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In Africa, cage aquaculture has been growing due to its potential to address
food insecurity concerns, provide livelihoods, and contribute to local economies.
However, there is a need for continued research on the sustainability and
potential ecological effects of cage aquaculture in African lakes and reservoirs.
Even with an adequate amount of water, lakes and reservoirs cannot provide
ecosystem services if their water quality is not properly managed. The current
study on Lake Kivu, DRC focuses on understanding the effects of tilapia
cage aquaculture on selected water quality physico-chemical parameters in
the Bukavu sub-basin, DRC. The research was conducted in both caged
and uncaged sampling stations, on the spatial and temporal scale from April
to September 2023 at three bays serving as sampling stations: two caged
(Ndendere, Honga) and one non-caged (Nyofu). Some physico-chemical
parameters were measured in situ, whereas chlorophyll a and nutrients analysis
were performed at the Institut Supérieur Pédagogique (1.S.P) laboratory in
Bukavu. The parameters were used to calculate three indices water quality
indices: the water quality index (WQI) to classify the water quality at the
stations, the organic pollution index (OPI) to determine the level of organic
pollution, the Carlson’s Trophic Status Index (CTSI) to classify the trophic state
of the stations. Chlorophyll a concentration was a measure of algal biomass.
All physico-chemical parameters, apart from DO, ammonium and temperature
showed no significant differences among stations and depths. Interaction
between stations and between seasons was only observed on turbidity. The WQI
for all the sampling stations ranged from medium to good quality (51-90). The
OPI for all stations showed minimal level of pollution (4.6-5.0) hence lake's water
still organically unpolluted. CTSI results indicated the sampling stations are in
a eutrophic state (50 to 70). Fish cage aquaculture does not yet pose harm to
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the water quality of the two Lake Kivu stations under consideration, according
to the study's findings. However with the anticipated growth of cage fish
farming activities to meet the rising fish demand, continuous monitoring of water
quality in the Lake should be done to inform management decisions and for
sustainable aquaculture.
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Introduction

Fish cage farming has become the most popular aquaculture
method of bridging the gap between diminishing wild fish output
and increased consumer demand (Obiero et al., 2019; FAO, 2020).
Expanding fish production in existing water bodies such as lakes,
oceans, dams, reservoirs, and large rivers has been used to ensure
this is achieved (Tacon and Halwart, 2007; Garcia de Souza et al.,
2015). Curbing food insecurity issues has become less difficult in
most places due to the ability to raise fish in cages at high densities
for high production, which makes it possible to feed the growing
human population driven by urbanization, increased awareness of
the nutritional and health benefits of fish, and increases in income
(Tacon and Halwart, 2007; Msangi and Batka, 2015; Musinguzi
etal., 2019; Musa et al., 2021). African inland waters have embraced
tilapia fish cage culture operations broadly, and more will do
so as the advantages per unit volume of water become more
apparent (Njiru et al., 2018; Hamilton et al.,, 2020; FAO, 2022).
In addition, the low investment cost, convenience of installation
and maintenance are also contributing to the expansion of cage
activities (Gentry et al, 2017; Musinguzi et al,, 2019). This is
evident in Lake Victoria, where a rise in cage numbers from
1,663 to 4,537 between 2016 and 2019 and to 6,000 in 2021 is a
glaring sign of sustained acceptance of cage aquaculture (Hamilton
et al, 2020; Nyakeya et al, 2022). World inland aquaculture
production as of 2021 was at 50% of the total fisheries production
whereas in Africa, aquaculture contribution was at 18% with inland
aquaculture constituting 92% of the total aquaculture production
(FAO, 2022). According to FAO (2022), inland aquaculture in
Democratic Republic of the Congo (DRC) has been on a slow
but gradual rise. For instance, in 1984 only 81 metric tons were
recorded and the amount kept on rising until 2011 when it was
3,030 mt. Thereafter, it dropped to 2,929 metric tons in 2012
and started rising gradually again from 2013 to 2020 when it was
reached 3,590 metric tons (FAO, 2022). In 2014, 150 cages were
reported in Lake Kivu on the Rwanda side and in 2021, some cages
were recognized in the DRC side (Rurangwa and Kabagambe, 2018;
FAO, 2022).

Regardless of the significance of cages for fish production,
concerns about the environmental impact of cage aquaculture
have been highlighted in different water systems (Boyd et al,
2008; Kashindye et al., 2015; Nyakeya et al., 2022; Okechi et al,,
2022). However, the impacts are determined by the intensity of
production, water volume or depth, water exchange rate, and
geology of the area (Price et al., 2015). According to Wu (1995),
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the effects of cage aquaculture on physico-chemical properties
are depths-specific. Freshwater systems, for example, are more
vulnerable to nutrient loads than marine systems due to their
smaller size and frequently poorer biological carrying capacity
(Wu, 1995). Fish cages have a high potential for degrading water
quality due to the release of particulate and dissolved nutrients like
uneaten feeds, metabolites and wastes directly introduced to the
lake, potentially causing eutrophication, which is the main concern
of African inland water systems (Garcia de Souza et al., 2015; Dauda
et al., 2019). For instance, approximately 132 kg of nitrogen and
25 kg of phosphorus are discharged with each ton of fish produced
at the end of each culture period (Islam et al., 2016). Furthermore,
Gondwe etal. (2011) found that (81-90)% of organic waste released
during tilapia cage culture is discharged into the water body,
which may have deleterious effects on the cultured fish and the
environment (Effendie et al., 2005). The enrichment of organic
matter and nutrients in the sediment, on the other hand, supports
the growth of microorganisms and can ultimately lead to increased
greenhouse gas emissions from fish culture areas (Gondwe et al,,
2011; FAO, 2017; Rutegwa et al., 2019; Yuan et al., 2019; Huang
et al., 2020; Kosten et al., 2020). Cages are also characterized by
the release of nitrogen, phosphorus and organic matter whose over-
enrichment in water fastens the rate of primary production leading
to eutrophication (Pitta et al., 2006; Gondwe et al., 2011; Aura
C. M. et al, 2018; Aura M. C. et al., 2018). Cases of depletion
of oxygen levels due to respiration in the cages and degradation
of organic wastes end up increasing biochemical oxygen demand
(BOD) and chemical oxygen demand (COD). Furthermore, cases
of algal bloom, ammonium buildup, increased level of suspended
solids, and decreased water clarity (increased turbidity) and pH
have been reported (Pitta et al., 2006; Degefu et al.,, 2011; Verdegem,
2013; Karikari et al., 2016; Aura C. M. et al., 2018; Aura M. C. et al,,
2018). The water quality status of various African lakes has been
sufficiently studied, with most studies showing that these waters
are increasingly organically polluted over the years (Helmer and
Hespanhol, 1997; Odada et al., 2003; Branchu et al., 2005; UNEP,
2010; Ouma et al., 2016; Britton et al., 2019). Among other causes of
this pollution, floating cages have been mentioned mainly in Lakes
Volta (Clottey et al., 2016; Osei et al., 2019), Victoria (Nyakeya et al.,
2022) and Kariba (Mhlanga et al., 2014).

Lake Kivu’s ecological functioning and services are gradually
declining, and it has received less attention in terms of
anthropogenic disturbance documentation (Muvundja et al., 2009;
Lina, 2016). The catchment region has been related to instability
by environmental changes in its littoral zone and deterioration

frontiersin.org


https://doi.org/10.3389/frwa.2024.1325967
https://www.frontiersin.org/journals/water
https://www.frontiersin.org

Lubembe et al.

of water quality (Basima et al, 2006; Muvundja et al., 2009;
Lina, 2016). Several anthropogenic activities, including the rapid
urbanization of sizable towns built along the lake, the development
of navigation ports, and high human population growth, are
directly linked to changes in water quality, both in the Democratic
Republic of the Congo (DRC) and Rwanda (Kaningini et al., 1999;
Basima et al., 2006; Muvundja et al., 2009; Lina, 2016). Despite
the propensity of cage aquaculture in its littoral waters, the effects
of these cages on the lake’s water quality and ecological condition
are virtually undocumented. This study assessed the potential
influence of tilapia cage culture on the spatio-temporal dynamics
of physico-chemical water quality parameters in Lake Kivu. The
specific objective of the study was to determine the spatio-temporal
dynamics in water quality and trophic status of Lake Kivu in the
Bukavu sub-basin at vertical profiling scale. We hypothesized that
there are both spatial and temporal (monthly) changes in water
quality and trophic status as a result of the physical location of
the cages.

Materials and methods

Study area

Lake Kivu is located south of the equator between 1°34/-2°30/S
and 28°507-29°23/E, with an area of 2,370 km? (World Atlas, 2020).
It has a maximum depth of 475 m and an average depth of 240 m
making it the world’s twentieth’s deepest lake by maximum depth
and thirteenth deepest by mean depth (Scheffel and Wernet, 1980).
It forms a natural border between the DRC and the Republic of
Rwanda (Marshall, 1993; Descy et al., 2012) with 58% of the waters
in the DRC and the remaining 42% in Rwanda (World Atlas, 2020).
This mountainous lake is located between very high peaks near
the equator in the center of a very wet region (Beadle, 1981). In
the DRC, the hot season runs from June to August, and the rainy
season lasts from September to May. The rainy season is protracted,
with both short and extended periods of rainfall (22 to 33°C). The
temperatures in the southern highlands are colder and drier, whilst
those in the eastern highlands are cooler and wetter. The central
region experiences hot and humid weather (Ministry of Foreign
Affairs, 2018).

The lake is 161 km from Lake Tanganyika which is its mouth via
the Ruzizi River at 1,500 m above sea level, the highest point of the
East African Rift Valley (Snoeks et al., 1997). The lake is bordered
by a lot of volcanic mountains that are active, and among them the
most active ones are Nyamulagira and Nyiragongo (Vilimumbalo,
1993; Snoeks et al., 1997).

The surface temperature of Lake Kivu varies very little during
the year at an average of about 23.0°C and 24.5°C with uniform
thermal profile in the different water layers. According to Degens
et al. (1973), the lake is meromictic, with oxygenated waters
restricted to the upper 60 m and permanently isolated from the
deep waters by a number of high salinity gradients. The lake
is separated into four large basins: the North Basin, the South
Basin, the East Basin of Idjwi Island, and the West Basin (Degens
et al, 1973; Tietze et al., 1980). The 108 km? southern basin of
the lake, comprises the sub-basins of Bukavu and Ishungu. The
sub-basin of Bukavu was of interest for this study because of the
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presence of fish cage aquaculture in its bays. The Bukavu sub-
basin is situated between 28° 2’ 24" and 28° 3 0" South latitude,
1/57 2° 1" 444" and 2° 1" 58.8" East longitude (Kaningini, 1995).
The Ruzizi River and the Rwandan ridge in the east, the Mitumba
Mountains in the southwest, and the western basin of Lake Kivu in
the north encircle it (Masilya et al., 2005). Five bays make up the
Bukavu sub-basin, which is located in the extreme southern basin:
Bukavu, Ndendere, Nyofu, Nyalukemba, and “Société Nationale
des Chemins de Fer du Congo (SNCC)” bays. It is bordered to
the northwest by the Isthmus of Birava and to the northeast by
the islands of Nkombo and Ibindja. It has a surface area of 0.96
km? and a maximum depth of 105 m (Kaningini, 1995). The sub-
basin has a maximum depth of 100 m hence during dry season
complete mixing takes place, therefore not meromictic (Tietze et al.,
1980). In its watershed, which spans 45 km?2 and has an elevation
between 1,500 and 2,194 m, a number of socio-economic activities
are carried out, including agriculture, slaughterhouses, fisheries,
breweries and pharmaceutical plants (Bisimwa, 2009). Most of
these socio-economic activities release their waste into the lake’s
littoral zone, either directly or indirectly (Lina, 2016).

Study stations

Three stations, Ndendere, Honga, and Nyofu (Figure 1) were
selected in the Bukavu sub-basin for the current study. The two
cage stations, Ndendere and Honga, were chosen because they have
been having tilapia cage aquaculture activities for a long time (at
least 1 year of operation). On the other hand, Nyofu was chosen as
the control station because there were relatively few anthropogenic
disturbances and it didn’t have cages. Each station had a total
of five measures which were represented by the depths sampled
(0Om, 5m, 10m, 15m, and 20 m). The geographical coordinates
of each sampling station (Table 1) were taken by a handheld GPS
navigational unit (Garmin II unit).

Measurement and analysis of water quality
parameters

A monthly sampling activity was done for 6 months (April
to September 2023) covering the dry (June, July, and August)
and wet (April, May, and September) seasons. Water temperature,
pH, electrical conductivity and dissolved oxygen concentration
(DO) were measured in situ using a Plus multi-parametric Field
Probe (YSI 550) from different depths (0m, 5m, 10m, 15m,
and 20m). Turbidity measurements were done in situ by a
portable turbidimeter probe (HACH 21000Q) following APHA
et al. (2017). Water transparency and depth were determined by
a Secchi disk and hand- held echo sounder (Plastimo Echotest II,
59588 made in France) respectively. To determine the physico-
chemical parameters of the water from the deeper depths, the Van
Dorn bottle sampler, 6L capacity, was used. Water was transferred
into distinct, well-labeled, acid-washed polyethylene 4L bottles,
which were then packed in a cooler box for transportation to
the laboratory.
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FIGURE 1

Map of the study area showing the sampling stations in Lake Kivu, Bukavu sub-basin, Democratic Republic of Congo.

Extraction and determination of
chlorophyll-a concentration

In Unité d’Enseignement et de Recherche en Hydrobiologie
Appliquée (UERHA) laboratory, the water samples collected in the
4L bottles from different depths (0 m, 5m, 10m, 15m, and 20 m)
in the field were filtered through Macherey-Négel GF/5 filters with
0.7 m porosity using a vacuum pump.

For the extraction of chlorophyll-a, the filter papers were stored
in labeled vials with 90% acetone. The extract in acetone was
ultrasonically processed twice, with the first one being stored at
4°C and shielded from light for 12 h before the second sonication.
The Lorenzen (Equation 1) was used to calculate the algal biomass
present (Rodier et al, 2009; APHA et al, 2017). This was
determined by the chlorophyll-a extract absorbance values, which
were measured both before and after acidification with 0.1 N HCL:

\4
Chla (g) = 11.9% [2.43 ( DyD,)] * (T) )
where Db and Da represent the optical densities before and

after acidification, respectively, as well as the volume of the solvent
(acetone) (in ml) and the cuvette thickness, respectively. The
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absorbance was transformed into concentrations using the Beer-
Lambert method (Bartram and Balance, 1996; APHA et al., 2017).

Nutrient analysis

Ammonium (NHI), nitrite (NO, ), soluble reactive phosphate
(POif) and silicate (SiO,) were determined with respect to
standard colorimetric methods of UV-visible spectrophotometric
analysis of water samples in the laboratory (APHA et al,
2017). The process involved converting the analyzing ion into
a colored complex with a UV-visible range for its absorption
peak. While soluble reactive phosphate (SRP) was tested using
the molybdenum blue method, soluble reactive silica (SRSi) was
determined using the molybdate complex method. Using the
dichloroisocyanurate-salicylate method, ammonium (NH;) was
produced, whereas nitrite (NO, ) was produced by making an azo-
dye combination (Rodier et al., 2009; APHA et al., 2017). Ascorbic
acid, ammonium heptamolybdate, potassium antimonyl tartrate,
sodium salicylate, trisodium citrate, and sodium nitroprusside
were added in the proper quantities to convert the absorbance
(A) measured at a particular wavelength to the concentration (C)
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TABLE 1 Location and characteristics of sampling stations considered for this study.

Station name GPS coordinates Depth (m) Characteristics
Ndendere ® 502°29,759' e 0m A caged station in the Ndendere bay, 3.09 km from Nyofu
o E028°51.453' e 5m with 2 years under its belt, the station has 21 cages in total
e 10m each with dimensions of 6*6 m? and 5*5 m?, but only 10
e 15m active cages eight for post adults fish and two for fingerlings.
e 20m Major species of culture is Oreochromis niloticus. Feed fed to
fish is both commercial and locally sourced. Water
physico-chemical parameters were taken at each depth.
Honga o 502°29,612' e 0m Caged station at Honga bay 3.29 km from Nyofu with 12 of
o E028°53.099 e 5m the 32 cages at the Honga location, which has been operating
e 10m for 5 years, extremely active during the time of the study. Of
e 15m the 12 active six are for fingerlings other 6 for adults. Cage
e 20m sizes is 6*6 m* with major species of culture being
Oreochromis niloticus. Culture period is10-11 months. Feed
fed is commercially sourced. Water physico-chemical
parameters were taken at each depth.
Nyofu o 502°29,747 e 0m Cage free station at Nyofu bay, 3.29 km to Honga and
o E028°52.002' e 5m 3.09 km to Ndendere with little or no disturbances, hence
e 10m considered stable station, control for vertical profiling. Water
e 15m physico-chemical parameters were taken at each depth.
e 20m

of the complex using the Beer Lambert’s law (Muvundja et al,
2009). Utilizing a Spectronic Spectrophotometer (GENESYS ®20
UV/VIS), absorbance of each nutrient were measured.

Water quality index estimation

Indicators of water pollution, such as water quality index
(WQI), organic pollution index (OPI) and Carlson trophic state
index (CTSI) were estimated in accordance with Debels et al.
(2005), Kannel et al. (2007), and Sénchez et al. (2007) methods.
Two steps were followed for its calculation. Raw analytical findings
for the chosen water quality parameters that originally contained
different units of measurement were then converted into sub-index
values with no units of measurement (Cude, 2001). On a scale of 0-
100, each parameter was transformed (Pesce and Wunderlin, 2000).
With the help of appropriate weighting factors that consider how
important each variable is as a gauge of water quality for aquatic life,
sub-indices were averaged to get a WQI value (Sarkar and Abbasi,
2006). In the case of our study and in keeping with the literature,
our study closely utilized relative weights and normalization factors
to calculate this index using the following parameters: temperature,
pH, electrical conductivity (EC), dissolved oxygen (DO), turbidity
(Tur), SRSi, SRP, ammonium, and nitrite values (Pesce and
Wunderlin, 2000; Cude, 2001; Jonnalagadda and Mhere, 2001;
Debels et al., 2005; Kannel et al., 2007; Sdnchez et al., 2007). The
equation for subjective WQI Rodriguez de Bassoon Equations 2
and 3 (Pesce and Wunderlin, 2000) is:

Y, CiPi
WQI,, = k=5—— 2
Q sub Z?ZO Pl ( )
m_ CiPi
WQIsub = kzz_l (3)

i Pi

Where k is an arbitrary constant with a range of 0-25 (for
water that has been extensively contaminated as evidenced by its
dark color, strong odor, visible fermentation, etc.) and 1 (apparent
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contamination, clear or with natural suspended solids). The total
number of parameters is n, where Ci is the value given to each
parameter after normalization, and Pi is the relative weight given
to each parameter with a value between 1 and 4, with 4 being
given to the parameter that is most crucial for the preservation of
aquatic life (such as dissolved oxygen) and 1 being given to the
parameter that has a less significant influence (e.g., temperature
and pH). The given values of Ci and Pi utilized in the calculation
have been adopted from various publications (Davies, 2006; Kannel
et al., 2007; Sanchez et al., 2007; Yan et al., 2014; Tian et al., 2019)
and have their origin in the US (USEPA, 1993, 1995) and Canadian
(CCME, 1999) water quality criteria for maintenance of aquatic
organisms. The introduction of a subjective constant that is not
always connected with the measured parameters has been found to
cause WQIsub to overstate the decline of water quality (Tambuk-
Giljanovic, 1999; Hernandez-Romero et al., 2004). In order to only
take into consideration fluctuations caused by the factors observed
in situ, the objective WQI was therefore calculated using k =1 in all
circumstances in this work and other reported research Equation 3
(Kannel et al., 2007; Sdnchez et al., 2007).

The system for categorizing water quality that was used in
this case was developed by Jonnalagadda and Mhere (2001) and
Herndndez-Romero et al. (2004). It states that water should be
classified as “very poor” when its WQI value is between 0 and
25, “poor” when it is between 25 and 50, “medium” when it is
between 51 and 70, “good” between 71-90, and “excellent” when
between 91-100.

Organic pollution index

Following Bahroun and Bousnoubra (2011), an assessment of
organic load (organic pollution index, OPI) was calculated for
each station. The OPI is normally calculated using the average of
four parameters (Bartram and Balance, 1996), but only three were
used: ammonium, nitrite and SRP content leaving BOD which was
not determined in this study. By correlating the concentrations
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TABLE 2 Mean (£SD) and ranges (Min-Max) of physico-chemical parameters (N = 10) and standard limit values of parameters per depth at the Ndendere

station.
Om 5m 10 m 15m 20m T/H p-value **

Temperature | Mean+SD | 24.32 % 0.922 23.67 £ 0.512 23.58 & 0.412 23.58 + 0.312 23.72 £ 0.382 3.09 0.140 -

0
Min-Max 23.2-25.7 23-24.3 23-24 23.2-24 23.2-24.2

PH (units) Mean £ SD | 9.37 % 0.052 9.33 £ 0.022 9.31 £ 0.012 9.32 & 0.04° 9.33 & 0.04% 1.99 0.130 6.6-9124
Min-Max 9.31-9.42 9.3-9.35 9.3-9.33 9.27-9.39 9.27-9.38

EC (uS.cm™') | Mean+SD | 1077.0 22212 | 1160.33 £6.317 | 1160.17 £6.62% | 1162.50 £7.97%  1164.83 +£9.95% | 2.7 0.490 1,500%
Min-Max 624-1,180 1,149-1,167 1,147-1,164 1,149-1,173 1,148-1,179

Turbidity Mean +SD | 2.94 % 3.932 1.43 +2.342 1.37 £2.22 0.92 % 0.79° 1.04 £ 0.72 0.93 0.580 5!

(NTUs)
Min-Max -0.23-9.8 -0.09-6.2 0.06-5.74 0.01-1.97 0.24-1.92

DO (mg/1) Mean=+SD | 6.93 £ 0.73% 7.01 £ 0.522 6.59 % 0.62%° 6.24 % 0.45™° 6.12 £0.7° 2.56 0.010 6234
Min-Max 5.8-7.44 6.4-7.7 5.91-7.32 5.83-6.85 5.1-6.81

NH; (mg/l) Mean +SD | 0.47 £ 1.092 0.04 £ 0.052 0.09 £ 0.112 0.13 & 0.19° 0.08 % 0.10° 094 | 0.570 13713
Min-Max -0.06-2.69 -0.07-0.13 -0.10-0.27 -0.09-0.5 -0.07-0.24

PO;™ (mg/l) Mean£SD | 0.1£0.197 1.15 £ 0.312 1.05 % 0.222 0.92 & 0.172 0.87 & 0.09% 5.61 0.130 0.1
Min-Max 0.73-1.27 0.76-1.63 0.85-1.39 0.79-1.25 0.76-1.01

Si03~ (mg/l) Mean+SD | 6.98 +5.822 6.56 & 4.9° 4.4+547° 456 + 4.28° 4.86 + 4.34° 2.56 0.840 -
Min-Max 0.20-15.39 1.08-12.64 -0.89-11.67 0.25-12.73 0.34-11.26

NO; (mg/l) Mean +SD | 0.01 = 0.004° 0.01 = 0.00? 0.03 £ 0.05° 0.04 % 0.08? 0.02 % 0.01° 3.23 0.670 0.02%3
Min-Max 0.01-0.02 0.0-0.01 0.01-0.13 0.01-0.19 0.01-0.03

Chla (pg/l) Mean £ SD | 20.6 %+ 42.52 8.49 £ 6.072 6.45 & 5.32° 4.99 & 2.55° 3.5+2.172 3.07 0.570 1224
Min-Max 0.60-107.29 0.69-17.93 0.65-14.60 2.6-8.38 1.11-6.52

The depths with the same superscript letter for each parameter are not significantly different. **limit value references for aquatic fauna. ' CCME (1999); 2Rodier et al. (2009); 3 ANZECC (2000);

4APHA et al. (2017) values in bold denote average values of parameters that are outside the limit values for the maintenance of aquatic life. T, turkey test; H, Kruskal-Wallis ANOVA test.

with the standard limits, parameter class numbers were calculated
(Rodier et al., 2009). The OPI was determined as the average of the
class numbers of the three parameters used in the study (Bahroun
and Bousnoubra, 2011; Walumona et al., 2021) and categories of
water pollution based on OPI index and color of water referred to
Leclercq and Maquet (1987).

Trophic status index determination

To estimate the trophic status of Lake Kivu, three metrics are
used: total phosphorus, chlorophyll-a, and transparency (Secchi
depth) however only two (chlorophyll a and Secchi depth) were
used as they were the only the ones determined in this study
(Carlson, 1977; Istvanovics, 2010). The productivity is estimated
as a function of algal biomass, and this information was used
to describe the water quality conditions at each station. The
three metrics: total phosphorus (gL_l), chlorophyll-a (gL_l),
and transparency (Secchi depth) (m) were computed differently
Equations 4 and 5, with the overall Carlson’s trophic state index
(CTSI) for each station being generated from the average of the two
separate values Equation 6 (Carlson, 1977).

The CTSI (Carlson and Simpson, 1996) was also utilized
to evaluate the lake’s trophic status. The accepted standard
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limits for evaluating the lake trophic status were adopted from
the Organization for Economic Cooperation and Development
(OECD) for the individual parameters (chlorophyll-a, Secchi
depth) (Carlson and Simpson, 1996). The trophic status of a lake
ecosystem (TSI) based on the individual parameters with a scale
of 0-100, was used in this analysis. The calculated TSI value
facilitates a qualitative description of a lakes trophic status. The
TSI is split into five groups (0-20; 20-40; 40-60; 60-80; and 80—
100) corresponding to five lake trophic states: hyper oligotrophic,
oligotrophic, meso-trophic, eutrophic and hyper-eutrophic (Likens
etal., 1977).

The CTSI (Carlson, 1977) was calculated on the basis of
the individual parameter values, using the following formulae
(Equations 4-6):

TSI(SD) = 10 (6 _ InSD ) (4)
In2

with SD: Secchi depth

(5)

204 — 0.681n Chl —
TSI(Chl — a) = 10 (6 - : 2“ “)
n
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TABLE 3 Mean (£SD) and ranges (Min-Max) of physico-chemical parameters (N = 10) and standard limit pr depth at the Honga station.

Om 5m 10 m 15m 20m T/H p-value **

Temperature Mean & SD | 23.63 £ 0.412 23.48 £ 0.39° 23.37 £0.312 23.37 £0.34% 23.47 £0.512 2.94 0.770 -

@]
Min-Max 23.2-24.1 23.2-23.9 23-23.8 23-23.8 23-24.3

pH (units) Mean +SD | 9.350.05% 9.37 £ 0.04% 9.35 + 0.032 9.35 £ 0.022 9.36 £ 0.032 0.22 0.920 6.6-91%
Min-Max 9.28-9.41 9.31-9.4 9.32-9.38 9.33-9.39 9.32-9.42

EC Mean+SD | 1168.67 £11.99% | 1160.83 £10.7 | 1159.67 £5.99% | 1157.83 +£8.93% = 1164.83 £6.27° | 1.38 0.270 1,500?

(nS.cm™)
Min-Max 1,160-1,190 1,148-1,176 1,152-1,170 1,150-1,174 1,158-1,173

Turbidity Mean +SD | 0.21 £0.192 0.22 +0.32 0.27 £ 0.32 0.49 % 0.36% 0.51 + 0.282 1.62 0.190 5!

(NTUs)
Min-Max 0.26-0.54 0.12-0.74 0.15-0.64 0.12-0.98 0.19-0.89

DO (mg/l) Mean +SD | 6.85 % 0.552 6.76 £ 0.442 6.73 £0.332 6.64 £ 0.352 6.26 £ 0.98% 2.28 0.450 6h234
Min-Max 5.91-7.42 6.19-7.32 6.23-7.24 6.25-7.17 4.42-73

NH; (mg/l) Mean + SD | 0.20 £ 0.09% 0.06 % 0.072 0.15 + 0.232 0.4 % 0.04% 0.09 % 0.08? 7.75 0.170 1.37%3
Min-Max 0.08-0.29 -0.13-0.17 -0.06-0.56 -0.04-0.08 -0.04-0.19

PO]™ (mg/l) Mean +SD | 0.92 £ 0.142 0.95 %+ 0.312 1.16 £ 0.482 1.42 £ 0.4° 1.16 £ 0.542 3.67 0.220 0.1%3
Min-Max 0.77-1.08 0.63-1.55 0.65-1.87 0.72-1.77 0.62-1.97

Si03~ (mg/l) Mean +SD | 3.29%2.12 436 +2.4° 3.22 +£2.64% 2.68 £ 2.05% 5.38 £ 3.54° 4.01 0.410 -
Min-Max 0.79-5.75 0.52-6.47 0.66-5.71 -0.04-0.08 2.22-11.81

NO; (mg/l) Mean £+ SD | 0.00 = 0.0 0.02 % 0.01% 0.01 % 0.00% 0.01 % 0.05% 0.01 % 0.002 3.05 0.420 0.023
Min-Max 0.01-0.15 0.01-0.04 0.00-0.01 0.01-0.02 0.00-0.02

Chl.a (jug/l) Mean +SD | 5.88 & 4.142 4.05 £ 2.46° 5.88 + 5.172 3.63 +2.82 312342 0.59 0.670 1224
Min-Max 0.23-11.11 0.83-7.66 1.06-14.61 0.74-8.36 0.28-5.78

The depths with the same superscript letter for each parameter are not significantly different. **limit value references for aquatic fauna. ' CCME (1999); 2Rodier et al. (2009); 3 ANZECC (2000);

4APHA et al. (2017) values in bold denote average values of parameters that are outside the limit values for the maintenance of aquatic life. T, turkey test; H, Kruskal-Wallis ANOVA test.

with Chl-a: Chlorophyll a

TSI(SD) + TSI(Chl —
site TS = LG )+25(C %) 6)

Data analysis

The various types of data obtained during this study were
processed and compared according to station and/or season. For
these comparisons, depending on the case, the Kruskal-Wallis test,
the one and two way ANOVA tests and their post hoc tests (Tukey
test) with softwares: Microsoft Excel, PAST 4.11 and MINITAB
version 17.

Results

Spatio-temporal variation of
physico-chemical parameters

Physico-chemical parameters and nutrient concentrations in
water varied significantly from one sampling station to another
and from one season to another within the same station as well as
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from one depth to another (Table 2). With respect to the vertical
profiling (depths) (0-20m), (Tables2-4) all parameters except
DO in Ndendere, temperature in Nyofu, showed no significant
differences (p > 0.05) in the depths at each station for the spatial
factor. Furthermore, in the vertical profile (depths) results, apart
from EC (1,077.0 4 222.1-1,164.83 +9.95), POi_ (0.1 £0.19-0.87
+0.09 mgL™!), NO; (0.01 £ 0.004-0.02 % 0.01 mg/l) in Ndendere
station; pH (9.35 & 0.05-9.36 £ 0.03), turbidity (0.21 £ 0.19-0.51
+0.28), NH4 (0.2 + 0.0.09-0.09 = 0.08 mg/l) PO3™ (0.92 + 0.14-
1.16 = 0.54 mg/l), Si0; *~(3.29 + 2.1-5.38 + 3.54 mg/l), NO; (0
=+ 0.0-0.01 £ 0.0 mg/1) in Honga station; turbidity (0.12 £ 0.15-
0.20 4 0.31), NHy *(0.04 + 0.04-0.20 4 0.19 mg/l), PO~ (1.13 +
0.42-1.16 & 0.63 mg/1), and Si0; *~(1.94 = 2.3-3.82 + 4.87 mg/l) in
Nyofu (control) station, the others showed a decrease in the values
of the parameters from 0-20 m. Only DO (p = 0.017, F = 2.22 for
station, p = 0.022, F = 5.56 for seasons), temperature (p = 0.024,
F = 2.11 for station; p = 0.00 F = 30.83 for seasons), NH 1‘ p=
0.023 F = 5.476 for season), and Chl-a (p = 0.00, F = 13.96) showed
significant differences (Supplementary Table 1). Except turbidity (p
= 0.023, F = 2.13) there was no other variable with significant
effect on interaction in all stations between depths and seasons.
One way ANOVA results however showed the three stations are
indeed different with respective parameters (p < 0.05). Turbidity (F
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TABLE 4 Mean (£SD) and ranges (Min—Max) of physico-chemical parameters (n = 10) and standard limit values of parameters per depth at the Nyofu
(control) station.

Temperature Mean + SD | 24.23 & 0.44% 23.8 £ 0.57% 23.5 £ 0.39% 23.38 £ 0.45° 23.58 £ 0.3% 3.33 0.030 -

(@]
Min-Max 23.6-24.7 23.2-24.7 23.2-24.1 23-24 23.3-24

pH (units) Mean +SD | 9.35 £ 0.042 9.34 %+ 0.04° 9.34 +0.03% 9.33 £ 0.04° 9.31 £ 0.05% 0.8 0.580 6.6-91*
Min-Max 9.31-9.4 9.28-9.4 9.3-9.38 9.25-9.37 9.24-9.37

EC (uS.cm™) | Mean£SD | 1171.67 £8.19% | 1159.67 £7.09% | 1158.5+15.512 | 1158.83+7.44% | 1159.0 £9.06 | 8.37 0.130 1,500?
Min-Max 1,161-1,182 1,147-1,169 1,128-1,171 1,148-1,169 1,147-1,171

Turbidity Mean +SD | 0.12£0.15% 0.19 £ 0.25% 0.17 £ 0.192 0.17 £ 0.222 0.20 £ 0.312 0.28 0.980 5!

(NTUs)
Min-Max 0.34-0.35 0.14-0.55 0.23-0.41 0.22-0.49 0.24-0.70

DO (mg/l) Mean +SD | 7.02 % 0.65% 7.05 £ 0.64% 6.99 £ 0.58% 6.893 % 0.542 6.56 £ 0.622 3.66 0.630 6h234
Min-Max 6.02-7.61 6.22-7.78 6.17-7.66 6.02-7.45 5.7-7.3

NH; (mg/l) Mean £ SD | 0.04 £ 0.04% 0.08 % 0.09° 0.09 £0.132 0.08 % 0.09° 0.20 £ 0.19° 3.74 0.200 1.37%3
Min-Max -0.00-0.08 0-0.23 -0.04-0.32 -0.09-0.24 0.0-0.53

PO]™ (mg/l) Mean +SD | 1.13 & 0.422 0.95 + 0.20° 1.01 £ 0.142 0.91 £ 0.15% 1.16 £ 0.63% 1.07 0.720 0.1%3
Min-Max 0.80-1.69 0.8-1.28 0.83-1.18 0.70-1.08 0.66-2.40

Si03~ (mg/l) Mean+SD | 1.94+232 4.95 + 5.622 4.40 + 5.752 6.26 + 5.67° 3.82 +4.87% 3.21 0.670 -
Min-Max -1.93-5.37 -1.82-15.62 0.45-15.67 0.71-14.10 0.15-13.0

NO; (mg/l) Mean + SD | 0.02 £0.022 0.01 £ 0.012 0.01 % 0.007 0.01 % 0.007 0.01 % 0.007 3.34 0.440 0.023
Min-Max 0.0-0.06 0.0-0.04 0-0.01 0.00-0.01 0.0-0.01

Chl.a (jug/l) Mean +SD | 3.588 % 2.19% 6.91 + 5.63% 11.31 & 11.292 6.44 £ 5.49° 3.164 £ 1.894% | 3.65 0.200 1224
Min-Max 1.38-6.94 0.69-16.65 0.69-25.49 1.29-14.46 0.69-5.6

The depths with the same superscript letter for each parameter are not significantly different. **limit value references for aquatic fauna. ' CCME (1999); 2Rodier et al. (2009); 3 ANZECC (2000);

4APHA et al. (2017) values in bold denote average values of parameters that are outside the limit values for the maintenance of aquatic life. T, turkey test; H, Kruskal-Wallis ANOVA test.

=17.27, p = 0.0) was higher in the caged stations of Ndendere (1.54
=+ 2.28) and Honga (0.34 £ 0.3) compared to Nyofu the control
station (0.17 & 0.22) (Table 5). The same with temperature (F = 6.5,
p = 0.042) where Ndendere had the highest (23.77 & 0.58°C) values
compared to Honga (23.46 = 0.38°C) and Nyofu (23.71 & 0.50°C).
Transparency (F = 5.36, p = 0.0) had high values in Honga (2.8 &+
0.68) then Nyofu (2.5 & 0.28) and low in Ndendere (2.3 & 0.3). pH
(F=3.5, p=0.04) had high value in Honga (9.36 & 0.33) compared
to Ndendere (9.33 4= 0.04) and Nyofu (9.33 £ 0.04) (Table 5). In the
seasonal scale, temperature (p = 0.22, F = 5.41) had high values in
the dry season than wet season whereas DO (F = 26.48, p = 0.0),
NH; (F=3.7,p=0.017), and Chl-a (F = 14.98, p = 0.00) had high
values in wet season than they were in the dry season.

Station wise apart from temperature, electrical conductivity,
NO, (mg/l) in Ndendere (Table6), temperature, Electrical
conductivity, POi_ (mg/l) in Honga (Table 7) and temperature,
NHI (mg/), POi_ (mg/l), and Siog_ (mg/l) in Nyofu (Table 8),
others had high values in wet the season than dry season. Pooling
together all the stations in regards to seasons (wet and dry)
(Table 9); all parameters except temperature (23.53 £ 0.48, 23.77 £
0.52), turbidity (1.14 & 1.9, 0.23 & 0.49), and DO (7.03 £ 0.61, 6.38
=+ 0.46) showed no significant differences (p > 0.05). Furthermore,
except for temperature, the other parameters had high values in the
wet than the dry season.
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With respect to the standard limit for aquatic life on physico-
chemical parameters (Tables 2-5), pH values exceeded the upper
limit of 9 (CCME, 1999; Rodier et al., 2009; APHA et al., 2017)
in all the stations (caged and non-caged stations). POi_ (mgL_l)
at Ndendere station at depths (0m, 5m, and 10m) and Honga
station at depths (10 m, 15 m, and 20 m) exceeded the 0.1 (mgL_l)
limit (CCME, 1999; ANZECC, 2000). Equally, the upper limit of
0.02 mg/l (CCME, 1999; ANZECC, 2000) for NO, was exceeded
at the Ndendere station at 10 m depth, Honga station at 5m depth.
On the other hand, electrical conductivity, turbidity, NH,, Chl-a
values are within the allowable upper limits ranges 1,500 p.S.cm™,
5 NTUs, 1.37 mgL~! and 12 respectively. Furthermore, DO values
were above the lower limit of 6 mg/l (CCME, 1999; ANZECC, 2000;
Rodier et al., 2009; APHA et al., 2017).

Cage impact on water quality Indices

The various water quality indices calculated showed intra-
station variations from average to excellent water quality (Table 10).
The water quality index (WQI) (Table 10) in the vertical profiling
at Ndendere ranged from 95.15 (excellent quality) at 0 m to 66.24
at 20m (medium quality) hence decreasing as you go down
the depths. Contrary to Honga station where the WQI values
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TABLE 5 Mean (£SD) and ranges (Min—Max) of physico-chemical parameters (n = 11) and standard limit values of parameters for the maintenance of

aquatic life according to the guidelines of four reference agencies.

Variable Ndendere Honga Nyofu T/H p-value =

Temperature (°C) Mean + SD 23.77 £ 0.58° 23.46 + 0.38" 23.71 + 0.50% 6.5 0.042 -
Min-Max 23-25.7 23-24.3 23-24.7

pH (units) Mean + SD 9.33 +0.04° 9.36 + 0.33° 9.33 +0.04° 35 0.035 6.6-914
Min-Max 9.27-9.42 9.28-9.42 9.24-9.4

EC (uS.cm™1) Mean + SD 1145 4 98.7% 1162.37 + 9.3 1161.5 & 10.59* 0.41 0.422 1,500?
Min-Max 624-1,180 1,148-1,190 1,128-1,182

Transparence Mean + SD 234030 2.8 +0.68° 2.540.28% 5.36 <0.001
Min-Max 1.8-2.6 2-36 2-29

Turbidity (NTUs) Mean + SD 1.54 4 2.28° 0.34 +0.30° 0.17 £ 0.22° 17.27 <0.001 51
Min-Max 0-9.78 0-0.98 0-0.7

DO (mg/l) Mean + SD 6.58 £ 0.67° 6.65 =+ 0.58° 6.90 £ 0.59° 4.25 0.109 [
Min-Max 5.1-7.7 4.42-7.42 5.7-7.78

NH; (mg/l) Mean =+ SD 0.16 £ 0.49% 0.11 £0.13% 0.09 £ 0.12% 1.12 0.688 0.143
Min-Max 0-2.69 0-0.57 0-0.51

PO}~ (mg/l) Mean + SD 0.98 + 0.22° 1.12 4 0.41° 1.03 4 0.35° 0.62 0.247 0.13
Min-Max 0.72-1.63 0.62-1.97 0.66-2.40

Si03~ (mg/l) Mean + SD 547 £ 4.77° 3.78 +£2.6° 427 + 4.88 1.61 0.285 -
Min-Max 0-15.39 0-11.81 0-15.67

NO; (mg/l) Mean =+ SD 0.22 + 0.04 0.01 + 0.06* 0.01 +0.12° 7.35 0.147 0.02%3
Min-Max 0-0.19 0.0-0.04 0-0.07

Chla (g/l) Mean =+ SD 8.8 £19.07° 4.34 +3.46* 6.28 & 6.55° 1.45 0.347 1224
Min-Max 0.6-107.29 0.23-14.61 0.69-25.5

The stations with the same superscript letter for each parameter are not significantly different. **limit value references for aquatic fauna. ' CCME (1999); 2Rodier et al. (2009); 3 ANZECC (2000);
4 APHA et al. (2017) values in bold denote average values of parameters that are outside the limit values for the maintenance of aquatic life. T, turkey test; H, Kruskal-Wallis ANOVA test.

increased going down the depths (0-20m) ranging from 56.12—
65.21 (medium quality). In Nyofu, each depth had distinct behavior
of the WQI but ranged from 59.86 at 15 m to 73.10 at 20 m (medium
to good quality). When each station value is pooled together with
respect to vertical profiling, the stations are significantly different (p
=0.001, F = 8.66) with Ndendere (80.88 £ 11.13, excellent quality)
being different and Honga and Nyofu showing some similarities-
medium quality (61.06 % 4.45, 59.89 =+ 4.40 respectively).

The Organic Pollution Index (OPI) values (Table 10) for the
vertical profiling at each station show no differences between the
depths with values ranging from 4.72-4.89, 4.78-5.0 and 4.78-5.0;
Ndendere, Honga, and Nyofu respectively hence indicating null
pollution. When depths in stations are pooled together for a general
view of the station, the vertical profiling, OPI values in (4.84 & 0.23,
4.89 £ 0.16, and 4.87 & 0.17) Ndendere, Honga, and Nyofu had
no significant difference (p = 0.656, F = 0.42). Carlson’s Trophic
Status Index (CTSI) (Table 10) at each depth in all stations was
with no significant difference (p = 0.147, F = 1.96). The ranges of
CTSI were 57.77-61.09 (mild to medium eutrophic), 54.98-58.36
(mild eutrophic), and 56.63-60.84 (mild to medium eutrophic)
for Ndendere, Honga, and Nyofu respectively. When the values
are pooled for the stations, they showed no significant difference
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between stations with all showing mild eutrophic state; 58.73 +
4.69, 56.76 £ 5.93, and 59.53 + 6.07 for Ndendere, Honga, and
Nyofu respectively.

Discussion

Physico-chemical parameters, nutrients
and chlorophyll a

The current study sought to provide guidelines for the long-
term sustainability of aquaculture production and development
in Lake Kivu by assessing water quality indicators, nutrients,
and chlorophyll a attributable to fish cages in the Bukavu sub-
basin. According to Bascinar et al. (2014), fish cage farming has
possibilities of negatively impacting the water quality depending
on factors like the type of species in culture, stocking density, the
feed used, hydrology of the water and the management plan in the
farm. Most physico-chemical parameters in the stations showed no
significant differences spatially and temporally. The results from the
control station which was at recommendable distance from the cage
stations did not show any significant difference with values in the
stations with cages. This is in line with the study done by Pitta et al.
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TABLE 6 Mean (+SD) and ranges (Min—Max) of of physico-chemical parameters (n = 10) on a temporal scale at Ndendere station.

Wet Dry T/H p-value

Temperature (°C) Mean 4 SD 23.62 £ 0.492 23.93 £ 0.64% 2.15 0.150
Min-Max 23-24.6 23.2-25.7

pH (units) Mean + SD 9.34 &+ 0.05% 9.33 +£0.032 0.17 0.680
Min-Max 9.3-9.4 9.3-9.4

EC (uS.cm™) Mean + SD 1129.5 + 139.92 1160.4 +9.16% 0.73 0.40
Min-Max 624-1,180 1,147-1,179

Turbidity (NTUs) Mean £ SD 2.51 +2.872 0.57 £ 0.76° 6.46 0.020
Min-Max 0.0-9.8 0.0-2.5

DO (mg/1) Mean + SD 6.88 % 0.66% 6.28 & 0.56° 7.33 0.010
Min-Max 5.5-7.7 51-7.4

NH;r (mg/1) Mean & SD 0.25 + 0.69% 0.06 £ 0.09% 1.12 0.290
Min-Max 0.0-2.7 0.0-0.3

PO, (mg/l) Mean £ SD 1.00 £ 0.252 0.96 + 0.192 0.27 0.610
Min-Max 0.7-1.6 0.8-1.4

Si0~ (mg/l) Mean =+ SD 5.79 4 4.68° 5154 52 0.13 0.720
Min-Max 0.0-15.4 0.0-12.7

NO; (mg/l) Mean + SD 0.01 £ 0.012 0.03 £ 0.06% 2.44 0.130
Min-Max 0.0-0.0 0.0-0.2

Chl.a (ug/l) Mean £ SD 13.75 + 26.08% 3.84 +4.54° 2.1 0.160
Min-Max 2.8-107.3 0.6-17.9

The values with the same superscript letter for each parameter are not significantly different. T, Turkey test; H, Kruskal-Wallis ANOVA test.

(2006) and Varol (2019) who reported distance from the cage had
no significant effects on changes in parameters in its vicinity. The
Bukavu sub-basin of size 96.5 km? and maximum depth of 105m
(Capart, 1960) with little aquaculture practices being carried out
gives time for dilution and recycling of any pollutants in the water
and hence effects are less felt (Varol, 2019).

In water, pH is one of the important water quality parameters
that affect life conditions by influencing other aquatic parameters
when it fluctuates (ANZECC, 2000). Surface water pH values from
the current study are in agreement with Kaningini (1995) who
stated that the pH ranges of Lake Kivu are between 9.1 and 9.5.
The values reflect high fluctuation with the highly alkaline nature
of the waters of Lake Kivu which has origin dating back from the
large quantities of alkaline carbonates and bicarbonates contained
in the water (Degens et al., 1971, 1972; Muvundja et al.,, 2014).
Kashindye et al. (2015) found no significant differences between
the pH values of the caged stations and the control station and they
were within the limits (6.6-9) (CCME, 1999; Rodier et al., 2009;
APHA et al, 2017). On the other hand, there was a significant
seasonal change in DO at all stations, in the caged and control
stations, with the rainy season having higher DO values than the dry
season. According to Sarmento et al. (2006) and Witest et al. (2009),
this is due to the deep mixing of the mixolimnion waters of Lake
Kivu induced by the strong south-easterly trade winds that blow
during the wet season. This supports research by Hecky and Kling
(1987) in Lake Victoria, which documented temporal variations
with low DO content (<1 mgL™!) in the deep water column during
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stratification. The EC of Ndendere and Honga stations was slightly
higher in the in the dry season than in the wet season. According to
Murakaru (2010), it was probably due to the dilution effect of feeder
Rivers, rainfall falling directly in the lake and seepage whereas the
dry season, solutes are concentrated by evaporation resulting to the
high values.

Turbidity showed an influence on the interaction between the
stations and seasons. Seasonal variations in turbidity are also not
attributable to the effects of cage activity, but rather to the heavy
rainy season (April, May, and September) inflows from rivers
to the lake together with high deposition of materials from the
catchment area. This agrees with studies done in Lake Victoria,
Kenya where the rainy seasons with high turbidity levels and it was
not attributed to caging activities but to river inflows leading to
high total suspended solids as both the control station and caged
stations had high turbidity values at the same periods (Mwamburi
et al., 2020). Mwamburi et al. (2020) went on to clarify that the
presence of low turbidity in the open waters is due to enhanced
settling of depositions of particle matter and the dilution effect of
the deep off-shore waters. Results on turbidity values in the control
station of our study which was in open waters are in support of this.
However, the slightly high turbidity values at caged stations than
there was at the control can be as a result of excess feed, fish wastes
e.g., feces, fouling and debris on the cage nets (Nyanti et al., 2012).
This results were in agreement with Ameworwor (2014), Asmah
etal. (2014), and Clottey et al. (2016) who found slightly high values
at caged stations.
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TABLE 7 Mean (£SD) and ranges (Min—Max) of physico-chemical parameters (n = 10) on a temporal scale at Honga station.

Wet Dry T/H p-value

Temperature (°C) Mean 4 SD 23.35+0.432 23.58 £0.312 2.95 0.090
Min-Max 23.0-24.3 23.1-24.1

pH (units) Mean + SD 9.36 +0.032 9.35 + 0.04% 0.11 0.750
Min-Max 9.3-9.4 9.3-9.4

EC (S.cm™) Mean + SD 1159.87 £ 7.10a 1164.64 & 10.79% 2.25 0.150
Min-Max 1,148-1,176 1,149-1,190

Turbidity (NTUs) Mean + SD 0.56 + 0.252 0.12 £ 0.15° 34.88 <0.001
Min-Max 0.2-1.0 00-0.4

DO (mg/1) Mean + SD 6.86 & 0.72° 6.44 £ 0.27° 457 0.040
Min-Max 4.4-7.4 5.9-6.8

NH; (mg/l) Mean + SD 0.14 £ 0.15 0.07 £ 0.09° 1.99 0.170
Min-Max 0.0-0.9 0.0-0.3

PO, (mg/l) Mean + SD 1.09 £ 0.442 1.16 £ 0.392 0.18 0.680
Min-Max 0.6-2.0 0.6-1.9

Si037 (mg/1) Mean + SD 4.09 +1.612 3.47 +3.36% 0.42 0.520
Min-Max 1.7-6.2 0.0-11.8

NO; (mg/l) Mean + SD 0.01 £ 0.00% 0.01 £ 0.012 0.62 0.44
Min-Max 0.0-0.1 0.0-0.0

Chl.a (ug/l) Mean + SD 5.87 £3.732 2.82 4 2.42° 7.11 0.010
Min-Max 1.8-14.6 0.2-8.4

The values with the same superscript letter for each parameter are not significantly different. T, Turkey test; H, Kruskal-Wallis ANOVA test.

Nutrients such as NO;, NHI, SiOf, and POT and Chl-a
showed no significant difference spatially but NH;, and Chl-a
showed significant differences in the temporal scale. This was in
agreement with Gowen and Bradbury (1987) who explained that
cage effects may not sometimes be observed in their vicinity due
to the highly dynamic physical environment of fish cage farms.
In line with this, Soto and Norambuena (2004) recommended
that elevated nutrient concentrations do not frequently occur in
the area of fish cages, not only due to the dilution process, but
also because they transit extremely quickly up the food chain,
from phytoplankton to higher levels, as also shown by Mwebaza-
Ndawula et al. (2013) on a study done at SON fish farm near
headwaters of River Nile. However, this is contrary to Pitta et al.
(2006) reported varied values between fish cage farm locations
which he linked to differences in organic matter inputs from wastes
of each farm. Therefore, the current study shows no influence
of cage farms on physico-chemical water parameters. However,
slightly higher Chl-a values at the caged station showed possibilities
of fish excretion and excess feed which produce necessary nutrients
of nitrogen and phosphorus for algal bloom (Demirak et al., 2006;
Nyanti et al., 2012; Ameworwor, 2014).

The WQI values calculated for each station in the three stations
ranged between medium to good water quality. This shows that
water quality is suitable for the maintenance of aquatic life (USEPA,
1995; CCME, 1999) No variations in water quality were observed
during the wet and dry seasons, which points to the putative
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external disturbance sources’ potential for permanence. This would
result from the fact that none of the parameters that have been
investigated and used in the WQI computation had seasonal
differences or interactions across stations and sample seasons
(Hyangya et al., 2021). Comparison between these stations shows
that water quality at caged stations Ndendere and Honga stations
were of good and medium quality just like the control station at
Nyofu which had equally good quality. The OPI values (4.6-5) were
far below the recommended limits for lakes showing the lake to
still be organically unpolluted (Leclercq and Maquet, 1987). This
therefore indicates that caging activity has had no pollution impact
on the lake since their installation.

The obtained CTSI values showed that the lake had mild to
medium eutrophication in both the caged and control stations.
Chl- a concentration had a higher proportion to the calculated
CTSI values showing heavy eutrophic status than Secchi depth
showing medium eutrophic status on average. This implied that
the water turbidity in the Lake has originated from algal biomass
(Ndungu et al., 2013; Opiyo et al.,, 2019). According to studies done
in lentic water systems, the stressors of the lake that can cause
changes in its trophic status include increased agricultural activities,
urbanization, climate change, eutrophication, sedimentation and
habitat degradation (Harper et al., 2011; Al-Haidarey et al., 20165
Njiru et al., 2017; Yongo et al,, 2021). In the present study both the
control and caged stations are within the same ranges of trophic
status, probably indicating tilapia fish cage culture did not influence
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TABLE 8 Mean (+£SD) and ranges (Min-Max) of physico-chemical parameters (n = 10) on a temporal scale at Nyofu (control) station.

Wet Dry T/H p-value

Temperature (°C) Mean 4 SD 23.62 £ 0.482 23.81 £ 0.522 1.03 0.320
Min-Max 23-24.6 23-24.7

pH (units) Mean + SD 9.34 +0.052 9.33 +0.03% 1.36 0.250
Min-Max 9.2-9.4 9.3-9.4

EC (uS.cm™) Mean + SD 1163 + 8.73? 1160.07 & 12.312 0.57 0.460
Min-Max 1,147-1,182 1,128-1,180

Turbidity (NTUs) Mean + SD 0.34 +£0.192 0.00 = 001° 18.79 <0.001
Min-Max 0.0-0.7 0

DO (mg/1) Mean + SD 7.34 +0.24° 6.46 = 0.49° 15.69 <0.001
Min-Max 6.9-7.8 5.7-7.4

NH;r (mg/1) Mean + SD 0.07 £ 0.09% 0.12 £ 0.15% 1.29 0.270
Min-Max 0.0-0.3 0.0-0.5

PO, (mg/l) Mean + SD 0.96 + 0.24% 1.11 £ 0.432 1.42 0.240
Min-Max 0.7-1.6 0.8-2.4

$i0!~ (mg/l) Mean =+ SD 2.67 £1.73° 5.87 £ 1.73° 3.51 0.070
Min-Max 0.0-5.2 0.0-15.7

NO; (mg/l) Mean + SD 0.01 £ 0.022 0.01 £ 0.012 0.24 0.630
Min-Max 0.0-0.1 0.0-0.0

Chl.a (ug/l) Mean + SD 6.979 + 6.972 5.78 + 6.31% 0.17 0.680
Min-Max 0.7-25.4 0.7-25.5

The values with the same superscript letter for each parameter are not significantly different. T, Turkey test; H, Kruskal-Wallis ANOVA test.

the trophic status of the lake during the study period. Conversely,
the lake’s watershed has been occupied with different activities like
agriculture, abattoirs, fishing and landing sites, shipyards and ports,
hospitals, markets, breweries, coffee, and pharmaceutical industries
whose wastes end up leaking in the lake water without proper
treatment hence the effects (Lina, 2016; Hyangya et al, 2021).
Also with the active cage culture activities in the other bays near
the control station Nyofu in the same lake, the level of pollution
might have been standardized such that the effects are not over
felt in one area but spread the whole stretch hence the results
in the study. However for the sustainability of aquaculture and
ecosystem functioning in the long term more should be done as far
as monitoring is concerned with the indices (Masser, 2008; Aura
et al., 2020).

With respect to the standard limit for aquatic life on physico-
chemical parameters, pH values exceeded the upper limit of 9
(CCME, 1999; Rodier et al., 2009; APHA et al., 2017) in all the
stations (caged and non-caged stations) but were within the stated
limit of surface pH ranging between 9.1 and 9.5 (Kaningini, 1995).
This is in line with the observation that Lake Kivu waters are
highly alkaline due to the large quantities of alkaline carbonates
and bicarbonates contained in its waters (Degens et al., 1971, 1972;
Muvundja et al., 2014). POi_ (mgL~!) at all the stations caged
(Ndendere and Honga) and non-caged (Nyofu) exceeded the 0.1
(mg/1) limit (CCME, 1999; ANZECC, 2000). Equally, the upper
limit of 0.02 mgL*1 (CCME, 1999; ANZECC, 2000) for NO, was
exceeded at caged stations (Ndendere and Honga). High values
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of POi_ and NO; in the caged stations is related to the general
activities around the cages like feeding (Islam et al., 2016). Also,
reduction in water movement caused by the presence of the fish
cages which Iwama (1991) registered a reduction of current velocity
by 65% inside the fish cage mainly due to physical water obstruction
by nets and organisms attached to them. Additionally, agricultural
activities among others in the riparian region have also been linked
to nitrogen and phosphorus loading in the lake (Guildford and
Hecky, 2000; Scheren et al., 2000; Ngupula et al., 2012; Lina, 2016).
On the other hand, EC, turbidity, NH; , Chl-a values are within the
allowable upper limits ranges 1,500 |LS.cm™, 5 NTU, 1.37 mgL~!,
and 12 respectively (Rodier et al., 2009; APHA et al., 2017). This
was an indication that aquaculture activities had actually a little
effect on the water’s ionic composition and, as a result, on the sub-
basin’s ecological health. This concurs with research by Kashindye
etal. (2015) who associated cage fish farming on the Tanzanian side
of Lake Victoria with water movements and hence an indication
of less conduction of cage culture to salinity enrichment in the
water. However, the marginally higher turbidity and Chl-a readings
in the caged stations may be attributable to fish waste, including
excrement, overfeeding, fouling, and debris removed from the cage
nets with the water movements-waves coming with water (Nyanti
etal, 2012; Asmah et al,, 2014). Electrical conductivity values were
high but did not surpass the limit of 1,500 LS cm™! but were
high with respect to the limit interval of 200 LS cm™!. The values
were in line with those from Degens et al. (1973) and Schmid
et al. (2005) who reported a range of 1,140-1,200 LS cm ™! hence
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TABLE 9 Mean (£SD) and ranges (Min—Max) of physico-chemical parameters (n = 11) on a seasonal scale.

Parameter Wet Dry T/H p-value

Temperature (°C) Mean + SD 23.53 +0.48* 23.77 £ 0.52° 491 0.023
Min-Max 23.0-24.6 23.0-25.7

pH (units) Mean + SD 9.35 = 0.04* 9.34 = 0.04* 1.22 0.273
Min-Max 9.24-9.42 9.28-9.42

EC (uS.cm™) Mean + SD 1161.78 & 80.7* 1150.8 + 10.81* 0.04 0.368
Min-Max 624-1,182 1,128-1,190

Turbidity (NTUs) Mean + SD 1.14 £ 1.90° 0.23 & 0.49° 29.93 <0.001
Min-Max 0.0-9.78 0.0-2.4

DO (mg/l) Mean + SD 7.03 £ 0.61° 6.38 = 0.46" 31.18 <0.001
Min-Max 4.42-7.78 5.1-7.41

NH; (mg/l) Mean + SD 0.15 4 0.41° 0.09 £ 0.11° 0.01 0.260
Min-Max 0.0-2.69 -0.03-0.51

PO;™ (mg/l) Mean + SD 1.07 & 032 1.07 +0.36* L12 0.420
Min-Max 0.63-1.97 0.622-2.4

S04~ (mg/l) Mean + SD 4.83 4323 4.19 £5.05% 0.05 0.470
Min-Max 0.0-15.39 0.0-15.67

NO; (mg/l) Mean + SD 0.02 £ 0.01° 0.01 £ 0.03* 0.54 0.170
Min-Max 0.0-0.09 0.0-0.19

Chla (ug/l) Mean + SD 8.81 + 15.78° 4.14 £ 476" 1143 0.060
Min-Max 0.69-107.29 0.23-25.5

The values with the same superscript letter for each parameter are not significantly different. T, Turkey test; H, Kruskal-Wallis ANOVA test.

showing cages did not affect the high conductivity of the lake water.
A range of 1,140-1,200 nS cm~ ! was reported for EC on the Lake
waters rendering the lake generally unfavorable for the growth of
aquatic life (Degens et al., 1973; Schmid et al., 2005). According
to Degens et al. (1971), the Lake Kivu waters are highly salinized
and have a high concentration of dissolved ions, primarily Mg™ "
(50%) and Na't (44%) with a relatively low level of Ca™" (2%)
hence the reason for high electrical conductivity values. The fact
that the DO values were above the lower limit of 6 mgL~! for
maintaining aquatic life (CCME, 1999; ANZECC, 2000; Rodier
et al, 2009; APHA et al, 2017) shows that cage activities like
feed decomposition had minimal effect on DO levels. Furthermore,
DO values were above the lower limit of 6 mg/l hence suitable
for supporting aquatic life (CCME, 1999; ANZECC, 2000; Rodier
et al., 2009; APHA et al,, 2017). Temperature was below 27°C the
optimum range for good growth of tilapia growth causing damages
to its welfare and hence economic loss. Tilapias are tropical fish that
find thermal comfort between 27-32°C, with temperatures below
or above this range affecting their growth rate by reducing their
appetite (Pandit and Nakamura, 2010).

Conclusions

Aquaculture has become an important method of global fish
production with cage farming being one of the most commonly
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TABLE 10 Mean (+SD) water quality indices per station.

Statons ~ WQI(X+  OPI(X+  CTSI(X+
SD) SD) SD)
Ndendere 80.88 £ 11.13* 4.84 +0.23* 59.53 £ 6.07*
Honga 61.07 & 4.45" 4.89+0.16* 56.76 £ 75.93*
Nyofu (control) 59.89 + 4.4° 497 £0.17* 58.73 +4.70*

Similar subscripts on means indicate lack of significant differences among stations.

used methods. However, the expansion of cage farming has raised
concerns about potential environmental impacts on freshwater
ecosystems. The objective of this study was to elucidate the
interactions between cage aquaculture and water quality in the
littoral zone of Lake Kivu, Bukavu Basin. Overall, the results of
the analyses of the physico-chemical parameters did not show any
evidence of a significant deterioration of the water quality as a result
of cage aquaculture activities.

All physico-chemical parameters and Chl-a values showed little
to no variation vertically 0 m to 20 m depth and among the stations
(Ndendere, Honga, and Nyofu). Caged and uncaged stations
shared the same patterns in the parameters. Most parameters
apart from Secchi Disk, pH, Turbidity did not vary both spatially
and temporally hence the lack of significant influence of the
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tilapia fish cages on water quality in the lake. Most of the
physico-chemical parameters except pH, POif, and NO, were
within the standard limits for aquatic life an indication that
water quality is currently not a challenge from the fish cage
culture. Based on the calculated CTSI results, the depths in the
stations ranged from mild to medium eutrophic status. Similarly,
the OPI showed little pollution and the WQI showed that the
water quality state ranged from medium to good, indicating
that cage culture had no significant effect on water quality
parameters in the respective stations. Based on these results,
fish cage culture is not a current threat to the water quality of
the two bays in question. However, with the expected increase
in cage farming activities in the African Great Lakes region,
continuous monitoring continuous environmental monitoring
is required.

To ensure the sustainability of cage farming in Lake Kivu a
comprehensive approach that considers both local and systemic
factors is needed.

Some potential management strategies include implementing
zoning regulations for selecting sites suitable for aquaculture,
taking into account parameters such as water depth, flow rates and
proximity to sensitive habitats. Also, it is advisable to implement
rotation schemes for aquaculture sites to provide recuperation
periods for the ecosystem and prevent localized environmental
strain. Furthermore, monitoring of feeds administered to fish
should be done to ensure high quality nutrient rich feeds
are used to reduce potential-negative effect on water quality.
Lastly, regulatory measures on cage design, stocking density and
waste management and above all regular monitoring programs
should be implemented to assess compliance of aquaculture
operations with environmental standards, with penalties for non-
compliance.

By utilizing these strategies, it will be possible to foresee
how aquaculture on Lake Kivu would affect the environment
and encourage a balance between the ecosystem’s preservation
and the expanding demand for aquaculture products. For these
strategies to be sustainable over the long term, they must be
evaluated and modified continuously in accordance with scientific
and technical developments.
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