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Text S1-S9: Model assumption testing & implications of uncertainty in model estimation 
This section combines several reflective texts that are related to model assumptions and the 
uncertainty of model parameters. They were excluded from the full article to give the text a 
better flow and readability. Most of these topics have briefly been brought to attention in the 
main text, but this supplementary material can be consulted for a more in depth explanation. 

Text S1: Spatial differences in Total-P concentration 
Spatial differences in total-P concentrations of basins and rivers are described in tables S1-S3 
and figure S1. The average total-P concentration of inflowing water into lake Kariba from the 
Zambezi river mouth (basin 0) is 106 mg x m-3, while the lake basins had total-P concentrations 
of 22, 27, 23.8, and 24.9 mg x m-3 from basin 1 to 4 respectively (Figure S2). However, a 
repeated measures analysis of variance (ANOVA) between the total-P concentrations of the 
basins yielded no significant variation among the groups. However, Basin 0, the Zambezi river 
mouth has a mean total-P concentration of 106 mg x m-3 that is more than 3 times higher 
than the other basins, but due to high variation between the measurements, we cannot say 
for certain that this is always the case. Although it would make sense that the total-P 
concentration of the Zambezi river mouth is higher than the other basins, due to the large 
volumes of river water flowing into this basin. It is likely that a lot of suspended material is 
present in the river water, which binds phosphorous and slowly sinks to the sediment as it 
enters the lake due to the reduced flow rates. However, the total-P concentrations of the 
Upper Zambezi at Livingstone and the Gwayi river, that join before they enter the lake at the 
Zambezi river mouth, are relatively low compared to the total-P concentration of the Zambezi 
river mouth (See appendix ). When we calculate the weighted average total-P concentration 
(based on total flow contribution) of the upper Zambezi and Gwayi river based on flow 
volumes, we find a total-P concentration of 26.6 mg x m-3, which is much lower than what is 
found in the Zambezi river mouth. This means that the Upper Zambezi and Gwayi river 
together account for a phosphorous load of 1,200 mt x yr-1, but the phosphorous load that 
enters the lake through the Zambezi mouth is almost 4,500 mt x yr-1. That means that 
somewhere between Livingstone and the Zambezi river mouth, an extra 3,300 metric tonnes 
of phosphorous is added each year. This could be the result of some form of waste discharge, 
or a large amount of decomposing organic material, but it remains unclear what is causing 
this increase. 

Another peculiar spatial difference in total-P concentration is seen in the Kariba dam outflow. 
Because the total-P concentration of the Zambezi river downstream from the Kariba dam has 
a mean total-P concentration of only 8 mg x m-3, while the mean total-P concentration in the 
Sanyati basin, close to the Kariba dam is 24.9 mg x m-3. One explanation for this difference 
could be that the Kariba dam turbines are situated at a height of 60 m above the sediment. 
Therefore the Kariba dam outflow contains no suspended sediment from the lake bed. 
However, all total-P concentrations are surface water measurements, because the upper part 
of the water column is the most important for the primary productivity of the lake due to the 
light availability. Therefore, it is unlikely that the sampled locations in the Sanyati basin 
contained much higher amounts of suspended sediment. Still, since the mean lake depth is 
30 m it is more likely to contain suspended sediment than at the dam, which is situated at a 
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depth of 60 m. Furthermore, most samples were taken in shallower parts of the lake due to 
the practical limitations of reaching the deeper parts because of the sheer size of lake Kariba. 
Another explanation for the concentration difference could be that in total-P measurements, 
algae bound phosphorous is included in the measurement, while phosphorous bound to 
aquatic plants is not. A large proportion of available phosphorous is assimilated into biomass 
by primary producers and in the lake system, most of this biomass is in the form of algae, 
while this may be mostly in the form of plant biomass in the river system. 

Table S1. Mean lake surface water total phosphorous concentration by basin 

Basin name Basin nr. [Total-P] (mg x 
m3) Sources 

Zambezi Mouth 0 106.0 ZRA lake wide survey 2018, Balon & Coche 
1974, Magadza et al. 2010 

Mlibizi 1 22.0 ZRA lake wide survey 2018, Balon & Coche 
1974, Magadza et al. 2010 

Binga 2 27.0 ZRA lake wide survey 2018, Balon & Coche 
1974, Magadza et al. 2010 

Sengwa 3 23.8 ZRA lake wide survey 2018, Balon & Coche 
1974, Magadza et al. 2010 

Sanyati 4 25.1 ZRA lake wide survey 2018, Balon & Coche 
1974, Magadza et al. 2010 

[P]i, Weighted mean 
(based on basin volume) 1-4 24.7  

 

Table S2. Mean total phosphorous concentrations of main river flows 

River [Total-P] 
(mg x m3) Sources 

Upper Zambezi river at 
Victoria Falls 18 ZRA water quality monitoring 2006-2017, Balon & Coche 1974 

Gwayi river 141 ZRA water quality monitoring 2006-2017, Balon & Coche 1974 
[P]zam, Zambezi mouth 
(upper Zambezi inflow) 106 ZRA water quality monitoring 2006-2017, Magadza et al. 2010 

Sanyati river 77 ZRA water quality monitoring 2006-2017, Balon & Coche 1974 
[P]dam, Kariba dam outflow  24 ZRA water quality monitoring 2006-2017 

Lower Zambezi river 8 ZRA water quality monitoring 2006-2017 

Other rivers 88 ZRA water quality monitoring 2006-2017, Balon & Coche 1972 
(see other rivers table) 

[P]sec, Secondary rivers 
(weighted mean based on 
river flow contribution)* 

79*  

*Sanyati river contributes for 80% of secondary river inflow (World Bank, 2010) 
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Table S3. Other rivers total phosphorous concentrations 

River [Total-P] (mg x 
m3) Source 

Kalomo 119 ZRA water quality monitoring 2006-2017 
Sikalamba 79 ZRA water quality monitoring 2006-2017 
Kanzinze 124 ZRA water quality monitoring 2006-2017 
Mulola 33 Balon & Coche 1974 
Lufua 77 Balon & Coche 1974 

Zongwe 141 Balon & Coche 1974 
Sebungwe 25 Balon & Coche 1974 
Chimene 103 Balon & Coche 1974 

Mean 88 - 
 

 

Figure S1. A schematic representation of the lake with mean Total-P concentrations at 
inflowing rivers and basins 

 

Figure S2. Mean total-P concentrations by basin between 1964 and 2019. Error bars are 
standard errors. 
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Text S2: Temporal changes in total-P concentrations 
After the initial filling phase of lake Kariba, the total-P concentrations were relatively high due 
to the decomposition of submerged organic material (Balon & Coche, 1974). Afterwards the 
total-P concentration gradually decreased and was still in decline during the first lake wide 
survey by Balon & Coche. This might explain the decrease in total-P concentration between 
the Balon & Coche survey and the survey by Magadza in 1987-1993 (Figure S3). Since the 
commencement of aquaculture in Lake Kariba in 1998, a slight increase in total-P 
concentration would be expected. In practice, lake Kariba had an increase of 1.69 mg x m3 in 
Total-P concentration from 22.3 mg x m-3 in 1987-1993 (before aquaculture) to 24.0 mg x m-

3 in 2018 (Figure S3). Under current production scenarios of 16,300 mt Tilapia per year in the 
Sanyati Basin, the P loading to the lake is 234,720 kg phosphorous per year. With this yearly 
P-loading, an increase in phosphorous concentration of 1.25 mg x m-3 is expected due to 
aquaculture waste. Thus, the actual increase is similar, but slightly higher than our model 
prediction. However, the variation in measurements is too large to detect statistical 
significance. In the future, further monitoring and greater increases in the total-P 
concentration will likely improve our certainty of the lakes response to aquaculture 
phosphorous loading. 

 

Figure S3. Weighted average total-P concentration of lake Kariba during the three lake wide 
surveys. 

Text S3: Extremely high total-P concentrations between 2008 and 2012 in the Sanyati basin 
The annual mean total-P concentrations in the Sanyati Basin were considerably higher 
between 2008 and 2012 compared to other recorded periods. The total-P concentration in 
the Sanyati Basin was 52.1 mg x m-3 in 2008, which is more than twice as high as the other 
data periods and gradually increased to a peak of 194 mg x m-3 in 2011, it decreased to values 
below 30 mg x m-3 from 2013 onwards (Figure S4). Total-P concentrations of other Basins 
were not recorded in that period, but data from the Sanyati river, and Kariba dam outflow, 
revealed a similar pattern: Total-P concentrations between 2008 and 2012 were above 
average, with a peak of 258 mg x m-3 in the Sanyati river in 2010 and 230.6 mg x m-3 in the 
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Kariba dam outflow in 2011. As the Sanyati river only accounts for 9% of the lake water, an 
increase of this magnitude in just the Sanyati river cannot have caused the change in 
concentration seen in the Basin. However, if all river inflows increased to similar 
concentrations, the river P-loading would have increased by 10,000 mt x yr-1 and the change 
would be more likely. Yet, it is unclear what could have caused these changes. One hypothesis 
is that the rainfall in those years was abnormally high, but we were unable to find data that 
supports this. Although it seems unlikely that an increase of this magnitude could have been 
caused by increased rainfall. Another theory is that there was a systematic error in the total-
P measurements in those years, which was later fixed. We did not use data on yearly 
measurements of the total-P concentrations of the Sanyati basin in the estimation of the 
Total-P concentration of the whole lake. For the estimation of total-P inflows from rivers, we 
chose to omit all data between 2008 and 2012. But this does emphasise the importance of 
correct monitoring of the total-P concentration. If these measurements were correct, and 
peak years with elevated total-P concentrations are a recurring phenomenon in lake Kariba, 
this could greatly affect the lake functions through harmful algae blooms. We would advise 
that multiple parties collaborate in monitoring the total-P concentration of lake Kariba, since 
this would allow cross-validation of data. 

 

Figure S4. Total-P concentrations of the different basins of Lake Kariba over time, 
concentrations are plotted on a log scale. 

Text S4: Flushing rate 
The flushing rate of a lake is one of the most important variables for determining the carrying 
capacity of the lake. See table S4 and Figure S5  for more information on flow rates from which 
the flushing rate was calculated. The higher the flushing rate, the more water is refreshed per 
year, which allows for a higher yearly phosphorous loading to the lake. The flushing rate is 
calculated from the lake volume and the total water flow into the lake. Lake volume can be 
controlled by the opening and closing of the Kariba dam flood gates, and is therefore relatively 
stable, but total water inflow can show great variation between the years and may even 
change as a result of climate change or increased river water use for irrigation (Beilfuss & dos 
Santos, 2001; Du Toit, 1982; World Bank, 2010). The current average yearly water inflow into 



Supplement to te Velde et al. (2022) – Aquacult Environ Interact 14: 113–125 – https://doi.org/10.3354/aei00427 
 

 6 

lake Kariba is 50 km3 x yr-1, but if the total inflow were to change by 10%, this would change 
the carrying capacity by the same amount Figure S6). 

Table S4. Lake Kariba water in- and outflows 

  Reference Balon & Coche, 
1974 

du Toit et al.,  
1982 

Worl 
Bank, 
2010 

Beilfus & Dos 
Santos, 2001 Mean 

  Data period 1963-1966  1964-1978 1962-2001 1958-1998  

Inflows 

Qzam, Zambezi river 
(km3 x yr-1) 39 46.7 37.2 30.6** 38.4 

Qsec, Secondary rivers 
(km3 x yr-1) 8 8.9 6.5 5.9** 7.3 

Qrain, Rainfall over lake 
(km3x  yr-1) 3.5* 4.2** 4.5* 3.8* 4.0 

Qin, Total Inflow  
(km3 x yr-1) 50.5 59.8* 48.2** 40.2 49.7 

Outflows 

Qev, Evaporation  
(km3 x yr-1) 7.2 8.4** 4.5** 7.6 6.9 

Qdam, Kariba dam 
Outflow (km3 x yr-1) 43.3 51.4* 43.7 32.6 42.8 

Calculated 
from Flows 

Replacement time (yr) 3.11 2.62 3.25 3.90 3.22 

ρ, Flushing rate  
(yr-1) 0.32 0.38 0.31 0.26 0.32 

 

 

 

Figure S5. A schematic representation of the lake with mean annual water flows in km3. 
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Figure S6. Tilapia carrying capacity as a function of Total Inflow. 

Text S5: Sedimentation rate 
Sedimentation rate is the most uncertain parameter of the model, and the hardest to 
estimate correctly (Beveridge, 2004). The phosphorous balance used to estimate the 
sedimentation rate is depicted in Figure S7. It is however also one of the most important 
parameters of the model, due to its sensitivity. When we vary the sedimentation rate, this 
greatly affects the model outcome (Figure S8). Beveridge suggested a range of different 
models that were made to estimate the sedimentation rate (Beveridge, 2004). Most of these 
models require estimates of areal phosphorus loading in order to get a measure of the 
amount of phosphate that enters the lake. However, these models were optimized using only 
temperate lakes and since we have the advantage that, for most of the important inflowing 
rivers, the total-P concentrations and flow rates are known. We could get a better estimate 
of the sedimentation rate by estimating the total phosphate in- and outflow of the lake. We 
estimated the sedimentation rate at either 0.78 using the Sanyati basin total-P concentration 
close to the Kariba dam as outflow, or 0.93 based on the total-P concentration in the Zambezi 
river, downstream from the Kariba dam. We used the safest estimate of the carrying capacity, 
which is 86,900 mt x yr-1. However, if the sedimentation rate were 0.93, the carrying capacity 
of the lake would be 273,000 mt x yr-1, which is more than 3 times higher. In an earlier study 
by Kunz et al., a total-P sedimentation rate of 0.87 with a range between 0.86 and 0.97 was 
estimated using sediment traps in lake Kariba (Kunz et al., 2011), which would give a Carrying 
Capacity of 147,000 mt x yr-1.  
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Figure S7. A schematic representation of the lake with mean annual total-P flows in t x yr-1. 

 

 

Figure S8. Tilapia Carrying Capacity as a function of the Sedimentation rate. 

Text S6: Spatial differences in carrying capacity 
The Beveridge model has mostly been used to determine aquaculture carrying capacity by 
addressing the water body as one homogenous unit (Oakley, n.d.). However, when 
considering a water body as large as lake Kariba that has localized aquaculture hotspots, this 
could lead to spatial heterogeneity in nutrient concentrations, which could result in localized 
algal blooms. Therefore a zoned approach to carrying capacity may be more applicable where 
lake Kariba is substituted into 5 basins: Basin 0 (River inflow before the lake), Basin 1 (Mlibizi), 
Basin 2 (Binga), Basin 3 (Sengwa) and Basin 4 (Sanyati) (Balon & Coche, 1974). However, when 
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the carrying capacity of each separate basin is calculated, the same values are found as the 
whole lake carrying capacity. Each Basin has different morphological characteristics but each 
year the same amount of water passes through each basin. Therefore the flushing rates are 
much higher for each individual basin than the whole lake flushing rate and thus, the 
decreased volumes are compensated by the increased flushing rates resulting in equal 
carrying capacity estimates. We can therefore conclude, that according to the Beveridge 
model, the carrying capacity of the whole lake is always the same, no matter where the farms 
are located. Nevertheless, when we consider that the lake water flows from west to east 
(basin 0 to basin 4) this means that each aquaculture farm only affects the nutrient 
concentrations of the lake downstream from its position. Therefore, if aquaculture farms are 
only located close to the lake outflow (Kariba dam) this would minimally affect the total-P 
concentrations in the rest of the lake. Fortunately, this is already the case as all large Tilapia 
farms are currently located in the Sanyati basin (basin 4). A monitoring program on sediments 
quality over time would be wise (as the risk of sediment upwelling becomes higher if larger 
sediment deposits are formed). The residence time of suspended solids shortens moving 
further away from the inlet towards the outlet. Investigating the balance between dissolved 
and particulate P and Organic Matter (OM) over time will give additional insight. The model 
looks at P, which is not 100% correlated to OM accumulation. A relatively larger fraction of 
the feed-OM-waste is probably discharged when all farms are close to the dam, then when 
located close to the inlet of the lake.  

 
Text S7: Morphological characteristics of lake Kariba 
The lake area, volume and mean depth used in this study were calculated based on the so 
called “normal operating water level” (Balon & Coche, 1974). However, the mean lake depth 
can vary a lot as a result of rainfall and the Kariba dam turbine discharge. For instance, the 
difference between the minimum lake depth (1996) and the maximum lake depth (2018) 
between 1996 and 2018 was 11 meters. Furthermore the mean water level between 1996 
and 2018 was about 4m lower than the “normal operating water level” (Lake Kariba Weekly 
Levels in Meters | Zambezi River Authority, n.d.). Therefore, most physical lake parameters 
used in this study are an overestimation of the current average of the lake. Nevertheless, 
when we alter the model to a lower mean depth and lake volume, the flushing rate of the 
lake is increased, because the river inflow remains the same. Therefore, the depth decrease 
is compensated by the flushing rate and the carrying capacity remains unchanged. 

Text S8: Changes in the hydrodynamic regime 
The hydrodynamic regime and especially lake level changes of tropical water bodies have 
been found to play a significant role in the nutrient balance and productivity of lakes (Kolding 
& Zwieten, n.d.). In high rainfall years, there is a higher overland runoff of phosphorous and 
floods occur more frequently. During floods, vegetation is submerged and the organic matter 
decomposes. The decomposition release phosphorous and other nutrients, which dissolve in 
the water. This leads to a higher nutrient loading. High rainfall years can therefore temporarily 
increase total-P concentrations. However, there is currently no statistically significant 
indication that rainfall patterns are changing in Zimbabwe due to climate change (Mazvimavi, 
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2010). It is therefore unlikely that significant changes in Total-P loading will occur in lake 
Kariba due to changes in rainfall.  

Text S9: Changes in fisheries yield scenario 
Sedimentation rate, or P-loss to sediment, is used in the model as the only form of 
phosphorous loss, assuming that there are no other significant forms of P-loss. However, a 
great deal of phosphorous is removed annually in the form of fish biomass through fisheries 
catch. The main fisheries in lake Kariba are focussed on Kapenta (Limnothrissa miodon), 
yielding about 30,000 mt catch per year (Kolding et al., 2016). This catch corresponds to about 
160 mt phosphorous that is removed in the form of Kapenta each year, which is 12% of the 
total phosphorous loss in the lake. However, P-loss to sediment is currently calculated by 
viewing the lake as a black box where an amount of P flows into the lake and less P flows out 
and therefore, this approach actually includes all other forms of P-loss, also fisheries catch. 
Nevertheless, if fisheries catch changes in the coming years, this would have an effect on the 
phosphorous loss. In theory, if fisheries yields were to increase to 40,000 mt x yr-1, the carrying 
capacity can increase by 13,000 mt x yr-1. While, if fisheries yields were to decrease to 20,000 
mt x yr-1, the carrying capacity would decrease by 7,000 mt x yr-1. 

Text S10: Comparison of our study with the lake Kariba carrying capacity estimate by Mhlanga 
et al. (2013) 
In a previous study by Mhlanga et al. (2013) the Tilapia production capacity of lake Kariba was 
estimated at 33,000 mt x yr-1 using the same phosphorus balance model. Several of the model 
values used by Mhlanga et al., differ considerably from our findings: Firstly, they assume a 
mean depth of 10 m and they state this is the mean depth of the Sanyati basin. However, the 
depth of the Sanyati basin was calculated to be 33.2 m by Balon & Coche 1974. Moreover, it 
is incorrect to use the mean depth of the Sanyati basin when you use the surface area and 
flushing rate of the whole lake. Secondly, they used an allowable total-P concentration of 500 
mg x m-3 which corresponds with hypereutrophic conditions and is twice as high as the 
maximum recommended value for hydropower generation, and a factor 10 higher than the 
allowable range for tropical freshwater fisheries (Beveridge, 1984). And thirdly, they use a 
value of 10 mg x m-3 for the initial total-P concentration of lake Kariba, which is much lower 
than what we’ve found. Furthermore, when we calculate the Tilapia carrying capacity with 
the values assumed in Mhlanga et al., a completely different Tilapia carrying capacity is found 
from what they calculated themselves (Table S5). Therefore, there seems to be a 
miscalculation somewhere in their model.  



Supplement to te Velde et al. (2022) – Aquacult Environ Interact 14: 113–125 – https://doi.org/10.3354/aei00427 
 

 11 

Table S5. A comparison of the Tilapia carrying capacity estimation using the values of this 
study and the values of Mhlanga et al. (2013). 

Variables This study 
Mhlanga et al. 
(2013) Unit 

Mean depth (z") 29.2 10 m 
Area (A) 5,364,000,000 5,500,000,000 m2 
Flushing rate (ρ) 0.32 0.34 yr-1 
Sedimentation rate 0.78 0.96  
Current [total-P] 24.7 10 mg x m-3 
Allowable [total-P] 30 500 mg x m-3 
Allowable change (∆P) 5.3 490 mg x m-3 
Environmental phosphorous loss 
Tilapia (Penv) 13.9 9.16 kg x mt-1 
Allowable phosphorous load 
(Laq) 1,207,466 229,075,000 kg x yr-1 
Carrying capacity Tilapia 86,868 25,008,188 mt x yr-1 
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