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A B S T R A C T   

Understanding spatial variability of nutrient loading and transport in large lakes, and its effect on the eutro
phication status are often lacking and hinder effective and sustainable management of lakes. Yet knowledge on 
the extent of spatial variability of eutrophication in large shallow tropical lakes hinders sustainable management. 
Understanding how eutrophication varies across lakes helps spatially targeted nutrient load mitigation strategies. 
This modelling study assesses how spatial heterogeneity in nutrient loads may drive spatial variability in in-lake 
eutrophication effects for Lake Tana, a large tropical lake. We applied a novel method of coupling a 2D appli
cation of the flow model Duflow with the ecosystem model PCLake+ (a zero-dimensional food-web model). We 
defined different impact zones of major tributaries with a tracer model and simulated ecological processes and 
food web relations for each impact zone. Furthermore, we defined critical nitrogen and phosphorus loads for 
each impact zone and the whole lake. Subsequently, we analysed the spatial variability of phytoplankton and 
aquatic vegetation dynamics among the impact zones, as well as the differences in critical loadings. The model 
results indicate different ecological conditions in the impact zones and the importance of spatial heterogeneity of 
eutrophication reflected in different critical loading. The model shows that the north impact zone and northwest 
impact zone are mainly vegetation-dominated, and southeast impact zone and southwest impact zone are 
phytoplankton-dominated. Simulated chlorophyll-a concentrations ranged from 0 to 59 µg l− 1 and the coverage 
of the vegetation ranged from 1 to 127 g d.w.m− 2, aligning with the range of observed values in the lake. We 
demonstrate that this model approach can help to identify spatial heterogeneity in hydrology and eutrophication, 
as such lakes cannot be regarded as completely mixed systems. Our new approach demonstrates how spatially 
variable nutrient loading correspond to variability in eutrophication effects in a large shallow tropical lake, and 
will aid in setting more spatially-targeted lake management strategies.   

1. Introduction 

Eutrophication is one of the most widespread environmental prob
lems of inland water bodies. It has undesired effects on ecosystem state 
and services, public health, and socioeconomic activities. Some of these 
environmental effects in lakes include risk of algal blooms leading to a 
decrease of water clarity, hypoxia and fish kills, altering biogeochemical 
processes, and disrupting the aquatic food web (Scheffer, 1998). 
Eutrophication in lakes is caused by excessive loads of nutrients deliv
ered by rivers (Kane et al., 2014; Lürling and van Oosterhout, 2013). The 
extent of eutrophication could increase as a result of increased nutrient 
inputs from the intensification of agriculture and the increase of the 

human population. 
The management and restoration of lakes are often based on 

reducing the nutrient input to below a critical level. Critical loads 
represent an ecological threshold at which there can be an abrupt 
change in an ecosystem state, property, or phenomenon, or where small 
changes in an environmental driver produce large responses in the 
ecosystem (Scheffer and Carpenter, 2003; Groffman et al., 2006; Xu 
et al., 2015). It is documented that in shallow lakes eutrophication can 
lead to an abrupt shift of conditions, with alternative stable states either 
with submerged vegetation or phytoplankton dominated (Scheffer, 
1998; Janssen et al., 2014). However, field data of lakes that actually 
experience alternative stable states are scarce (Capon et al 2015). This 
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might be due to lakes being in transition for long periods, or they switch 
back and forth easily (Van Geest et al, 2007; Arani et al, 2021). Still, 
some empirical evidence for regime shifts in lakes is found (Ibelings 
et al. 2007; Kosten et al. 2012). The concept of regime shifts and critical 
loads in lakes is valuable in defining lake restoration plans and setting 
nutrient loading targets (Scheffer and Carpenter, 2003; Janssen et al, 
2014). 

Critical nutrient inputs can be derived from aquatic ecosystem 
models. Several lake models were reviewed by (Janssen et al., 2019a). 
They conclude that to study state transitions in lakes a mechanistic 
dynamic model is required that include the aquatic food web. In this 
way, non-linear processes and the relevant feedback are accounted for. 
PCLake meets the above criteria (Janse et al., 2010) and is widely used 
to explore the transition between alternative stable states and to esti
mate critical nutrient loads. 

Many aquatic models often assume lakes are completely mixed sys
tems. Natural lakes (especially large lakes) have clear spatial differ
ences, both for hydrology and chemistry. This is due to factors like 
complex morphology, the different depth and spatially distributed 
inflow of water and nutrients. In shallow lakes, these are mainly hori
zontal differences. In deep lakes vertical gradients also exist due to 
stratification. Lake characteristics and internal and external connectiv
ity can drive spatial variability (Janssen et al., 2017; Liu and Qiu, 2007; 
Rahm and Danielsson, 2007; Yu et al., 2008; Fragoso et al., 2008). 
Consequently, we hypothesize that there are different zones in large 
shallow lakes based on lake hydrology and distributed inflows of rivers 
(‘impact zones’). These impact zones have their own characteristics with 
different critical nutrient loads, which can differ from the critical load 
when we assume complete mixing. 

The spatial heterogeneity of eutrophication has implications for lake 
management. The effective and sustainable management of eutrophi
cation and lake restoration benefits from a clear understanding of spatial 
heterogeneity in nutrient loading and hydrology (Janssen et al., 2019a). 
In this way, the effort of reducing nutrient loads in specific subbasins can 
be focused on the parts of the lake that are most vulnerable. 

The effects of spatial heterogeneity on the different biological com
ponents of an aquatic ecosystem include seasonal succession of phyto
plankton, macrophyte growth, invasive alien species, and lake turbidity 
(Ding et al., 2015; Pringle, 1990; Rychtecký and Znachor, 2011; Soares 
et al., 2012; Xu et al., 2020). Moreover, different residence times in
fluences spatial heterogeneity, which is important for a deeper under
standing of ecological processes in freshwater lakes. It is also a 
mechanism for maintaining the species diversity of phytoplankton 
communities. 

Most applications of ecological models regard lakes as one complete 
mixed system. This approach disregards spatial differences, e.g. rivers 
that discharge on the lake will only affect the lake part near the river 
mouth. Littoral zones are more shallow than the pelagic zones, resulting 
in different conditions for vegetation growth. In this paper, we modelled 
spatial differences in Lake Tana, a large tropical lake, to estimate the 
spatial heterogeneity of eutrophication in a large tropical lake which 
might facilitate the design of more regional or locally targeted measures. 

The main research questions of this study are: 
1. What are the different impact zones of the major tributary rivers of 

Lake Tana? 2. Is there spatial variability of eutrophication among the 
impact zones, expressed in nutrient and chlorophyll concentrations? 3. 
What are the critical N and P loads for each impact zone? To address 
these questions we use a novel modelling approach. First, we define 
different impact zones of major tributaries in Lake Tana by using a two- 
dimensional application of the flow and quality model Duflow (Clem
mens et al., 1993). Secondly, we determine critical nutrient loads for 
these impact zones and Lake Tana separately with the ecosystem model 
PCLake+ (Janssen et al., 2019). 

2. Methodology 

2.1. Study area 

Lake Tana is a shallow (maximum 14 m, average 8 m deep), occa
sionally stratifying, and large tropical lake found at an altitude of 1800 
m a s l. It is the largest lake in Ethiopia, accounting for 50% of the surface 
water volume of the freshwater resource of the country. It has a surface 
area of ca. 3111 km2, 28.4 km3 volume, and has a maximum length of 
90 km and width of 65 km. The Tana basin has a total drainage area of 
16,500 km2 (Fig. 1). More than six medium- to large-sized tributary 
rivers and>40 ephemeral streams drain into Lake Tana. Among the 
rivers, the Gilgel Abay, Dirma, Gumara, Gelda, Rib, and Megech rivers 
contribute>90% of the inflow (Sirak, 2008). Lake Tana is the source of 
the Blue Nile, which is the only natural surface outflow of the lake. In 
addition, there is substantial abstraction of water from the lake for hy
dropower generation (the Tana-Beles hydropower plant). 

Rainfall is maximum during July and August at 250–330 mm per 
month. Mean annual rainfall is nearly 1280 mm (Abebe and Minale, 
2017). The rainy season (July–September) receives about two-thirds of 
the annual rainfall, while the dry season receives 2%; the pre-rainy 
season (April–June) receives 25% and the post-rainy season 8% of 
annual rainfall. The average seasonal air temperature reaches its 
maximum of 21.1 ◦C in the pre-rainy season and its minimum (18.4 ◦C) 
in the rainy season, with a large diurnal but small seasonal change. 

The population of the basin was projected to be 4.5 million in 2015 
(CSA, 2007), with a population density of 228 persons per km2 in 2007 
(Anteneh, 2017), and 70% of the basin is agricultural land (Abebe and 
Minale, 2017). In this study, we mainly focused on the largest sub- 
basins: Gilgel Abay, Dirma, Megech, Gumara, Gelda, Rib, Arno, and 
Garno (Fig. 1). 

Lake Tana is an example of a large tropical lake that cannot be 
considered completely mixed because of multiple inflowing rivers with 
different discharges and nutrient concentrations. Spatial variations are 
observed in phytoplankton, nutrient concentrations, and vegetation 
conditions, that can affect spatial patterning of critical nutrient loads in 
Lake Tana. The measured and secondary data about the current trophic 
conditions of lake Tana show spatial variability among the shore, open 
water, and river mouths of the lake. Most of the river mouths and a 
significantly smaller portion of the lakeshore area show eutrophic con
ditions, and the majority of the lake exhibited more oligotrophic con
ditions (Goraw Goshu, unpublished). 

2.2. Research approach 

We developed a method to facilitate the analysis of spatial variability 
of eutrophication in a heterogenous lake (summarized in Fig. 2). We 
combined two modelling approaches with modifications for our study 
area based on the models Duflow (Clemmens et al., 1993) and PCLake+
(Janse et al. 2010; Janssen et al., 2019). We used a two-dimensional 
application of the flow and water quality model Duflow, to perform 
unsteady flow computations and to simulate tracer distribution in the 
lake to define so-called impact zones. Using real tracers in field studies is 
practically impossible in such large systems like Lake Tana with multiple 
inflowing rivers. Thereafter, we ran the PCLake+ model for each impact 
zone separately and for Lake Tana as one mixed system to simulate 
ecosystem conditions (e.g. nutrient concentrations, phytoplankton, 
vegetation) and to give indications of critical nutrient loads for 
ecosystem transitions (Janse et al., 2010). Since PCLake+ has been 
applied in comparable lakes, and is based on fundamental ecological and 
chemical concepts, we apply the model in this observational 
data-limited lake to assess eutrophication effects likely vary across 
space. This analysis provides an example of how to identify the relative 
contribution of variable nutrient loadings in data-limited shallow trop
ical lakes to prioritize areas for management action, but determining 
specific target levels will require collection of more thorough 
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observational data. 2.3. Modelling lake Tana with a tracer model in Duflow 

2.3.1. Network schematization 
Duflow is designed as a 1D unsteady flow and quality model. For this 

Fig. 1. Ethiopia and the Amhara region (upper left); the Amhara region, the Lake Tana basin and Lake Tana (upper right); the drainage area of the Lake Tana basin 
and the sub-basins draining into the lake (lower panel). 
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study, we set up a 2D application by constructing a dense network of 
sections in multiple directions to be able to simulate water flow and 
solute transport in the lake. Duflow solves the transport equation 
(advection–dispersion) and the user can add specific physical and (bio) 
chemical processes. We defined a simple tracer model with only trans
port and no processes. As a first step in the configuration of the Duflow 
model we classified the lake into four depth zones: 0–2 m, 2–6 m, 6–10 
m, and 10–14 m. The 0–2 m deep zone is defined as shore (4%), 2–6 is 
littoral (12%), 6–10 is sublittoral (21%), and 10–14 m is classified as a 
pelagic zone (62%). We built the network on a geographical background 
by adding the bathymetric map of Lake Tana (Wale et al., 2008). The 
length of the vertical and horizontal cross-sections (internode distance) 
ranges from 0.5 km mostly in the shore area to 5 km in off-shore zones. 
We defined the width and length of the sections in such a way that the 
sum of the section areas corresponded with the total lake area. 

2.3.2. Flow model 
After network schematization, we defined initial and boundary 

conditions for the hydrology and configured the calculation. We defined 
the boundary conditions, i.e. inflow of a tributary river, at the edge of 
the lake system, based on discharge monitoring data that were aggre
gated to monthly discharges. Furthermore, we defined water abstraction 
to the hydropower plant (Tana-Beles) and the Blue Nile outlet as nega
tive discharge and the precipitation surplus (total rainfall - evaporation 
on the lake area) as negative or positive depending on the net value. We 
configured the model with a calculation time step of one hour and a one- 
day output step. Once the flow calculation was verified, we added the 
quality model. 

To explore the spatial distribution of solutes coming from separate 
inflows, we defined a multiple tracer quality model. The model defini
tion was without chemical processes to simulate the transport of a 
conservative substance. We simulated four different tracers with a 
starting concentration of 100 mg l− 1 in the main inflowing rivers. These 
are the gauged rivers; no tracer concentration was defined at other 
tributary rivers. Depending on the hydraulic conditions, the model will 
show that the tracers are spread over the lake and possibly transported 
to the Blue Nile outlet and Tana-Beles abstraction. 

2.3.3. Delineation of the ‘impact zones’ of major incoming rivers with the 
2D tracer model 

The impact zone is the area of the lake that is under the specific 
influence of the feeding tributary river. We focused on the major trib
utary rivers, and we grouped the major tributary rivers into four zones: 
south-west (Gilgel Abay), south-east (Gelda, Gumara, Rib), north-east 

(Arno-Garno), and north (Dirma, Megech). Grouping of tributaries was 
done as some rivers are close to each other and difficult to separate. 

To delineate impact zones of the rivers in the lake, we used two in
dicators from the tracer model: the concentration of the four tracers in 
all sections of the lake and the fraction of one tracer from the sum of all 
tracer concentrations (eq (1): 

Fracti =
100*Traceri

Tracer1 + Tracer2 + Tracer3 + Tracer4
(1) 

where, Fracti is the fraction of tracer 1, 2, 3, or 4, and Traceri is the 
concentration of tracer 1, 2, 3, or 4. 

For delineation of the impact zones, we used the criteria that Fracti >
90% and Traceri > 10 mg l− 1. 

2.4. PCLake+ model configuration for the lake Tana impact zones 

The modelling of N and P critical loads to Lake Tana with PCLake+
encompassed the hydraulic and nutrient loads from major tributaries to 
the lake. Only the major tributary rivers which are gauged were 
accounted for. PCLake+ is a zero-dimensional ecosystem model that 
disregards spatial heterogeneity. It is a complex ecological model used to 
assess the nutritional status of stratified and non-stratified freshwater 
lakes (Janssen et al., 2019b) The model includes biological components 
(phytoplankton, submerged vegetation, zooplankton, planktivorous fish 
and piscivorous fish) in a simplified food web, and non-biological 
components (transparency, oxygen, inorganic carbon and nutrients) 
(Janse et al., 2010). The model is built in a sequence from primary 
producers to top predators. N and P cycles in the water column and 
sediments combine with higher levels in the food web (Janse et al., 
2010). The Marsh area is a PCLake + module, involving a simplified 
growth model of Phragmites australis, an emergent species of macro
phytes, combined with vegetative processes in the sediment and the 
water column of the marsh area (Sollie and Verhoeven, 2008). This area 
with emergent plants is connected to the open water by a flow of water 
between them (Janssen et al., 2019b). There are four types of lake- 
specific settings to parameterize PCLake+: specific lake characteris
tics, nutrients input, lake hydrology, and sediment type. The specific 
impact zone characteristics mean depth, impact zone area, the main 
wind direction were computed in this study. We used Arc GIS to 
calculate the fetch, and length of the impact zone in the main wind di
rection. The mean depth of each impact zone was estimated in ArcGIS 
using a weighted average technique from the bathymetric map of Lake 
Tana. Marsh area, a fraction of the lake area, was retrieved by taking 
into account all wetland areas within the catchment of Lake Tana 

Fig. 2. Conceptual diagram of model coupling of Duflow and PCLake+ (blue: input, green: model, dark blue: result).  
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(Aynalem et al., 2017). The mean fetch of each impact zone was 
calculated by the square root of the surface area. Sediment character
istics are parameterized using the data from previous studies. The Lake 
Tana sediment composition and texture class, is predominately clay (67 
%), sand (17 %), and silt(16%). The average organic matter content of 
the sediment is 16 g kg− 1, and the sediment available phosphorus was 
19 mg kg− 1 (Kebedew et al., 2020). 

We set up the models for the year 2017. We quantified the monthly N 
and P loads from the six major sub-basins of Lake Tana from discharge 
and nutrient data. The dynamic simulation of the aquatic ecosystem 
condition in each impact zone consisted of two parts. First, the current 
condition was simulated, for which the model was initialized and run for 
50 years to reach equilibrium (Janssen et al., 2019a). The results in the 
last 2 years of the simulation were taken as the final output and 
chlorophyll-a concentrations were compared with the measurements of 
2016 and 2017. 

Secondly, a bifurcation analysis was done for each impact zone 
separately and for Lake Tana as one mixed system. For this, PCLake + is 
run sequentially with increasing and decreasing nutrient inputs, to find 
the critical nutrient loads for a shift from phytoplankton dominance to 
macrophyte dominance and vice versa. Each run for the bifurcation 
analysis was done for 30 years, and the average of the May-September 
period in the last 2 years of the simulation was taken as the result. In 
this study, the ratio between the external N and P loads was measured in 
2017. We took this as a reference for the bifurcation analysis with a 
constant N:P ratio. The critical nutrient loads were used to identify the 
required reductions of external nutrient loading to restore the foreseen 
clear stable state in the lake. Or, in case the clear state is present, it is 
used to identify the maximum loads before it possibly switches to the 
turbid state (Janse et al, 2008). 

2.5. Hydrology and water quality 

2.5.1. Water balance of lake Tana 
The water balance is needed to calculate the hydraulic load of the 

impact zones and the whole lake as input for PCLake+. The water bal
ance was validated with literature data before implementing it. The 
water balance was calculated for the year 2017, as it is the most com
plete year for the discharge data to and from the lake and nutrient 
concentrations (needed for calculating nutrient fluxes). The monthly 
water balance of Lake Tana was calculated using equation (2). 

ΔS
ΔT

= P+Qgauged +Qungauged − E0 − QHP − QDam (2) 

Where, 
ΔS
ΔT Storage change (closure term) [L3 T-1], 
P Precipitation over Lake Tana [L3 T-1]. 
Qgauged Surface water discharge from gauge reading near lake inlet 

[L3 T-1]. 
Qungauged Surface water discharge from ungauged towards lake 

Tana [L3 T-1]. 
E0 Penman open water evaporation [L3 T-1]. 
QHP Surface water discharge towards Hydropower plant Belles [L3 T- 

1]. 
QDam Surface water discharge towards Blue Nile river [L3 T-1]. 
The surface-water flow to Lake Tana includes six major sub-basins 

(Table 1) which are gauged, and 14 sub-basins that are not gauged. 
Groundwater flow within the Lake Tana Basin takes place in a hetero
geneous aquifer system with the groundwater flow converging to Lake 
Tana, however, groundwater flow also takes place from the Lake Tana 
Basin towards the adjacent Beles River basin (Mamo et al., 2016; Nigate 
et al., 2017). Furthermore, as concluded by Mamo et al. (2016), esti
mated groundwater input to the lake was found to be of minor impor
tance and therefore groundwater flow was excluded from the water 
balance for this research. The detailed computation of the water balance 
components is described in the supplementary materials. 

2.5.2. Hydraulic loadings 
The hydraulic loadings of tributary rivers in each impact zone and 

the Lake Tana were computed by dividing the sum of the discharges of 
the tributary rivers in the impact zone by the area of the impact zone, 
estimated based on the tracer model study (eq.3). Water discharge data 
of a tributary for each month in 2017 were obtained from the Ethiopian 
Ministry of Water, Electric and Irrigation. 

HLR =

∑m
i=1Qi

A
(3) 

Where, 
HLR is the hydraulic loading rate (m s-1), 
Qi is the discharge at the gauging stations at a site I (m3 s-1), 
A is the area of the impact zone (m2), 
m is the number of discharge measurements. 

2.5.3. Nutrient loadings 
The water sampling and analysis of the different nitrogen and 

phosphorus species are described in detail in Goshu et al. (2020). The 
DIN or DIP load to the impact zone and Lake Tana (g s-1) is a product of 
DIN or DIP concentration (g m− 3) and discharge (m3 s-1)(see eq.4). 
Based on our data set and because daily discharge and monthly nutrient 
concentrations were available for the year 2017, the average load to the 
impact zone was calculated by multiplying the average discharge and 
the average concentration (De Vries and Klavers, 1994), providing: 

L =

∑m
i=1Qi.

m
.

∑n
j=1Cj.
n

(4) 

Where, 

L is a load of DIN or DIP (g s-1), 
Qi is the discharge at the gauging stations at the time I (m3 s-1), 
Cj is the concentration at different times j (g m− 3), 
m is the number of discharge measurements, n is the number of 
concentration measurements. 

Chlorophyll-a was measured as an indicator for the phytoplankton 
concentration. During three periods (August 2016, December 2016 and 
March 2017) water samples for chlorophyll-a analysis were taken at 143 
locations at Lake Tana in a spatial grid of 5 km by 5 km, and chlorophyll- 
a samples were also collected from the rivers monthly for 2017. The 
chlorophyll-a concentration was determined using the acetone extrac
tion procedure (Wetzel and Likens, 1991). From the analysis, a map of 
the chlorophyll-a over the lake was constructed using the Inverse Dis
tance Weighted (IDW) interpolation technique in ArcGIS. 

Table 1 
Sub-basins of the Lake Tana basin and the percentage of the surface area of the 
specific sub-basin within the total Lake Tana Basin. ().  

Sub- 
basin 

Surface area sub- 
basin (km2) 

Percentage surface area of the 
total basin (%) 

Gauged 
(yes/ 
no) 

Gilgel 
Abay 

3866  34.4 Yes 

Arno- 
Garno 

269  2.4 Yes 

Dirma 461  4.1 Yes 
Gelda 261  2.3 Yes 
Gumara 1376  12.2 Yes 
Megech 659  5.9 Yes 
Rib 1727  15.4 Yes 

Source Goshu et al., 2020 
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3. Results 

3.1. Current ecological condition of the lake based on measurements 

3.1.1. Current status of eutrophication 
The effect of eutrophication in Lake Tana clearly showed spatial 

variability among the shore, littoral, pelagic, and river mouth stations of 
the lake. Most of the river mouths and a small part of the lakeshore and 

littoral areas showed relatively high nutrient and chlorophyll-a con
centrations, especially after the rainy season (Jun-Sep). The majority of 
the lake exhibited oligotrophic conditions based on chlorophyll-a con
centration (see Fig. 3). 

3.1.2. Chlorophyll-a in littoral, pelagic, and river mouths of lake Tana 
The chlorophyll-a concentration in Lake Tana shows high spatial and 

temporal variability and ranged from < 0.5 to 191 µg l− 1 (Fig. 3). 

Fig. 3. Spatial Maps of measured Chlorophyll-a (µg l− 1) for littoral, pelagic, and river mouths of lake Tana for months of the year 2016/2017.  
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Generally, the chlorophyll-a concentrations were highest in the river 
mouths (average 87 µg l− 1) and lowest in the pelagic zone (average 14 
µg l− 1) except for some inshore and littoral areas where temporally low 
chlorophyll-a concentrations were found. This might be caused by the 
presence of water hyacinth infestation and its ecological effect of 
depleting nutrients and shading (Gezie et al., 2018). 

The three sampling periods (August 2016, December 2017 and 

Table 2 
The minimum and maximum Chl-a concentration (µg l-1) of the river mouths of 
major tributary rivers of lake Tana in 2016/2017 (n = 12).  

Statistic Dirma 
mouth 

Gilgel Abay 
mouth 

Gelda 
mouth 

Gumara 
mouth 

Rib 
mouth 

Min 27 1 15 8 23 
Max 94 78 259 185 352  

Fig. 4. Spatial coverage of the different impact zones in Lake Tana defined by the tracer study, in May, September and December of the year 2017. (colours indicate 
tracer concentration (mg l− 1); initial concentration in the inflows was 100 mg l− 1). 

G. Goshu et al.                                                                                                                                                                                                                                  



Journal of Hydrology 623 (2023) 129815

8

March 2017) show clear seasonal variability in chlorophyll-a concen
trations. During the rainy season (August) >85% of Lake Tana had 
chlorophyll-a concentrations below 4 µg l− 1. In December 2016 (post 
rainy season), the chlorophyll-a concentrations ranged from < 0.5 µg l− 1 

to 148 µg l− 1, and more than half of the lake (56 %) had chlorophyll-a 
concentration between 4 and 27 µg l− 1. Finally, in March 2017 (dry 
season), the chlorophyll-a concentrations ranged from < 0,5 µg l− 1 to 
191 µg l− 1, with 59 % of the lake having concentrations above 20 µg l− 1. 

Spatial and temporal variations of chlorophyll-a concentrations were 
observed also in the river mouths of Dirma, Gilgel Abay, Gelda, Gumara, 
and Rib (Table 2). The chlorophyll-a concentrations in the river mouths 
were generally higher than in the lake (22.8–351.5 µg l− 1) probably 
because of low flow velocities and high nutrient concentrations in these 
areas. Spatially, the minimum chlorophyll-a concentration was noted in 
the Gilgel Abay river mouth, and the maximum was measured in the Rib 
river mouth. Nevertheless, there were no significant spatial and tem
poral differences in chlorophyll-a concentrations among the river 

mouths (P > 0.05, Repeated Measures ANOVA, n = 60). 
Based on the monthly measurements in 2017, the minimum 

chlorophyll-a was noted in the rainy season and the maximum was noted 
in post-rainy and pre-rainy seasons for most of the river mouths. 

3.2. Delineation of the ‘impact zones’ of major incoming rivers 

The contours of the impact zones were defined by the tracer study for 
May, September, and December of the year 2017 (Fig. 4). We observed a 
direct relationship between the river basin area and the impact zone 
area. The larger the river basin area and the subsequent river discharge, 
the larger the impact zone. The southwest impact zone has the largest 
area in all months study except December. The northeast impact zone 
has the smallest area in all months of the model study. Generally, the 
impact zones have the smallest area in the dry season (May), and the 
largest in the post rainy season (December). Surprisingly, the impact 
zones are mainly confined in the shore and littoral parts of the lake and 
do not cover the pelagic part (Fig. 4). 

Based on the impact zones delineation we computed the different 
characteristics of the separate zones needed for the PCLake modelling. 
These include the fetch, marsh area and mean depth (Table 3), and the 
monthly N and P load (Table 5). 

3.3. Hydrology and water balance 

The water balance study of Lake Tana shows that the water level 
drops during dry and pre rainy seasons, and increases in the rainy season 
(Fig. 5, Table 4). This water level change is well considered in the 
Duflow modelling. Fig, 5 displays the seasonal variation in water 

Table 3 
Impact zones defined by tracer study, and their area in May, Sep., and Dec. of the 
year 2017; including mean fetch, marsh area, and mean depth. North Impact 
Zone-Dirma and Megech; North East Impact Zone-Arno-Garno; South East 
Impact Zone-Rib, Gumara and Gelda, and South West Impact Zone-GilgelAbay.  

Impact zone May Sep Dec 

Area (km2)    
North 43.6 213 308 
North East 30 88 150 
South East 102 362 490 
South West 134 365 475 
Fetch (km)    
North 7 15 18 
North East 5 9 12 
South East 10 19 22 
South West 12 19 22 
Marsh Area (km2)    
North 0.10 0.50 0.72 
North East 0.07 0.21 0.35 
South East 0.24 0.84 1.14 
South West 0.31 0.85 1.11 
Mean depth (m)    
North 2.00 2.79 2.39 
North East 0.21 2.00 1.6 
South East 2.64 4.43 4.05 
South West 1.63 3.41 3.03  

Fig. 5. Monthly water balance of Lake Tana for the year 2017.  

Table 4 
Calculated water balance of Lake Tana for the year 2017.  

Water balance components mm year¡1 Mm3 year¡1 

Qgauged +2002 +6229 
QHP +1064 − 3311 
QDam − 319 − 994 
P +1561 +4857 
E0 − 1584 − 4928 
Qunguaged +582 +1810 
ΔS
ΔT  

+1178 +3664  
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(b)  

Fig. 6. Simulation results of chlorophyll-a (µg l− 1, panel a) and vegetation (g dry weight m− 2, panel b) of the four impact zones in Lake Tana in 2017, during the last 
2 years of the simulation period. 
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balance of Lake Tana for 2017. Table 4 gives the calculated annual water 
balance terms of Lake Tana. The main inflow of water to Lake Tana is 
coming from the gauged sub-basins. Furthermore, evaporation exceeds 
precipitation on an annual basis (Table 4). The lake exhibits water 
storage from May until September, with the largest positive storage for 
July and August. Despite the outflow flowing into the hydropower plant 
Tana Beles, and the monitored part of the Blue Nile, there is a large 
cumulative closure term in the water balance of Lake Tana at the end of 
the year, which should be compensated by an additional loss term from 
the lake. This large closure term might be because the largest part of the 
outflow towards the Blue Nile River is not monitored. 

3.4. Simulation of ecological indicators and critical nutrient loads of the 
four impact zones and lake Tana 

The simulation of phytoplankton showed chlorophyll-a dominance 
in the southeast and southwest zones (maximum chlorophyll-a 40 and 
70 µg l− 1), compared with the north and northeast zones (maximum 
chlorophyll-a 3,5 and 1.6 µg l− 1) (see Fig. 6a). In contrast, vegetation 
was more dominant in the north and northeast impact zones (maximum 
vegetation = 135 and 245 g d.w. m− 2) than the southeast and southwest 
impact zones (maximum vegetation = 0.2 and 0.2 g d.w. m− 2) (Fig. 6b). 
The simulation results of TN, TP, and Secchi depth are shown in Annex 
2. 

The bifurcation analyses of the four impact zones and Lake Tana as 
one mixed system are presented in Fig. 7 and Fig. 8. This bifurcation run 
was done with a changing P-load throughout the year, coupled to the N- 
load with an TN/TP ratio based on the incoming nutrient fluxes. This 
approach reflects the effect of a combined reduction of N- and P- loads to 
the impact zones. The average TN/TP ratio was 4.9, however with a 
substantial variation among the different the impact zones (2.2 to 8.8, 
Table 5). All impact zones show a clear deviation from the Redfield N/P 

ratio of 16 (Tett et al, 1985), indication relative high P loads. The 
bifurcation analysis clearly indicates critical loadings, except for 
northeast zone, where a linear increase of chlorophyll with increasing P- 
load is found. The north and southwest impact zones display hysteresis 
(2 critical loadings with alternative stable states). Furthermore, Figs. 7 
and 8 show that for the two impact zones that are in the turbid state 
(high chlorophyll-a) the external nutrient loading should be reduced 
considerably (to around 10% of the current load) to switch back to the 
clear vegetation state. In contrast, the current nutrient loads for the two 
impact zones that exhibit vegetation dominance (clear state) are pre
dicted to be below the critical values. 

Fig. 7. Bifurcation analysis results of the four impact zones in Lake Tana. On the x-axes are the reduction factor (<1) or increase factor (>1) of the P-load; on the y- 
axes average chlorophyll concentration in the last 2 years (of 30-years run) in the months May – September. Dotted line is transition from clear to turbid state, solid 
line is transition from turbid to clear state. 

Fig. 8. Bifurcation analysis for the whole lake Tana when modelled as one 
mixed system. On the x-axes the reduction factor (<1) or increase factor (>1) of 
the P-load; on the y-axes average chlorophyll concentration in the last 2 years 
(of 30-years run) in the months May – September. Dotted line is transition from 
clear to turbid state, solid line is transition from turbid to clear state. 
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4. Discussion 

4.1. Spatial heterogeneity 

With the approach presented here we show the importance of spatial 
variability in analysing the ecological condition and determining critical 
loads in a large lake. Variability in lake conditions is strongly related to 
the locations and magnitude of the in flowing rivers. The results for the 
separate impact zones show clear differences, among each other and also 
when compared with modelling the lake as one mixed system. 

The simulated chlorophyll-a concentrations deviate to some extent 
from the observed chlorophyll-a concentrations (Fig. 3 and Fig. 6a), 
although in line with the observations, especially if we consider the 
average chlorophyll-a concentrations in the impact zones. We found that 
the order of the impact zones for chlorophyll-a concentrations is the 
same for the model and the observations with highest average concen
trations in the southwest and lowest in the northeast (Table 6). The 
temporal variation of higher concentrations in March 2017 compared 
with August 2016 is clear and reflects the actual observations. 

According to the model there are vegetation dominance and low 
chlorophyll-a concentrations in impact zones north and northeast, and 
the other way around in southeast and southwest impact zones. This 
finding is consistent with previous studies in Lake Tana (Dersseh et al. 
2019; Wondie et al. 2012). In these studies the spatial potential of 
aquatic vegetation infestation was estimated based on a multivariate 
analysis with total phosphorus, total nitrogen, temperature, pH, salinity, 
and depth as main parameters. The researchers concluded that the north 
and northeast regions have the highest potential for vegetation domi
nance, which was later confirmed with satellite image observations 
(Dersseh et al. 2020). 

Our finding of spatial variability of eutrophication in Lake Tana is 
also reported in other tropical and sub-tropical large lakes of the world. 
Lake Taihu (Southeast China) is a good example of a large shallow lake 
with high spatial variation; macrophytes are established at the shores 
and in the bays, whereas they are absent in the lake’s centre due to 
strong wind (Janssen et al., 2014; Xu et al., 2015b; Zhao et al., 2013). 

The study by Soares et al. (2012) reported that the tropical Funil 
Reservoir (Brazil) demonstrated spatial heterogeneity that could affect 
the occurrence and distribution of algal blooms along the reservoir, the 
fluvial, intermediate, and lentic compartments. This supports the 
conclusion that high spatial heterogeneity in macrophytes and phyto
plankton abundance suggests variation in the responses to eutrophica
tion within the lake. Differences in lake morphology can already result 
in spatial variation, with water depth being an important morphological 
factor regulating macrophyte abundance. In Lake Tana most of the 
studied littoral zones have comparable depths but still differ in macro
phyte cover, which can be attributed to different nutrient inputs. This 
variation results in spatial patterning of critical nutrient loads in Lake 
Tana. 

4.2. Critical loads and bifurcation analysis 

The critical nutrient loads for the impact zones and the lake as a 
whole are summarized in Table 7. These are derived from the average 
current loads (Table 5) and the reduction factors (multipliers) from 
Figs. 7 and 8. The presented reduction factors are an annual average and 
given the variability of the current monthly loads these can only be used 
indicatively. However, the critical loads estimated here enable a com
parison with other studies in lakes where critical loads were estimated. 

From Table 7 it is evident that current nutrient loads, to southeast 
and southwest impact zones are higher than the estimated critical loads 
to these impact zones. On the other hand, we found a different ecological 
condition in the north and northeast impact zone, where the 

Table 5 
N and P loads of the different impact zones for the months of the year 2017.   

North zone Northeast zone Southeast zone Southwest zone  
Nload Pload Nload Pload Nload Pload Nload Pload 

Months g m− 2 d-1 g m− 2 d-1 g m− 2 d-1 g m− 2 d-1 g m− 2 d-1 g m− 2 d-1 g m− 2 d-1 g m− 2 d-1 

Jan 0.0001 0.0000 0.0002 0.0002 0.0003 7.14E-05 0.0008 0.0003 
Feb 0.0024 0.0002 0.0035 0.0027 0.0009 4.10E-04 0.0062 0.0037 
Mar 0.0001 0.0001 0.0015 0.0006 0.0028 2.52E-03 0.0017 0.0012 
Apr 0.0012 0.0004 0.0000 0.0003 0.0025 6.07E-03 0.0017 0.0012 
May 0.0026 0.0002 0.0100 0.0010 0.0054 1.02E-02 0.0311 0.0046 
Jun 0.0250 0.0100 0.0195 0.0008 0.0143 1.20E-02 0.1009 0.0752 
July 0.0211 0.0080 0.0985 0.0040 0.0241 1.25E-02 0.0439 0.0365 
Aug 0.0271 0.0150 0.1138 0.0060 0.0433 2.09E-02 0.0352 0.0000 
Sep 0.0083 0.0018 0.0161 0.0033 0.0299 6.42E-02 0.0426 0.0345 
Oct 0.0015 0.0012 0.0057 0.0008 0.0063 6.39E-04 0.0200 0.0177 
Nov 0.0005 0.0001 0.0012 0.0003 0.0004 4.08E-04 0.0024 0.0001 
Dec 0.0002 0.0000 0.0006 0.0001 0.0003 2.02E-04 0.0011 0.0003 
Average 0.008 0.003 0.023 0.002 0.011 0.011 0.024 0.015 
Average N/P ratio 4.8  8.8  2.2  3.7   

Table 6 
Average chlorophyll-a concentrations of the impact zones, from measurements 
and from the model (µg l− 1). Between brackets [ ] the ranking of the impact 
zones based on the average concentrations.   

average chlorophyll-a concentration (µg l¡1) 
Impact zone measurements model 

North zone 9.8 [2] 3.1 [2] 
Northeast zone 7.6 [1] 1.2 [1] 
Southeast zone 12.6 [3] 29.0 [3] 
Southwest zone 19.1 [4] 36.9 [4]  

Table 7 
The current average P-loads, reduction/increase factors (Turbid to clear and 
Clear to Turbid), and critical loads (Turbid to Clear and Clear to Turbid) of the 
separate impact zones and Lake Tana.   

current 
average 
P-load 

multiplier 
Turbid to 
Clear 

multiplier 
Clear to 
Turbid 

critical 
load 
Turbid 
to Clear 

critical 
load 
Clear to 
Turbid  

(mg m− 2 

d-1) 
(-) (-) (mg 

m− 2 d- 

1) 

(mg 
m− 2 d- 

1) 
North 

Zone 
3 2.5 9.5 7.5 28.5 

Northeast 
Zone 

2 0.05 0.1 0.1 0.2 

South East 
Zone 

11 undetermined undetermined   

South 
west 
Zone 

15 0.2 0.7 3 10.5 

Lake Tana 3.9 0.05 0.2 0.2 0.78  

G. Goshu et al.                                                                                                                                                                                                                                  



Journal of Hydrology 623 (2023) 129815

12

phytoplankton is less dominating. 
Lake Tana is a large tropical lake with a mean depth of 8 m, but the 

impact zones are generally only 2 m deep. This is comparable to shallow 
Dutch and Chinese lakes where PCLake was applied. In Janse et al. 
(2008), critical P-loadings were determined that can be considered 
representative of Dutch shallow lakes. It was observed that for a default 
lake (see exact settings in Janse, et al., 2008), critical bifurcation points 
of the lake, turning from a turbid to clear, and clear to the turbid state 
were 0.9 mg P m− 2 d-1 and 3 mg P m− 2 d-1 respectively. The general 
numbers for lake Tana are similar (Table 6), but the range is larger (0.1 
to 28.5 mg m− 2 d-1), possibly due to the spatial heterogeneity of the 
impact zones with different characteristics. Studies with PCLake + for 
deeper lakes, such as described in (Li et al., 2019) for Lake Dianchi with 
an average depth of 4.9 m, showed critical loadings of 0.34 mg m− 2 d-1 

and 0.38 mg m− 2 d-1. Furthermore, lakes with larger depths will have 
lower critical P-loadings because less submerged macrophytes will be 
present, due to less favourable light conditions in deeper lakes (Janse, 
2005; Janse et al., 2008). This causes more nutrients available for the 
growth of phytoplankton causing more turbid conditions at lower 
nutrient loadings. 

4.3. Model uncertainties 

Though PCLake was originally parameterized for shallow temperate 
lakes (Janse et al 2010), the ecological and chemical concepts can be 
applied to Lake Tana to provide a comparative first-cut assessment of 
relative spatial variability. This is supported by studies where the model 
in its present form has been applied successfully in several tropical and 
subtropical lakes (Janssen et al., 2017; Li et al., 2019; Kong et al., 2017; 
Fragoso et al., 2008). A multi-lake study showed that the original 
PCLake model was able to predict reasonably well the dominance of 
macrophytes or phytoplankton in approximately 80 large lakes from 
around the world (Janssen et al., 2014). Still, the model results should be 
considered with care, and the focus should be on patterns rather than on 
absolute values of the output. We acknowledge that the derived critical 
loads for lake Tana contain uncertainties, but comparison with critical 
loads in other regions shows that the values for lake Tana can be plau
sible. Lake Tana is one of the first attempts of applying PCLake to African 
lakes. Future monitoring and modelling in tropical lakes can contribute 
to reducing the uncertainties, specifically frequent observations of N and 
P concentrations, phytoplankton, transparency and vegetation cover 
and densities. In addition, although the processes and feedbacks in the 
model are generic, process parameters and environmental conditions 
have to be determined on a local scale. 

4.4. Implications 

Studies conducted in China and Brazil have shown the importance of 
spatial heterogeneity of shallow lakes (Janssen et al., 2017; Fragoso 
et al., 2008). For ecological modelling as well as defining nutrient 
management options, large tropical lakes like Lake Tana are tradition
ally treated as completely mixed systems. Because of this, the traditional 
approach of nutrient management has only limited success. Our research 
in this lake has clearly shown that importance of spatial heterogeneity in 
terms of eutrophication effects and critical nutrient loads. 

Our spatial modelling provides new insights into exploring the ef
fects of eutrophication in a large shallow tropical lake. We demonstrate 
that lake Tana is a heterogeneous lake and the conditions that drive this 
are likely to be existing also in other lakes. The modelled impact zones 
clearly show spatial differences in N and P critical loadings, implying 
that each zone has a different nutrient reduction target. Therefore, in 
impact zones like the southeast and southwest parts of Lake Tana, pri
ority should be given to nutrient reduction measures. Lake managers 
could aim to reduce the present nutrient load to below the lowest critical 

nutrient load in these impact zones. The major N and P sources of lake 
Tana are animal manure, synthetic fertilizers, and human waste (Goshu 
et al., 2020). Therefore, nutrient reduction measures from the above 
sources should be practiced in sub-basins of prioritized impact zones of 
Lake Tana. Measures should be within the social and economic possi
bilities of the regions. 

5. Conclusions 

This study showed that there are clear distinct impact zones in lake 
Tana, related to the main tributaries, with different characteristics. Both 
the measurements and the modelling with PCLake + show that the 
current ecological status has spatial variability over the lake and among 
the impact zones. Critical nutrient loadings vary among the impact 
zones, implying that each zone has a different reduction target. For lake 
Tana it is clear that in north impact zone and northeast impact zone, the 
current level of P load is below the critical loading. In the other two 
zones, the current loading is above the critical loading, so in the 
southeast and southwest parts of the lake, the river loading should be 
decreased substantially. The critical loadings of N and P are quite 
different when we take Lake Tana as one mixed system. Our findings 
demonstrate the importance of accounting for spatial heterogeneity of 
eutrophication to determine sub-catchment critical nutrient loads in a 
relatively large lake. We acknowledge that the derived critical loads for 
lake Tana contain uncertainties. Comparison with critical loads in other 
regions has limited value, but it shows that the values for lake Tana can 
be plausible. Future monitoring and modelling in tropical lakes can 
contribute to reducing the uncertainties. Nevertheless, we believe that 
the general conclusion of importance of spatial heterogeneity in large 
shallow lakes is justified here. 
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