (Navarro and
Kanyama-Phiri, 2000). They appeared for the first time in 1956
in Ethiopia in Koka Lake of Awash river in a region with
sugar cane factories (Navarro and Kanyama-Phiri, 2000; Firehun
et al., 2007, 2014, 2015). In 2011, the first water hyacinths were
noted in Lake Tana Anteneh et al. (2015). Dersseh et al. (2019)
indicated that the 340 km2 is the maximum potential coverage,
including the area of the flood plains around Lake Tana. Based
on NDVI of satellite images, Dersseh et al. (2020; Figure 5)
showed an upward trend in area coverage of water hyacinth.
The maximum infestation area in 2015 was 5 km2, and in 2019,
25 km2 (Figure 5 in Dersseh et al., 2019, 2020). Most of the
increase occurred from 2015 to 2016, but after that, the rate of
increase seemed to level off. The minimum area in 2019 was 10–
12 km2 at the end of the dry phase when the lake was at its lowest
water level.

Several studies measured the nutrient concentrations in Lake
Tana. Only a few studies related the nutrient concentration with
the extent of the water hyacinth infestation. In 2003 and 2004,
Wondie et al. (2007) measured a maximum concentration of 0.6
mg/l N-NO3 in November of 2003 and 2004, and the minimum
concentration was close to nil during the dry monsoon phase.
The greatest P-PO4 concentration was 0.085mg P/l in April 2004,
with an average concentration of 0.023mg P/l. They did not
find any water hyacinth in Lake Tana, and the algae group of
diatoms was most abundant. In March 2010, an average NO3

concentration of 0.26mg N/l was measured near the south shore
(Goshu et al., 2017, 2020). Ewnetu et al. (2014) reported total
phosphorus (TP) concentration in unfiltered samples collected
in June and July 2013 ranged from 0.01 to 0.93mg P/l and an
average of 0.14mg P/l. The highest concentrations were reported
near the sewer outfall of Bahir Dar. Nitrate concentrations were
between 0.61 and 2.72mg N/l with a mean of 0.72mg N/l.
During several sampling campaigns from 2000 to 2014, Alemu
et al. (2017) took water samples from the Lake and major rivers.
Averaged total dissolved P concentration in the lake samples was
0.49mg P/l. Concentration in rivers was generally greater than in
the lake during the rain phase, with the highest concentrations of
2.7mg P/l at the Gumara in August 2011 (Alemu et al., 2017). In
March 2017, Kebedew et al. (2020b) measured a spatially average
total dissolved P concentration of 0.21mg P/l in the whole
lake 2017. Total dissolved phosphorus (TDP) concentrations
in the water hyacinth infected areas were as high as 0.45mg
P/l. Kebedew et al. (2020a) reported that the average Lake
Tana sediment bottom TN concentration was 0.8 g.kg−1, and
Olsen available phosphorus was 0.019 g.kg−1. Tibebe et al. (2019)
reported nearshore NO3-N concentrations ranging from 0.28 to
1.56mg N/l in the dry phase and 0.58–1.03mg N/l in the rain
phase with the same average concentration of 0.79mg N/l in both
phases. Average soluble reactive P concentrations were 0.43mg
P/l with the greatest concentration of 0.88mg P/l in the rain phase
and 0.26mg P/l in the dry phase. The TP concentration of water
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that was not filtered averaged 0.99 and 0.75mg P/l in the rain and
dry phase, respectively. A sampling date was not given in Tibebe
et al. (2019). Sishu et al. (2021), similarly to Alemu et al. (2017),
observed for the Robit Bata watershed that drains to Lake Tana,
the maximum dissolved TP concentrations in the rain phase was
3.4mg DP/l. Baseflow concentrations during the dry phase were
<0.1mg DP/l. Finally, the maximum concentrations at the outlet
of the Awramba watershed in the Fogera Plain during the 2013
rain phase were 0.8mg P-PO4/l (Moges et al., 2016) and 1.8mg
N-NO3/l (not published).

Despite the various studies of nitrogen and phosphorus
concentrations in Lake Tana and its rivers, a systematic survey
of the trend of nutrient concentrations and its effect on
water hyacinth (if any) has not been carried out. Knowledge
of the nutrient dynamics of the lake is urgently needed to
prevent further infestation of water hyacinths. Therefore, the
main aim of this study was to characterize the phosphorus,
nitrogen and Chl-a concentration of Lake Tana based on this
study and previously collected data. The specific goals were
to (1) evaluate the nutrient concentration and load of the
four major tributary rivers flowing into the lake; (2) evaluate
the distribution of TP, TN, and Chl-a in the water column;
(3) evaluate spatial and temporal variation in TP, and TN
in nearshore areas of the lake, and (4) analyze the linkage
between the concentration of nutrients on the water quality
and more specifically on the distribution of water hyacinth
in the lake.

MATERIALS AND METHODS

Study Area
Lake Tana is the largest freshwater lake in Ethiopia and the source
of the Blue Nile (Poppe et al., 2013). It was designated as a
world biosphere reserve by UNESCO in 2015. The lake is located
between 11◦30

′
N-12◦30

′
N and 37◦ E-37◦30

′
E (Figure 1).

The mean depth is 9.7m, the median depth is 10.5m, and the
maximum depth is 14.8m (Kebedew et al., 2020b). The wave
depth is nearly the same as the maximum lake depth, indicating
that the lake is fully mixed. The adsorbed concentration in the
bottom sediment affects the dissolved concentration in the entire
water column (Kebedew et al., 2020b). The lake surface area
varies between 2,945 and 3,090 km2 depending on the time of the
year, with the lowest water level in June and the highest at the end
of the rain phase in September or October (Dersseh et al., 2020).
The average water level observed is 1,786.2m a.s.l. (Alemu et al.,
2020). Historically, the lowest lake level was 1,784.2m a.s.l. in
June 2013, and the maximum lake level recorded in October 1998
was 1,787.72m a.s.l. The lake’s drainage area is around 12,000
km2 (Zimale et al., 2018). The total storage volume of the lake
is ∼30 km3, and its morphometric shape is nearly cylindrical
(Kebedew et al., 2020b).

Lake Tana has significant socio-economic importance for
Sudan and Egypt downstream. More than 80% of the Nile water
comes from Ethiopian highlands (Johnson and Curtis, 1994;
Conway, 1997). There are four seasons, a main-rain phase from
July to September; a post-rainy phase fromOctober toNovember;

the dry phase that extends from December to April; and a pre-
rainy phase from May to June. From 1990 to 2007, the average
annual rainfall on the lake was 1,230mm (Alemu et al., 2020).
More than 40 seasonal rivers and four perennial rivers flow into
the lake. The main rivers are the Gilgel Abay (Little Blue Nile),
Gumara, Rib, and Megech (Kebede et al., 2006). The four major
rivers contribute 93% of the total flow (Kebede et al., 2006).
Dessie et al. (2015) estimated that the Gilgel Abay in the southern
part of Lake Tana contributed 58% of the flow, Gumara and
Rib in the east 30%, and Megech in the north 10% and several
small rivers in the west 2%. The lake outflow after 2010 has been
directed through a tunnel to the Beles River to generate 460 MW
of electricity with hydroelectric power. Excess flow leaves the lake
over the Chara-Chara weir to the Blue Nile. The annual outflow
of the lake varies between around 3 and 5 km3 a–1 (Alemu et al.,
2020). The lake is used for storage for hydropower generation,
transportation, fishing, and recreation. It is a tourist attraction,
with important religious sites on its islands.

Rainfed teff, maize, and sorghum are the main crops in the
basin and cover three-fourths of the basin (Abera et al., 2021).
During the dry monsoon phase, <20 % is cultivated using
residual moisture (Abera et al., 2021). Nearly 20% of the basin is
suitable for surface irrigation, but the water was only available for
<1% of this potential area without constructing dams for surface
storage (Worqlul et al., 2015). There are three major cities: Bahir
Dar in south of the Lake, Debre Tabor in the upper watershed in
the east, and Gonder in the north (Wondie, 2010). Most farmers
grow eucalyptus trees (Tefera and Kassa, 2017). The wetlands
have been severely affected by silt loads due to increased erosion
from the degrading soil base due to deforestation followed by
intensive agriculture (Wondie, 2010; Tebebu et al., 2017). Runoff
is generated from saturation excess in the periodically saturated
valley bottom and the degraded cropland with a hardpan (Moges
et al., 2017b; Tebebu et al., 2017). The hydrology is complex, with
many faults acting as conduits of subsurface flow and volcanic
dikes as barriers (Adem et al., 2020).

Sampling Methods
Total phosphorus (TP) is the sum of all forms of phosphorus,
including ortho-phosphates (soluble reactive phosphorus) and
the phosphorus in plant and animal fragments suspended in lake
water (Correll, 1998). Total nitrogen (TN) is the sum of nitrate,
nitrite, ammonia, and organic nitrogen (Bremner, 1965; McGill
and Figueiredo, 1993). Chlorophyll-a (Chl-a) is an indicator
of water quality linked to productivity associated with nutrient
levels in the lake (Koponen et al., 2001). The abundance of
phytoplankton in freshwater lakes is strongly associated with TP
(Guildford and Hecky, 2000).

River inlets and lakeshore areas were sampled to determine
the concentration. The river inlet concentrations were used to
calculate the nitrogen (TN) and phosphorus (TP) load delivered
by the four major rivers. Water samples were collected at each of
the four major rivers (Figure 1) in June, July, August, September,
and December 2019. The lake depth at the river inlets was
between 3 and 11m. The other samples along the shores were
taken to characterize the relationship between water hyacinth
distribution and the nitrogen, phosphorus, and chlorophyll-a
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FIGURE 1 | Maps of (A) Ethiopia with location of Lake Tana; (B) Spatial distribution of water hyacinth and other vegetation infested area in Lake Tana and map of

sampling sites numbered 1–27; 1 = Korata; 2 = Mitsile; 3 = Tana Chirkos; 4 = Wagetera; 5 = Nabega; 6 = Tezamba; 7 = Agid; 8 = Kragna; 9 = Abaworka; 10 =

Mtraha; 11 = Fkra Dangur; 12 = Shiha Gomengie; 13 = Lenba; 14 = Jarjar; 15 = Tana Woyna; 16 = Adisy Dengay Debir; 17 = Achera; 18 = Seraba; 19 =

Dehanawawa; 20 = Gorgora; 21 = Chara- Chara; 22 = Lake shore; 23 = Bahir Dar port; 24 = Flower farm; 25 = Esey Debir; 26 = Chankebergen; and 27 =

Tach-Alewa.

concentrations in the nearshore area of Lake Tana. Nearshore
samples for determining TP, TN, and Chl-a were collected at 27
stations roughly divided evenly between water hyacinth-infested
and non-infested regions (Figure 1). The samples were collected
in two campaigns. For the first campaign, samples were taken at
0.5m depth in August 2016, December 2016, and March 2017.
In the second campaign, water samples were collected in June,
July, August, September, December 2019, and March 2020 at
the 0.5m surface and just above the lake bottom. The sampling
dates were chosen to represent the main rainy season (July-
September), the dry season (December–April), and a pre-rainy
season (May–June) to understand how seasonality influences the
water quality parameters.

The water samples in all rounds were collected using a
water sampler (Kemmerer—Model 12.07—Water Sampler Set
and Beta Water Samplers, Horizontal Acrylic—Water sampler
only, transparent acrylic, 3.2 L). The water samples were

filtered and transferred to polyethylene bottles, 100ml for TP,
100ml for TN, and 500ml for Chl-a. Samples were stored at
−4◦C until analysis by the Amhara Design and Supervision
Works Enterprise.

Data Analysis
Annual inflow and outflow data for Lake Tana were taken from
Alemu et al. (2020) study for a period with above and below-
average rainfall. The proportion of mean annual flow rate from
North, South, West and East side were calculated based on the
measurements made by Dessie et al. (2017) and used in the
nutrient loading calculation and balance.

An approximate P and N mass balance for the Lake was
calculated by summing the products of discharges and measured
concentrations near the four major rivers and subtracting that
flowing through the outlets. The external phosphorus loading
could not be estimated by the published functions in the literature
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by Larsen and Mercier (1976), Vollenweider (1976), Prairie
(1989), and Hejzlar et al. (2006) because the lake was fully mixed,
contrary to the assumptions on which those equations are based.

Image Analysis
The distribution of water hyacinth in Lake Tana was
determined with a Sentinel-2 image on December 8, 2019.
The image with a 10m spatial resolution was classified with
a supervised classification technique using the Google earth
search engine platform. The relationship between the water
quality parameters and water hyacinth was analyzed using
ArcGIS spatial analyst tools and by comparing the values
of the water quality parameters with the areas covered by
water hyacinths.

Laboratory Analysis
Total phosphorus (TP) concentration was determined using
PhosVer R©3 based on the Acid persulfate digestion method in the
range of 0.06–3.50mg P/l. Total nitrogen (TN) concentrations
were determined using the persulfate digestion method in the
low range of 0.5–25.0mg N/l. The digestion temperature of
TN was 105◦C and TP 150◦C for 30min. The absorption was
then measured using HACH product DR.2008 and DR.3900
spectrophotometer at the wavelength of 410 and 890 nm for TN
and TP, respectively (Dersseh et al., 2019).

Chlorophyll-a concentration was determined by the acetone
extraction method after the sample filtration on 0.47µm glass
fiber filter (Whatman GF/C) using Gellman polycarbonate
filtration towers, under low to moderate vacuum (10–40 cm
Hg). Extracts were clarified by centrifugation at 4,000 rpm
for 20min. Sample and standard absorbance were read
at 750 and 664 nm before acidification (750b and 664b)
and 750 and 665 nm after acidification (750a and 665a).
Chlorophyll-a concentration in the extract was determined
with a spectrophotometer using the standard method of
Perkin-Elmer Lambda 35 UV/VIS spectrophotometer with
a 1 nm spectral bandwidth and optically matched 4 cm
plastic micro-cuvettes.

Statistical Analysis
The spatial and temporal distributions of TP, TN and Chl-a were
analyzed using descriptive statistics to determine the maximum,
minimum, mean, and standard deviation (St.dev) values of each
parameter. The difference in space, time, and water depth were
evaluated using a one-way ANOVA and multi-comparison tests
employed for the 27 sampling points. The spatial and temporal
changes of the water quality parameters were considered based
on the coefficient of variation (CV). The spatial and temporal
variability in the parameters were categorized as weak (CV <

0.1), moderate (CV = 0.1–1), and strong (CV > 1, Zhang et al.,
2007).

RESULTS

Nutrient Concentrations of Major Rivers
The average total phosphorus, TP, concentrations for the Rib,
Gumara, and Gilgel Abay inlets was just under 2 mg/l in 2019

(Table 1). The TP concentration in the Megech that originated
in the Simien mountains with little agriculture was half of the
other three rivers (Table 1). The average total nitrogen, TN,
concentrations of the three rivers Gumara, Rib andMegech, with
a large flood plain, were just above 2mg/l, and for the Gilgel Abay,
3.5 mg/l (Table 1). The difference was statistically not significant.
The Gilgel Abay has only a very small flood plain, and thus the
opportunity for the nitrate to denitrify is smaller. The maximum
concentrations of TP and TN in the four rivers were observed in
December. The minimum was in June (Table 1). Wondie et al.
(2007) found a similar trend for nitrate but not for phosphates in
Lake Tana in 2003 and 2004.

Distribution of TP, TN, and Chl-a in the
Water Column
Water samples at the surface and the bottom were taken monthly
from June to December in 2019 and March 2020. The average
TP concentration in water samples at the lake bottom was, on
average, 20% greater than in samples taken at 0.5m from the
surface (Table 2). Four-fifths of the water samples near the lake
bottom exceeded the TP taken at the surface. Average TN was
16% lower at the bottom than at the surface, mainly because of the
low concentration in the lake bottom samples for the sampling
station near Bahir Dar (Stations 22–24, Figure 1; Table 2). Chl-a
at the surface was greater than the bottom for two-thirds of the
sampling locations (Table 2). Samples near the surface contain
more Chl-a than the bottom samples following the pattern of
TN. The small differences in surface and bottom concentration
confirm the finding of Kebedew et al. (2020b) that the water
column is mixed due to its shallow depth.

Lake TP, TN, and Chl-a Concentrations
The water quality parameters of 27 stations (location shown in
Figure 1) between 2016 and 2020 are given in Table 3. Mean
TP concentrations increased about 5–10-fold over the 4 years.
It increased from an average of 0.2 mg/l in 2016 to 1.8 mg/l
in 2020, Table 3. Over the same period, TN concentrations
in 2016 and 2020 were nearly the same, around 2 mg/l. The
TN:TP ratio ranged from 0.4 to 29.5 (Table 3). The mean Chl-a
concentrations did not show a clear trend. Average Chlorophyll-
a concentrations ranged from 1 to 22 µg/l in 2016 and
2017. In 2019–2020 concentrations were between 4 and 9 µg/l
(Table 3). Wondie et al. (2007) found the mean chlorophyll-a
concentrations varied from 2.6 to 8.5 µg/l in 2003 and 2004.

Spatial Distribution of TP, TN, and Chl-a
The spatial distribution of water hyacinth and other aquatic
vegetation is shown in Figure 1. The total area with water
hyacinths was around 2,500 ha, and most was found on the
eastern shore north of the Rib outlet (Figure 1). Some water
hyacinths locations showed elevated TP concentrations. TP
concentrations for samples collected in 2019 and 2020 of>1mg/l
were recorded for stations 4, 8, 10, 12, 13 on the eastern side with
the main water hyacinth infestation, station 18 near the north
shore with some water hyacinths, and stations 25 and 27 near
the western shore (Figure 1). The TN/TP ratio was also less for
the high P sites. Stations 14, 16, 17, 19 near the Megech and 21
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TABLE 1 | Temporal variability of total phosphorus and total nitrogen concentration of the major tributary rivers of Lake Tana from June to December of 2019.

Rivers June July August September December Average

Total P, mg/l Gilgel Abay 1.5 1.7 1.7 1.7 1.9 1.7

Gumara 1.1 1.9 1.9 1.9 2.3 1.8

Rib 1 1.8 1.6 1.6 2.2 1.6

Megech 0.3 0.8 0.9 0.9 1.4 0.9

Total N, mg/l Gilgel Abay 1.6 3.8 4.0 4.0 4.2 3.5

Gumara 0.9 2.3 2.9 2.9 2.8 2.4

Rib 0.9 1.4 2.4 2.4 2.8 2.0

Megech 0.9 1.2 3.1 3.1 3.7 2.4

TABLE 2 | The average concentration of total phosphorus (TP), total nitrogen (TN), and chlorophyll-a (Chl-a) in lake water at the 0.5m depth (surface) and bottom from

June to December of 2019 in Lake Tana.

S/No Sites TP (mg/L) TN (mg/L) Chl-a (µg/L)

Surface Bottom Surface Bottom Surface Bottom

1 Korata 0.89 1.10 1.48 1.36 7.14 1.87

2 Mitsile 1.03 1.16 1.37 1.22 10.25 7.28

3 Tana Chirkos 1.30 1.44 1.53 1.59 7.26 4.13

4 Wagetera 1.40 1.50 1.43 1.28 11.74 4.24

5 Nabega 0.83 0.84 2.60 2.05 10.23 5.40

6 Tezamba 0.77 0.99 1.89 2.02 6.63 5.92

7 Agid 0.74 1.05 1.88 1.49 4.63 8.09

8 Kragna 1.38 1.94 1.83 1.57 0.33 5.96

9 Abaworka 0.84 1.16 2.09 1.94 6.58 4.49

10 Mtraha 2.00 2.07 2.72 1.53 5.25 7.50

11 Fkra Dangur 0.68 0.86 2.51 2.43 7.18 4.99

12 Shiha Gomengie 1.23 1.08 1.97 1.84 6.53 6.34

13 Lenba 1.36 2.05 1.81 1.77 4.59 7.18

14 Jarjar 0.46 0.44 2.03 2.16 8.11 6.66

15 Tana Woyna 0.91 0.82 1.93 1.69 5.92 4.82

16 Adisy Dengay Debir 0.38 0.53 1.76 1.70 5.18 5.46

17 Achera 0.39 0.49 2.07 2.03 6.71 7.85

18 Seraba 1.32 1.40 1.92 1.75 6.08 4.36

19 Dehanawawa 0.49 0.50 1.51 1.59 6.46 5.67

20 Gorgora 0.94 0.91 1.33 1.21 3.24 7.39

21 Chara-Chara 0.61 0.65 2.59 2.34 10.86 6.05

22 Lake shore 0.62 0.68 1.23 1.56 6.95 5.60

23 Bahir Dar port 0.88 0.95 0.93 1.10 5.72 5.49

24 Flower farm area 1.17 1.34 0.93 0.99 8.44 4.31

25 Esey Debir 1.36 1.45 1.96 1.68 4.83 7.71

26 Chankebergen 1.01 1.21 2.70 2.34 4.98 7.50

27 Tach-Alewa 1.41 1.58 2.25 1.26 9.73 5.12

Average 0.98 1.12 1.86 1.68 6.72 5.83

The locations of the stations are given in Figure 1.

and 22 near the Blue Nile outlet had an average TP concentration
of <0.5 mg/l (Figure 1; Table 4). Except for station 14, water
hyacinths were not present at these sites. The calculated spatial
weight-based TN/TP ratios ranged from 1.3 to 6.4 (Table 4).

Total N concentrations over 2 mg/l were observed at stations
5, 7, 10, and 11 near the eastern shore, station 17 in the
north, station 21 at the Chara-Chara weir near the outlet

to the Blue Nile and 26 on the west shore. The lowest TN
concentrations were observed at Stations 1–4 south of the
Gumara (Table 4).

The maximum Chl-a concentrations were seen in parts of
the lake that were not or minimally infested by water hyacinths
(Stations 4, 5, 6 17 24, 25, and 26, Figure 1; Table 4). The
minimum Chl-a concentrations in the lake were most severely
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TABLE 3 | The mean, maximum, minimum and standard deviation (st.dev) and coefficient of variability (CV) for concentrations of total phosphorus (TP), total nitrogen (TN),

and chlorophyll-a (Chl-a) concentrations in Tana Lake at the 0.5m depth between 2016 and 2020.

2016 2017 2019 2020

August December March June July August September December March

TP (mg/L) Max 0.2 0.4 0.7 1.2 2.1 2.1 2.2 2.4 2.4

Min 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.6 0.9

Mean 0.2 0.2 0.3 0.5 0.9 0.9 0.9 1.3 1.8

Median 0.2 0.2 0.3 0.6 0.8 0.8 0.8 1.4 1.9

G.mean 0.2 0.2 0.3 0.4 0.8 0.7 0.7 1.3 1.7

st.dev 0 0.1 0.1 0.4 0.5 0.5 0.5 0.5 0.5

C.V. 0.2 0.2 0.4 0.7 0.6 0.6 0.6 0.4 0.3

TN (mg/L) Max 5.9 5.7 5 1.2 2.3 3 3 3.2 3

Min 0.7 0.5 0.3 0.7 0.8 1 1 1 0.4

Mean 2.9 2.7 2.1 0.9 1.6 2.1 2.1 2.1 1.9

Median 2.9 2.7 2.0 0.9 1.6 2.1 2.1 2.1 1.9

G.mean 2.6 2.4 1.8 0.9 1.5 2.0 2.0 2.0 1.8

st.dev 1.2 1.2 1.1 0.1 0.4 0.5 0.5 0.5 0.6

C.V. 0.4 0.4 0.5 0.1 0.3 0.3 0.3 0.3 0.3

Chl-a (µg/L) Max 4.1 47 104.1 19.5 14.2 11.4 9.9 7.2 11.9

Min 0.3 0.4 4.1 0.8 1.1 1.5 2.7 3.7 6.2

Mean 1.1 7.8 21.9 4.4 5.7 6.3 7.1 5.4 8.8

Median 0.8 4.7 13.8 3.2 5.2 6.1 7.2 5.1 8.4

G.mean 0.9 4.9 16.0 3.2 4.8 5.9 6.9 5.2 8.6

st.dev 0.9 9.9 22.4 4 3.3 2 1.6 1.1 1.8

C.V. 0.8 1.3 1 0.9 0.6 0.3 0.2 0.2 0.2

TN:TP ration Max 29.50 14.25 7.14 1.00 1.10 1.43 1.36 1.33 1.25

Min 7.0 5.0 1.5 7.0 4.0 5.0 5.0 1.7 0.4

Mean 14.5 13.5 7.0 1.8 1.8 2.3 2.3 1.6 1.1

The period from July to September is the main rainy monsoon season, December to April is the dry season, and May to June is the pre-rainy season.

infested by water hyacinths (Stations 8, 13, and 20, Figure 1;
Table 4).

DISCUSSION

Lake Water Quality
The TP concentrations in the Lake near Gumara, Rib and
Gilgel Abay of 1.7mg P/l (Table 4) were 30 times the lake
water quality standard of the United States Environmental
Protection Agency recommended level in streams entering lakes
or reservoirs of 0.05 mg·P l−1 (USEPA US Environmental
Protection Agency, 1986, 2000) and was 10 times the European
standard (Berzina and Sudars, 2010). The average TP lake
concentrations were 1.1mg P/l in 2019 and an order of
magnitude greater than the USEPA standard. The average total
nitrogen concentration near the rivers was 2.6mg N/l which
is 45% greater than the lake of 1.8N mg/l in 2019 (Table 2)
and approximately three times that USEPA US Environmental
Protection Agency (2000) recommended level. The chlorophyll-a
concentration of around 6 µg l−1 in 2019 (Table 4) were about
three times less than the concentration in shallow areas with
a depth <20m in Lake Victoria in 2005–2008 (Sitoki et al.,
2010).

Historical Trends of P and N in the Lake
Tana Basin
Phosphorus
The observed phosphorus concentrations in both rivers and
the lake in the Lake Tana Basin over nearly 20 years are
shown in Figure 2A. The figure requires explanation to be
fully understood. The solid-filled symbols are measurements
that have been made in the Lake. The various forms of
symbols are the analyzed phosphorus type: circle represents
the phosphorus in the form of PO4 (P-PO4) by Wondie
et al. (2007) and Ewnetu et al. (2014). The triangles are
the total phosphorus measured on unfiltered samples (TPu)
by Alemu et al. (2017), and the diamonds indicate the total
phosphorus measurements on the filtered samples (TDP) by
Moges et al. (2017a, 2018). The soluble reactive phosphorus
(SRP) by Tibebe et al. (2019) is indicated by solid spheres
and is assumed to be similar to the orthophosphates. The
plus signs represent the TDP measurement of Gilgel Abay
(gray), Rib (green), Gumara, (yellow) by Alemu et al. (2017),
Awramba watershed in the 2013 rain phase by Moges et al.
(2016), and the Robit Bata (blue) watershed during the rain
phase in 2017 and 2018 of Sishu et al. (2021). The Awramba
P-PO4 concentrations in the Rib watershed in the Fogera
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TABLE 4 | The mean, maximum, minimum and standard deviation (st.dev) and coefficient of variability (CV) for concentrations of total phosphorus (TP), total nitrogen (TN),

and chlorophyll-a (Chl-a) concentrations in lake water at the 0.5m depth (surface) between 2016 and 2020 for 27 stations in the nearshore area of Lake Tana.

S/No Sites TP (mg/L) TN (mg/L) Chl-a (µg/L) TN:TP ratio

Mean CV Mean CV Mean CV

1 Korata 0.72 0.94 1.11 0.47 5.17 0.73 1.54

2 Mitsile 0.79 0.9 1.06 0.4 8.07 0.57 1.34

3 Tana Chirkos 0.97 0.68 1.45 0.27 7.17 1.11 1.49

4 Wagetera 1.03 0.64 1.29 0.21 8.62 1.02 1.25

5 Nabega 0.62 1.07 2.01 0.38 8.13 0.75 3.24

6 Tezamba 0.66 0.87 2.17 0.22 9.1 0.98 3.29

7 Agid 0.7 0.79 2.01 0.3 6.38 0.57 2.87

8 Kragna 1.22 0.62 1.9 0.24 3.6 0.69 1.56

9 Abaworka 0.75 0.63 2.31 0.28 5.2 0.66 3.08

10 Mtraha 1.44 0.64 2.19 0.3 5.64 0.47 1.52

11 Fkra Dangur 0.59 0.9 2.4 0.34 5.49 0.64 4.07

12 Shiha Gomengie 0.85 0.63 1.86 0.24 7.74 0.97 2.19

13 Lenba 1.24 0.59 1.98 0.28 5.64 0.67 1.60

14 Jarjar 0.4 0.73 2.26 0.25 6.07 0.62 5.65

15 Tana Woyna 0.66 0.65 1.98 0.25 6.58 0.99 3.00

16 Adisy Dengay Debir 0.39 0.64 1.96 0.27 6.72 0.98 5.03

17 Achera 0.37 0.7 2.36 0.29 17.05 1.93 6.38

18 Seraba 0.98 0.61 2.21 0.32 13.4 1.96 2.26

19 Dehanawawa 0.41 0.75 2.05 0.4 7.35 1.01 5.00

20 Gorgora 0.7 0.49 1.89 0.53 5.55 0.69 2.70

21 Chara-Chara 0.47 0.98 2.4 0.3 7.61 0.49 5.11

22 Lake shore 0.5 1.22 2.2 0.57 6.31 0.48 4.40

23 Bahir Dar port 0.68 0.55 1.96 0.74 5.88 0.69 2.88

24 Flower farm 0.92 0.53 2.49 0.93 8.31 0.8 2.71

25 Esey Debir 1 0.6 2.79 0.58 8.71 0.83 2.79

26 Chankebergen 0.82 0.55 2.67 0.24 13.44 1.15 3.26

27 Tach-Alewa 1.07 0.62 1.97 0.26 6.59 0.43 1.84

Average 0.78 0.72 2.03 0.37 7.61 0.85 2.60

The locations of the stations are given in Figure 2.

Plain are indicated by a multiplication sign and flow-weighted
concentration in the lake near the outlet measured by us by a
green star.

Since the rivers contribute approximately annually 20% of
the lake volume (Alemu et al., 2020), the annual variation in
phosphorus concentrations in the rivers is, as expected, greater
than in the Lake (Figure 2A). The low flow P concentrations
in the rivers are equal to that in the groundwater in the
valley bottom (Moges et al., 2016, 2018). In contrast, the
saturation excess surface runoff originates from the degraded
and fertilized cropland outside the valley bottom during high
flow. Thus, the greatest river flows also have the greatest
concentrations and are dampened in Lake that integrates
all concentrations.

It is obvious from Figure 2A that there is an upward trend
in phosphorus concentrations, but the different phosphorus
forms make the interpretation problematic. We, therefore, made
various approximations to convert TP and SRP measurements to
orthophosphate (P-PO4). The SRP and orthophosphate indicate
the inorganic form of P and have been used interchangeably

(Carlson and Simpson, 1996). To convert our TP measurements
to orthophosphate, we regressed the orthophosphate and total
P concentration made on the same samples collected by Tibebe
et al. (2019) around the same time (Supplementary Figure S1).
The regression equation with an R2 of 0.63 was

P− PO4 = 0.66 TP − 0.24

where P-PO4 is the orthophosphate concentration and TP is the
total phosphorus concentration, both in mg/l. We could not find
a relationship between TDP and P-PO4 and assumed they were
of the same order. The converted TP (as P-PO4) and the TDP are
plotted in Figure 2B on the log scale. A straight line fits the data
well with an R2 = 0.67 and a regression of

DP = 0.014exp (0.197t)

where DP is the dissolved phosphorus concentration (either P-
PO4 or TDP) in mg/l and t is the years after January 1, 2003.
Thus, the dissolved phosphorus concentrations in Lake Tana are
exponentially increasing.
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FIGURE 2 | Published and observed concentrations of orthophosphate (PO4), soluble reactive phosphorus (SRP), total dissolved phosphorus (TDP) on filtered

samples, and total phosphorus (TP) on unfiltered samples in the rivers in the Lake Tana basin and the lake from 2003 to 2020. (A) Observed concentrations in the

Lake (solid symbols) and rivers (mathematical signs); (B) Actual and converted P-PO4 concentrations and TDP concentration for the lake plotted on a log10 scale. The

names in the legend refer to the first author of the publication in which the data are listed.

Nitrogen
Fewer nitrogen than phosphorus concentrations are published
for Lake Tana and its main tributaries. The data available are
plotted in Figure 3. As with Figure 2, the solid symbols are for

concentration measurements. The spheres in Figure 3 are the
nitrate measurement consisting of the early measurement in 2003
and 2004 of Wondie et al. (2007), the observations by Goshu
and Aynalem (2017) in the southern part of Lake Tana in 2010,
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FIGURE 3 | Available nitrate and total N concentrations in Lake Tana (solid symbols) and the rivers (mathematical signs) in the basin from 2003 to 2020. The names in

the legend refer to the first author of the publication in which the data are listed.

FIGURE 4 | Calculated nitrogen phosphorus ratios on a weight basis for available studies with pairs of nitrate, orthophosphate concentrations or total N and total P

concentrations in Lake Tana (solid symbols) and the rivers (mathematical signs) in the basin from 2003 to 2020. The names in the legend refer to the first author of the

publication in which the data are listed.

and the nitrate concentrations determination in the northern and
southern nearshore area by Tibebe et al. (2019) around 2017.
Nitrate concentrations at the Awramba watershed outlet were

measured by Moges et al. in the rain phase in 2013 but have not
been published before (Figure 3). Finally, TN (green stars) near
the lake around the river mouths were measured by us (shown
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in Table 2) are the weighted average of the four rivers. The green
triangles represent our TN observations in the Lake.

The nitrate data taken by Wondie et al. (2007) have the
same annual pattern in both years. The concentrations increase
from July to November or December when the discharges
are relatively the greatest and then decline rapidly of the dry
phase to almost zero at the end of the dry phase. The only
physical or chemical process that can explain this decrease is
denitrification at this time of the year since river discharge is
negligible. Other processes such as evaporation and nitrogen-
fixing from the atmosphere would increase the concentration
(Howarth et al., 1988; Preston and Brakebill, 1999; Wortman
and Dawson, 2015). Especially, the wetlands play a critical role
in denitrification (Abrahamsson and Håkanson, 1998; Ayele and
Atlabachew, 2021). The increase during the rain phase is likely
due to the contribution of nitrate by the rivers. It cannot be
verified since the nitrate concentration in the rivers was not
available before 2013.

The nitrate concentration at the outlet of Awramba in
2013 measured by Moges et al. shows that high flows at the
Awramba outlet exceeded the concentration in Lake Tana during
the rain phase. Interestingly, the data also show that nitrate
concentrations positively correlate with the P losses (R2 = 0.76,
Supplementary Figure S2). Baseflow concentrations originate
from the saturated valley bottoms where nitrate decreases due
to denitrification (Akale et al., 2017). High flows come from the
degraded soils on the hill slopes with cultivated and fertilized land
that drains between rainstorms. The Moges data agree with our
hypothesis on the increase in nitrate concentrations during the
rain phase, as the data set of Wondie et al. (2007) showed.

The nitrate concentrations in Figure 3 increase (Wondie et al.,
2007; Goshu and Aynalem, 2017; Tibebe et al., 2019), but it is
not significant due to large variation in the observed data. It is
not obvious whether the trend is linear or exponentially. Our TN
measurements do not indicate an increasing trend in nitrogen
concentrations over the last few years.

Nitrogen and Phosphorus Ratio
The nitrogen and phosphorus (N/P) ratio, according to the
literature, affects eutrophication and the growth of water
hyacinths (Downing and McCauley, 1992; Guildford and Hecky,
2000; Elser et al., 2009). The weight-based ratios shown in
Figure 4 are calculated from the publications that published
both nitrogen and phosphorus measurements. The nitrate and
orthophosphate ratios of Wondie et al. (2007), Ewnetu et al.
(2014), and Tibebe et al. (2019) are depicted as solid spheres in
Figure 4. The large fluctuations in TN and TP ratios in 2003 and
2004 in Figure 4 from near zero in the dry phase to near 60 just
after the rain phase mirror the nitrogen concentration in the Lake
in Figure 3 since the phosphorus concentrations are relatively
constant (Figure 2). Our TN/TP ratios for the lake are shown as
green triangles, and the ratios at the river mouths as green stars.
Figure 4 shows a downward trend in the data, but the regression
with time has only an R2 = 0.21.

Taking the Redfield weight ratio between 6 and 8 as the
boundary between phosphorus and nitrogen-limited conditions
(Redfield, 1958; Howarth et al., 1988), the lake in 2003 and 2004

was phosphorus limited during the rain and early dry phase. It
becomes nitrogen-limited in the last half of the dry phase when
the nitrate concentrations decrease to near zero. Except for two
TN/TP ratios in 2017 just above the Redfield ratio, all other N and
P ratios indicate the lake and the rivers were nitrogen-limited in
2013 and later (Figure 4).

P and N Mass Balance in Lake Tana
Annual inflow and outflow data were taken from Alemu et al.
(2020) study for a period with above and below-average rainfall.
To understand the future trend of the nutrient concentration,
we calculated the annual incoming nutrient load from the rivers
in Lake Tana and the load leaving either through the Tana
Beles tunnel or the Blue Nile outlet. We approximated the
concentrations in the rivers as the average annual concentration
in 2019 presented in Table 1. The proportion of the annual flow
originating in the south, west, north and east sides of the lake was
based on the measurements made by Dessie et al. (2017). Finally,
the annual lake elevation patterns were assumed the same so that
the elevation changes in the lake could be neglected.

The load of TP and TN for the sides was calculated as the
product of the observed concentration and the annual river flow
(Table 5). The greatest TN and TP load was contributed to the
lake in the south, where the Gilgel Abay entered the lake. The
Gilgel Abay has the largest drainage basin and the highest rainfall
over 2m per year in the headwaters. The eastern side where the
Rib and the Gumara enter the lake had the next highest load. It
was followed by the Megech River in the north and a few minor
streams in the west (Table 5). To calculate the load leaving the
lake, we multiplied the discharge from the lake by the average
concentration. We find an annual excess of ∼5.5 Gg TN and TP
(Table 5).

Since the average volume of the lake is 30 km3, the excess
load is equivalent to an increase in the concentration of 0.18mg
P/l/a. Over the 3.5 years of the study, we would expect an increase
of 0.6mg P/l. As shown in Table 3, the concentration difference
between August 2016 and September 2019 is 0.8 P/mg/l, which is
in the same order as the load calculations inTable 5. However, TP
concentrations increased steeply in December 2019 and March
2020 to 1.8mg P/l. The load calculation underestimated this rapid
rise. One of the reasons that the P loads were underestimated
over the 3.5 years was because the samples for concentration
determination were taken in the lake near themouth of the rivers,
and lake water might have mixed with river water resulting in
lower concentrations. Another reason could be the arithmetic
averages calculation of the concentrations. The highest flows
have the greatest concentrations, as the Moges et al. (2016) data
showed for the Awramba watershed.

Since TP and TN loads were approximately equal (Table 5),
we expected, based on the load calculations, to see a similar
increase in TN concentrations of 0.18mg N/l/a. The expected
increase in nitrogen concentrations due to the surplus of nitrogen
added did not materialize as the concentration of TN during the
last 4 years remained nearly the same (Table 4; Figure 3).

The difference between P and N accumulation in the lake
can be explained by considering the difference in sinks. The
phosphorus concentration in the water column is in equilibrium
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TABLE 5 | Mass balance of total phosphorus (TP) and total nitrogen (TN) of Lake Tana using concentrations observed in 2019 and average discharges during a wet and

dry period taken from Alemu et al. (2020).

Inflow catchments (% of Lake Tane) Discharge km3/a TP (mg/l) Total P Gg/a TN (mg/l) Total N Gg/a

Max Min Max Min Max Min

Southern catchment (58%) 3.42 2.87 1.70 5.81 4.88 3.50 11.96 10.05

Eastern catchment (30%) 1.77 1.49 1.70 3.00 2.52 2.20 3.89 3.27

Northern catchment (10%) 0.59 0.50 0.90 0.53 0.45 2.40 1.41 1.19

Western catchment (2%) 0.12 0.10 1.00 0.12 0.10 2.48 0.29 0.25

Total input in lake 5.89 4.95 9.46 7.95 17.55 14.75

Total Outflow 5.12 3.22 0.75 3.84 2.42 2.60 13.31 8.37

Remaining in the Lake 5.62 5.53 4.24 6.38

with the bottom sediment (Table 2) because the lake is shallow
and fully mixed (Kebedew et al., 2020b). The incoming sediment
from the rivers that have settled on the lake bottom will
mix with the bottom sediment with a lower P concentration
deposited earlier, lowering the P concentration in the water
column. Therefore, the lake’s increase in concentration is delayed
compared to that in the rivers. This trend is visible in Figure 2,
where the TDP concentrations around the same date during the
rain phase were greater in the river than in the lake. The lake
P concentration catches up with the river after 3–4 years. Thus,
unlike deep lakes, where sediment deposition takes P out of the
water column, there is no sink term for P in lake Tana because of
its shallow depth. Consequently, the P concentration in the lake
can only decrease when the load in the outflow is greater than the
load from the rivers.

The lake nitrogen concentration can be lowered by
denitrification of nitrate to nitrogen gasses, plant uptake,
and outflow (Abrahamsson and Håkanson, 1998; Ayele and
Atlabachew, 2021) in the lake and surrounding wetlands.
Abrahamsson and Håkanson (1998) show that denitrification is
essential in nitrogen assimilation in the lake. The assimilation
capacity of the Lake has been changing over the 17 years that
data were collected. In 2003 and 2004, denitrification brought
down the nitrogen concentrations to near zero at the end of the
dry phase (Figure 3). In March 2010, the nitrate concentration
was 0.25mg N/l (Goshu and Aynalem, 2017), indicating that not
all sources (i.e., fixing atmospheric nitrogen loads) delivered by
the rivers could not be assimilated. Therefore, it does not seem
accidental that in 2010, when the lake and its wetlands could not
fully assimilate the nitrogen, the first water hyacinths were noted
in Lake Tana.

Spatial Distribution of Water Quality
Chlorophyll and Water Hyacinths
We found that the greatest infestation of water hyacinths
occurred in the northeastern part of the Lake. To investigate
whether the location of water hyacinth was related to TN, TP
concentrations or the TN/TP ratio, we plotted the average values
of these parameters over the measurement period (shown in
Table 4) counterclockwise starting at the Gumara in Figure 5.
There is not a unique relationship between any of the variables.
It could be argued that the phosphorus concentrations are
greater in the water hyacinth-infested area. But at the same time,

phosphorus concentrations are just high without water hyacinth
on the western shore (sampling locations 27, 26, 25) and location
24 on the southern shore near the flower greenhouse. The nitrate
concentrations and the TN/TP ratios are not different in the
water hyacinth-infested areas than elsewhere.

Water hyacinth is a floating plant that will move with the
water currents and be pushed by the wind. With a TN/TP ratio
below the critical value of 7 and TN concentrations >1mg N/l,
water hyacinths can potentially emerge anywhere in Lake Tana
(Center and Spencer, 1981). Thus, it should not be limited to
the northeast. Kebedew et al. (2020b) show that the water of the
Gumura and the Rib moves to the north and then to the west,
where it will eventually evaporate. The flow from the Gilgel Abay
flows directly to the outlet of the Tana Beles hydroelectric power
plant or when the lake is at its maximum level to the Blue Nile
inlet. The wind over the lake is predominantly southeast. Thus,
water hyacinths emerging in the northern paper part of the lake
will eventually end up in the northeast. It will not flow westward
with the lake current due to the wind. Water hyacinth in the
southern part of the lake will likely leave through one of the
outlets. Thus, the elevated phosphorus concentration in the water
hyacinths area might be due to dying off the water hyacinths and
not the cause of the water hyacinths in these locations.

Finally, to investigate the relationship between Chl-a and the
remaining nutrients, we plotted the average Chl-a concentrations
as a function of the ratio of TN and TP (all listed in Table 4)
for the 17 sampling points that were located in areas without
water hyacinth and the 10 with water hyacinths. Figure 6 shows
that Chl-a concentrations in water hyacinth-infested areas were
generally lower than elsewhere. The lower concentration is a
consequence of water hyacinth shading the water. Consequently,
the algae that need sunlight for growth do not multiply. In the
non-shaded areas, the CHL-a concentrations depended on the
nutrient concentration. Only in the locations shaded by the water
hyacinth (Figure 5) do the Chl-a concentrations decrease linearly
with the TN and TP ratio. Wondie et al. (2007) showed the algae
group of diatoms was most abundant in 2003, but currently,
the blue-green algae (in the non-shaded areas) could dominate,
which needs future research.

Management of the Lake for Water Quality
Water quality has decreased slowly in the once pristine lake
(Cheesman, 1936). Water hyacinth appeared first in the lake
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FIGURE 5 | Average values over the 3.5 years experimental period of total phosphorus (TP) and total nitrogen (TN) concentration and the average TN and TP ratio are

plotted in a counterclockwise direction for all sampling points starting at the Gumara. The red bar indicates the location where the water hyacinth is present. Figure 1

gives the location of the sampling stations.

around 2010 when the assimilation capacity of the lake and
wetland for nitrogen was exceeded, and nitrate was available for
plant uptake year around. Currently, the area coverage of water
hyacinth is 1% of the lake area, which is manageable. However,
measures should be taken to prevent further expansion.

To consider what management practices are effective, we
note that the N and P ratio is below the Redfield ratio of
6–8 (Figure 4), and the lake is nitrogen-limited. Thus, water
hyacinths growth depends on the nitrogen concentration that,
according to our findings (Figure 3; Table 3), increases slightly
throughout the measurement period but has not increased
significantly in the last few years. Therefore, to manage the water
hyacinth expansion, the nitrogen concentration in the lake needs
to be controlled, which is problematic because blue-green algae
will fix atmospheric nitrogen when the N and P ratio is <6–8, as
currently is the case. When the lake was free of water hyacinth
in 2003, the N and P ratio was greater than during the rain
and post-rain phase, diatoms instead of blue-green algae were
dominant, and nitrogen was not fixed from the air (Wondie et al.,
2007). Thus, to prevent nitrogen fixation, the growth of blue-
green algae, both P and N concentrations in the lake need to be
reduced and the P and N ratio increased (Bulgakov and Levich,
1999).

Several practices can decrease the N and P concentrations
in the lake. They consist of reducing nitrogen and phosphorus
input by the rivers, removing water hyacinths from the lake, and

enhancing denitrification in case of nitrogen (Mucheye et al.,
2018; Worku and Sahile, 2018). Since phosphorus cannot be
removed from the lake other than with the water flowing out,
phosphorus concentration can only be reduced by decreasing the
P load.

Our results indicate that the largest source of nutrients is the
fertilizers applied on the cropland, as large flows that originate
from the croplands have the greatest P and N concentrations
and contribute the greatest loads. Leaching of nutrients from
the soil cannot be prevented with the high rainfall amounts.
Therefore, fertilizers should be applied ideally in small quantities
throughout the rainy period at a time so that crops need to reduce
the concentrations. Point source pollution and animal manure
(Goshu et al., 2020) result in a steady increase during the whole
year. It might also be occurring and can become a greater source
in the future.

To evaluate the effectiveness of water hyacinth harvesting on
improving the water quality in Lake Tama, we calculated the
nitrogen and phosphorus mass harvested from the 25 km2 water
hyacinth infestation. Tewabe et al. (2017) found that 82 Mg/ha
of fresh weight can be harvested during the dry phase and 270
Mg/ha during the rainy phase for a total of 352 Mg/ha/year in
Lake Tana. The dry mass is ∼5% of the fresh weight. Su et al.
(2018) found that the P content was 0.5% andNwas 2.8% on a dry
weight basis. Based on these numbers, 88 kg P and 492 kg N can
be removed per hectare per year. For an area of 25 km2 of water
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FIGURE 6 | Four-year averages concentrations of the ratio of TN and TP and chlorophyll-a concentrations for 27 nearshore stations in Lake Tana, of which 10 were

infested with water hyacinth.

hyacinth, 0.22 Gg P/year and 1.2 Gg N/year can be harvested. It
is <5% of the excess P added to the lake and around 20% of the
N added (Table 5).

Finally, nitrate can be reduced by enhancing denitrification.
Lake water levels perhaps could be managed to optimize
denitrification. To do this will require more research. Moreover,
wetlands within the watershed should be preserved to denitrify
the nitrates before entering Lake Tana. Thus, it is not too late to
prevent the expansion of water hyacinths by carefully controlling
the nitrogen and phosphorus sources for both point and non-
point sources. Finding the most effective measures will require
more research, and implementation might be politically difficult.
However, if no measures are taken, Lake Tana’s water quality will
decrease further due to the imbalance of nutrient input and that
taken out of the Lake.

CONCLUSIONS

The objective of this study was to characterize the phosphorus,
nitrogen and Chlorophyll-a concentration of Lake Tana currently
infested with water hyacinth based on data collected by us from
2016 to 2020 and that available in the literature. We found

that the average total lake phosphorus concentrations increased
exponentially. Nitrogen increased at a lower rate, although
the load was nearly the same due to loss of nitrogen due to
denitrification. As a result, the ratio of N and P decreased to
below the Redfield ratio of 6–7, and the lake became nitrogen
limiting. The intensifying agriculture is likely partly to blame due
to the fertilizers applied, of which the crops only use a small
percentage. The remainder is transported with the water and
deposited in the lake. Since the lake is shallow and fully mixed,
the sediment on the bottom is continuously suspended.

We found that the greatest infestation of water hyacinths
occurred in the northeastern part of the Lake that had at the
same time the greatest TP concentrations of over 1 mg/L. The
lake circulation pattern and the prevailing wind direction are the
most likely reason the water hyacinths are in the northeast. The
high TP might be a consequence of the water hyacinths but not
the cause for its expansion in the northeast.

Since the expansion of water hyacinth in Lake Tana can be
slowed down by reducing the nitrogen and phosphorus input,
identifying the locations in the landscape that produce more
runoff and erosion and the point sources with high N and P loads
are essential. Based on experiences in other watersheds, removing
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point sources will result in a faster improvement in water quality.
In addition, optimizing the timing in the application and the
amount of fertilizers on runoff and erosion-prone areas due to
the legacy P in the landscape restore the lake water quality.

While in temperate climates with modest rainfall, best
agricultural management practices have been established in
improving water quality in landscapes with saturation excess
runoff (Hoang et al., 2019), such as in the Catskill Mountains, NY,
US, it is not known if these practices are effective in climates with
daily rainfall amounts far exceeding that in temperate climates
during the growing season. Since time is of the essence in
preventing greater water hyacinth infestation and water quality
degradation, this research on best management practices should
start immediately so that effective practices can be implemented
in the near future.
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