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Hydroelectric power (HP) represents the main source of electricity in Africa, including the
Democratic Republic of Congo. The demand for new dam construction is high, and major
projects are currently progressing through planning and implementation stages. New HP
dams should comply with both past and emerging environmental requirements. River
systems need water to maintain hydraulic and ecological functions. Flow regime
disturbance can prevent rivers from providing their ecosystem services and disrupt
riparian communities. Most dammed rivers in Africa are understudied, however, in
terms of their environmental flow requirements. This study analysed the hydrological
regime and water quality of the Ruzizi River. The research investigated conditions of
minimumwater flow and hydropeaking at the Ruzizi I HP dam in terms of landmanagement
constraints and ecological impacts. According to Gumbel’s hydrological model, a
discharge of ~130m3/s showed the longest return period (12 years) among the most
recurrent flows. By contrast, the maximum recorded discharge of 143m3/s showed a
return time of 76 years. Any discharge between 46 and 120m3/s could occur at any time
within three years. The discharge–hydropower production relationship for the power plant
provided a possible minimum environmental flow of 28m3/s (i.e., 25%). Drinking water
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quality was assessed according to WHO water quality index (WQI) standards. Turbidity
(i.e., total suspended solids) upstream and downstream of dams correlated strongly with
rainfall (r = 0.8; n = 12) and land use.WQI values observed in excess ofWHOdrinking water
standards indicate that the Ruzizi River is currently unsuitable for drinking water purposes.

Keywords: hydropeaking, reservoir siltation, reservoir pollution, water quality index, minimum hydrological flow

INTRODUCTION

Human communities will experience increasing demand for
freshwater and energy in the coming decades (Holland et al.,
2015). Freshwater represents only ~3% of global water reservoirs
(Du Plessis, 2017) with much less of this accessible for human
use. Dams provide irrigation, urban water supplies, navigation,
hydropower, and flood control services (WCD, 2000). In 2020,
hydroelectric power (HP) capacity accounted for ~16% of the
global electricity supply (Mekonnen and Hoekstra, 2011). This
included a worldwide power production capacity of 1,330
Gigawatts and a total of 4,370 Terawatt-hours annual HP
energy production (IHA, 2019). Global estimates indicate the
number of large dams (over 15 m high or with a volume larger
than three million m3) to be around ~45,000 and the number of
small dams and reservoirs to be in millions (Moore et al., 2010).
In the Democratic Republic of Congo (DRC), 85% of domestic
energy use derives from fuel wood (Seyler et al., 2010) and only
~6% of the population has access to electricity (Kahindo, 2012).
Government initiatives seek to use large rivers for HP
production. The country currently hosts 51 HP dams, which
are operational or under construction, and plans to build 13
more (Winemiller et al., 2016). Unfortunately, almost all of these
dams have been built without environmental impact
assessments, which could reconcile environmental imperatives
with electricity production (Wang et al., 2012). Dombrowsky
et al. (2014) describe the limited address of social and
environmental impacts before and during the construction of
the Ruzizi II HP dam. In their cost assessment of 245 dam
projects in 65 countries between 1934 and 2007, Ansar et al.
(2014) found that many of these dams did not meet expected
economic returns. Poor planning and management thus may
cause significant economic and environmental losses. Economic
and political instability in developing countries often prevents
effective HP planning and implementation (Jadoon et al., 2020;
Kiriqi et al., 2021).

Research on environmental impacts of HP projects has
occurred in an unequally distributed manner leaving African
countries understudied. Truffer et al. (2003) considered impacts
of water abstraction/diversion on water quality and biodiversity
(fishes, macroinvertebrates, macrophytes, etc.). In Switzerland,
national-level HP plant regulations require operators to reduce
the negative ecological impacts of hydropeaking (Bruder et al.,
2016; Tonolla et al., 2017). Hydropeaking usually entails
upstream (reservoir) inundation and intensive, unnatural
downstream discharges that can drastically impact the channel
and sediment transport regimes over short timescales (Bruder
et al., 2016). Jones (2014) describes river hydropeaking as creating
two rivers, one of low flow and one of peak flow.

The concept of environmental flows (E-Flows) appeared in
Europe and the United States in the mid-20th century as a
response to rapid water resource infrastructure development
and the impact of severe flow regulation and diversion of
natural waters on biodiversity (Matthews et al., 2014;
Winemiller et al., 2016). Before, little or no consideration had
been given to ecosystem services or the water needs of river
ecosystems. Since the 1980s, E-Flow research assessing ecological
impacts of HP plants has proliferated exponentially in the
scientific records (Kuriqi et al., 2021). E-Flow regime
implementation has become a crucial framework for
conserving fluvial ecosystems and mitigating ecological
impacts of HP plants. The E-Flow for a river ecosystem
includes estimates of not only the amount of water to be
released downstream of diversions and abstractions but also
the frequency, duration, timing, and rate of discharge changes
(Matthews et al., 2014; Kuriqi et al., 2021). E-Flows must
guarantee permanent connectivity of the river continuum for
fish and other aquatic organisms, as well as habitat integrity (e.g.,
water quality, substrate, riverbank, and bed morphology)
upstream and downstream of the diversions. In less well-
studied river ecosystems, hydraulics-based methods using
tables or other basic data to estimate E-Flows include the
Tennant (1976) and Tessman (1980) methods. These
specifically use percentages of the mean annual flow of the
duration curve (% MAF; Tennant, 1976; Tessmann, 1980;
Smakhtin et al., 2004; 2006). Other methods include hydraulic
and habitat modelling, holistic methods (King and Louw, 1998;
Hughes et al., 2001), and recently developed “dynamic
approaches” (Kuriqi et al., 2021). Although criticized for not
addressing ecological factors, hydrology-based methods require
fewer resources and have provided effective results in several
cases (King and Louw, 1998; Hughes 2001; Smakhtin et al., 2006;
Pastor et al., 2014).

Tennant (1976) recommends a minimum instantaneous flow
representing 10% of the average flow of a river necessary to
sustain habitat and survival for most aquatic life on short
timescales. The study also recommended a flow average of
30% to sustain the biological integrity of the river ecosystem
as a whole. Tessmann (1980) described monthly time steps for
determining flow thresholds and suggested that monthly mean
flows (MMFs) may act as E-Flows if they equal ~40% of the river’s
mean annual flows (MAFs). According to Pastor et al. (2014),
60% of the MMF can be allocated during the low-flow season,
45% during the intermediate-flow season, and 30% during the
high-flow season. Low-, intermediate-, and high-flow seasons are
respectively defined as periods with MMF <40% of MAF, MMF
between 40 and 80% of MAF, andMMF >80% of MAF. Smakhtin
et al. (2004) used annual river discharge to define E-Flow
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requirements for global applications by determining pristine,
good, fair, and degrading hydrological conditions for river
ecosystems. This method used Q50, Q75, and Q90 percentiles to
respectively designate good, moderate, and fair or degrading
ecological status for the river. Q90 was then used as a base
flow for the E-Flow requirements.

This study describes the Ruzizi River, which forms the border
between DRC and the Republic of Rwanda to the north, and DRC
and the Republic of Burundi to the south. The HP dams Ruzizi I
and Ruzizi II (28MW and 44 MW installed capacity, respectively;
Table 1) have operated along the river since 1959 and 1989.
Ruzizi I rests 3 km downstream of Lake Kivu outflow (Mururu
site), while Ruzizi II rests 16 km downstream (Mumosho site;
TRACTIONEL and RRI, 1980; Fichtner, 2008; ONEC-BAD,
2015). The Ruzizi River links Lake Kivu with Lake
Tanganyika, which receives 30% of its total riverine inputs
from the Ruzizi (Vandelannoote et al., 1999). No EIAs were
conducted prior to the construction of either dam. According to
ONEC-BAD (2015), two more dams are planned, including
Ruzizi III (147 MW; Dombrowsky et al., 2014) and Ruzizi IV
(also known as “Sisi V”; 287 MW). These or other forthcoming
projects demonstrate the urgent need for hydrological and
ecological analysis of the system (SHER and ARTELIA, 2017).

Ruzizi I and Ruzizi II have been subject to technical problems
and poor management leading to dam malfunction and major
flow disturbances. Most of the time, these dams operate in a way
that causes habitat fragmentation for migrating fish. Field
campaigns from 2015 to 2018 revealed that the dam operators
were not aware of E-Flow requirements. Water levels were not
maintained in fish ladders installed during dam construction
(1959, 1989) for migrating fish including cyprinids.

Geochemical studies of river basins have helped constrain
exogenic cycles of elements in the continent–river–lake–ocean
system (Giridharan et al., 2010; Khan et al., 2022). The
hydrogeochemical properties of water are important factors
determining its suitability for domestic use, irrigation and
industrial purposes. Interactions of water with lithologic units
control water chemistry and quality (Subramani et al., 2009; Khan
et al., 2022). Khan et al. (2022) reported that discharge and
human activities within the basin were among the major factors
responsible for temporal and spatial variation in sediment
discharge of the Ramganga River (India). Several approaches
have been used to assess the chemical status of water quality in
rivers (Tsegaye et al., 2006; Möller et al., 2007). Ramakrishnaiah

et al. (2009) evaluated the water quality of the Tumkur and
Karnataka (India) and Aksu (SW Turkey) rivers using Turkish
water quality indexes. Yidana and Yidana (2010) used
conventional graphical methods with multivariate statistical
methods and GIS to interpret controlling hydrochemical
factors at different locations in a river system. These
researchers also used water quality index (WQI) methods to
assess the suitability of groundwater for human consumption.
Kannel et al. (2007) used WQIs to evaluate spatial and seasonal
changes in the water quality of the Bagmati River Basin. Debels
et al. (2005) reported WQI estimates based on nine
physicochemical parameters periodically measured from 18
sites to characterize spatial and temporal variability of surface
water quality in the Chill’an River basin.

The present study differs from previous studies in that it uses
empirical data to estimate E-Flow for power production and
ecological integrity in an existing river basin. Compliance with
E-Flow standards can render energy produced by Ruzizi dams
safer and more sustainable. This study also analysed
environmental challenges related to HP production along the
Ruzizi River. The research specifically sought to 1) analyse the
hydrological regime, 2) evaluate the sustainability of HP
operations, 3) quantify the minimum hydrological flow
required to cope simultaneously with electricity production
and river ecosystem functioning, and 4) evaluate the current
water quality status and sediment transport within the river.

Study Site
The Ruzizi River formed during the Quaternary period in the
eastern part of the Congo basin’s Albertine Rift Region
(Figure 1A). Beginning with its outflow from Lake Kivu, the
Ruzizi drains a 5,800-km2 catchment (Eisenberg, 2018). The
drainage density map shows five Strahler’s orders (Figure 1B;
Stahler, 1952). The Upper Ruzizi (where Ruzizi I and Ruzizi II are
located) follows a V-shaped valley in a mountainous and high
altitude region (1,460 m a.s.l. at Bukavu–Cyangugu;
Figure 1A&B). The Lower Ruzizi (below Ruzizi III) meanders
across a wide floodplain before reaching Lake Tanganyika after
120 km of total river length (770 m a.s.l. at Uvira–Bujumbura;
Asselberghs, 1939). Eruptions of the Virunga volcanoes reversed
the drainage of Lake Kivu from the Nile into the Congo basin
(Célérier, 1931). The Upper Ruzizi catchment experiences a
humid climate with a bimodal annual precipitation regime in
the Lake Kivu basin of ~1,200 mm/yr and evapotranspiration of

TABLE 1 | Characteristics of the Ruzizi hydropower dams(*).

HP dam Ruzizi I Ruzizi II Ruzizi III Ruzizi IV (Sisi V)

Year of construction 1959 1989 Planned Planned
Current status Operational Operational Preliminary work started Planned
Altitude (m) 1,462 1,391 968 -
Catchment (km2) 32 90 224 -
Reservoir volume (106 m3) 1.46 1.75 1.9 Not yet defined
Hydraulic dam height (m) 23 11 110 Not yet defined
Potential power (MW) 28 44 147 287
Available power (MW) 16 25 Not applicable Not applicable

(*)Catchment area (not counting the Lake Kivu catchment) calculations by Eisenberg (2018).
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~1,100 mm/yr (Muvundja et al., 2014). The Lower Ruzizi
catchment experiences lower precipitation (~800–900 mm/yr,
Hyghes and Hyghes, 1992) and higher temperature differences
(mean monthly minima: 14.5–17°C; mean monthly maxima:
30.5–32°C) relative to the Upper Ruzizi. The rainy season
spans from September to May and the dry season from June
to August.

The Ruzizi River basin also hosts a diverse range of
endangered and legally protected aquatic fauna including
mammals such as hippopotami and otters, reptiles (crocodiles,
snakes, and turtles), fish (lungfish, endemic cichlids, cichlids,
carps, and perch), birds (both resident and migratory),
amphibians, and freshwater crustaceans and other
invertebrates (Hyghes and Hyghes, 1992). The wetland
vegetation around the basin is dominated by Phragmites sp.,
Cyperus sp., Love reed (Typha sp.), and Panicum sp. (Hyghes and
Hyghes, 1992). The ecological uniqueness and biodiversity found
in the Ruzizi River basin arise from its relief, varied land types,
and climate (Lambinon and Reekmans, 1980).

Dam construction for electricity generation began on the
Ruzizi River in the mid-20th century. Table 1 lists
information on existing and planned dam projects. This study
addressed Ruzizi I and II dams and the downstream Ruzizi III
project (Figure 1). Dams were designed assuming a theoretical
usable discharge of 92–100 m3/s (TRACTIONEL and RRI, 1980).
Reservoir volumes of 1.46 × 106 and 1.75 × 106 m3 (Table 1) give
water residence times of ~4.7 and ~4.9 h, respectively. Land use in
the Ruzizi I catchment consists mostly of urban activity. The
Ruzizi II catchment is a mosaic of urban, peri-urban, and rural
land use types. The reservoirs of both dams are polluted by urban
wastewater.

The Ruzizi waters exhibit higher salinities than those of its
tributaries. The salinity of the topmost Upper Ruzizi is the same
as that of Lake Kivu surface waters (~1.1 g/L or 1,200 μS/cm of
electrical conductivity (EC) at 20°C; Schmid et al., 2005). The
Lower Ruzizi exhibits a salinity of ~0.5 g/L (~650 μS/cm) at Kiliba
station (Kubaburhanzi, 2015). According to Kubaburhanzi
(2015), most tributaries exhibit less than 2 m3/s discharge
during low water periods but become torrential during heavy
rainfall with discharge up to 20 or 30 m3/s. Values of pH range
between 7.5 and 8.5 in the main channel. Tributary pH ranges
between 7.2 and 7.5, and EC rarely exceeds 330 μS/cm
(Kubaburhanzi, 2015; Cizungu, 2016; Hange, 2016; Kikuni,
2016; Muhindo, 2016).

MATERIALS AND METHODS

Hydrometeorology and Hydrologic Data
Analysis
Monthly rainfall data obtained for a 2003–2010 study period
from a local meteorological station located at Kamembe Airport
(Rwanda, Figure 1) were compared with data covering the same
period from three grid cells of the global satellite precipitation
data (rainfall data by the U.S. National Oceanic and Atmospheric
Administration). These span most of the Upper Ruzizi River
catchment. The two data sets showed a strong linear correlation
(PGround � 1.14xPSat; R

2 = 0.96; n = 12, where PGround and PSat

are respective local and satellite precipitation estimates) at
monthly resolution. The correlation coefficients indicate that
satellite data underestimated precipitation by 14%. We
obtained historical records (1941–2015) of river discharge

FIGURE 1 | (A)Map of the Ruzizi catchment showing hydropower dam locations modified after Eisenberg (2018) (B). Drainage density and the Strahler order map
for the Ruzizi River catchment according to Strahler (1952).
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from the Ruzizi I HP Operator (Société Nationale d’Electricité,
SNEL for Ruzizi I; Supplementary Table S1). This data set was
used for flood frequency analysis following a Gumbel (1941)
distribution model.

Minimum Flow Analysis
This study used time series data from 1941 to 2015 and
hydrological methods (look-up tables) to evaluate E-Flows at
Ruzizi I (almost identical at Ruzizi II). Several hydrological
indexes were calculated to evaluate minimum flow
requirements. In addition to MAF, the indexes termed Q25,
Q50, Q75, and Q90 follow a format, where Qi represents flows
equal or exceeding the ith percentile of the recording period
(Tennant 1976; Tessmann 1980; Pastor et al., 2014). Given its
adequate performance for large rivers, this research used the
Tessmann method to estimate minimum flow requirements
(Karakoyun et al., 2018). The mean minimum flow was
calculated as the difference between the long-term average
river discharge and the long-term usable turbine discharge.
The latter was derived from a regression model relating
generated electric power to the turbine discharges for the
period between 1989 and 2003 (Figure 2). The lack of
ecological data precluded testing of other E-Flow methods.

Turbidity and Total Suspended Solids
Daily water turbidity measurements were performed upstream
and downstream of the Ruzizi II dam from 10 September 2016 to
30 October 2017 using an HACH 2100Q turbidimeter. Several
measurements were also made at Ruzizi I. Standard chemical

solutions made for stabilized formazine turbidity values of 20,
100, and 800 NTUwere used to calibrate the turbidimeter prior to
field measurements (HACH 2009). Samples registering a
turbidity value of more than 800 NTU were diluted with
distilled water. Turbidity measurements are reported as mean
values of triplicate analyses (coefficient of variation <6%). A
calibration curve between turbidity of the standard solutions
and total suspended solids concentration (TSS) was developed
by preparing liquid samples from red clay Ferralsols (Muvundja
et al., 2009), which typically occur in the catchment. In this
procedure, soil samples were collected from the upper 10 cm of
soil horizons and dried overnight in an oven at 110°C. Samples
were thereafter stored in a desiccator until grinding and sieving at
1-μm mesh. Powdered samples were weighed and suspended
(Minella et al., 2008; Perkins et al., 2017) in rainwater for
calibration measurements.

Water Quality
Physicochemical parameters such as pH, dissolved oxygen (DO),
water temperature, and ECweremeasured in situ at around 08:00 h
on a monthly basis over the entire sampling period. In situ pH,
water temperature, DO, and EC were measured using a Hydrolab
probe (Data sonde ®4a USA). Water transparency (m) was
measured with a 20-cm-diameter Secchi disk, with quadrants
painted in black and white. Secchi depth was calculated as the
average depth of disappearance and reappearance of the disk in
water. Water samples were analysed for ammonium, soluble
reactive phosphorus (SRP), nitrites, and silica. Biological oxygen
demand (BOD) and chemical oxygen demand (COD) samples
were collected using 4-L bottles downstream of Ruzizi I (twice per
month) and Ruzizi II (once per month) over a 12-month period
from January 2016 to February 2017. At each same location, equal
sample volumes were collected from surface and middle depths
before being mixed into a composite sample. Samples were
preserved on ice during transport from the field to the
laboratory and kept frozen until analysis. Standard methods
were used for nutrient analysis. These included ammonia
(NH4

+) by the dichloroisocyanurate–salicylate method, SRP by
the ascorbic acid method, nitrite (NO2

−) by the colorimetric
method, and soluble reactive silica by the molybdate complex
method (APHA, 2005). Concentrations of these nutrients were
estimated from UV/Vis spectrophotometry (Spectronic ®20
Genesys, USA). Total alkalinity concentration was estimated by
titrimetric methods. Chloride concentrations in water samples
were analysed based on titration with silver nitrate (Bartram
and Ballance 1996; APHA, 2005; Rodier, 2009). BOD was
determined using Oxitop bottles, while the analysis of COD was
performed on K2Cr2O7 oxidation-treated samples using
spectrophotometric methods (Barttram and Ballance, 1996;
Rodier, 2009; Lina, 2016). All analyses were performed at the
Unité d’Enseignement et de Recherche en Hydrobiologie
Appliquée (UERHA), Institut Supérieur Pédagogique de
Bukavu. The electric charge-balance error of the water samples
fell within <5% of measured values. The data were analysed with
the help of the Statgraphics software. The water quality of the
samples was assessed by calculating WQI values based on two
WHO (2008) and TSI-266 (2005) standards.

FIGURE 2 | Monthly (natural) water flow of the Ruzizi River at its Lake
Kivu outflow (1941–2015).
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Calculation of Water Quality Indexes
The Water Quality Index (WQI) is defined as a rating reflecting
the composite influence of different water parameters (Sahu and
Sikdar, 2008). In this study, the water quality of the Ruzizi River
was evaluated for drinking and other purposes using the WQI
method based on pH, HCO3

−, Cl−, COD, BOD, organic matter,
NH4

+, NO2
−, PO4

3-, SiO2, turbidity, and total alkalinity.
Interpretations used World Health Organization (WHO, 2008)
limits for reference. To calculate WQI values at each sampling
station, weightings (wi) were assigned to each parameter
according to their relative importance in the overall water
quality expression for drinking purposes. The highest weight
of five was assigned to nitrate (NO3

−) and nitrite (NO2
−)

parameters due to their strong effects on drinking water
(Şener et al., 2017). Consumption of water with high nitrate or
nitrite concentrations can cause methemoglobinaemia disease
(blue baby syndrome) in infants, gastric carcinomas, abnormal
pain, central nervous system birth defects, and diabetes
(Vasanthavigar et al., 2010; Varol and Davraz, 2015). The
parameters pH, COD, BOD, SiO2, and turbidity were assigned
a weight of 4, while HCO3

− and Cl− received a value of 3. The
minimum weight of 1 was assigned to total alkalinity. Relative
weights (Wi) were then calculated for each parameter using Eq. 1.
The WQI and overall WQI values for all samples were calculated
using Eqs 2–6 to establish water quality designations for each
sampling point.

The relative weight (Wi) is calculated as follows:

Wi � wi

∑
n

i�1
wi

, (1)

where wi is the weight of each parameter i (1 to n). A quality
rating (qi) for each parameter was calculated by dividing the
concentration Ci (mg/L) of each sample by its WHO (2008)
drinking water standard, Si (mg/L), and then multiplied by 100 as
follows:

qi � Ci

Si
x100. (2)

To calculate WQI, the SIi subindex parameter values were first
determined by the following equations (Ramakrishnaiah et al.,
2009; Şener et al., 2017):

SIi � Wixqi. (3)
WQI � ∑

n

i�1
SIi. (4)

Calculated WQI values were then parsed into five categories
(Sahu and Sikdar, 2008; Yidana and Yidana, 2010; Şener et al.,
2017) according to the WQI intervals:

WQI <50: excellent water quality.
50 < WQI <100: good water quality.
100 < WQI <200: poor water quality.
200 < WQI <300: very poor water quality.
WQI >300: unsuitable for drinking water.

In addition, the effective weight (EWi) for each water quality
parameter i was defined by dividing its subindex parameter value
SIi by the overall WQI value (Eq. 4) and multiplied by 100:

EWi � SIi
WQI

x100, (5)

The relative weights (Wi) reflect the significance of each
parameter in relation to the other parameters used in WQI
calculations. WQI is usually calculated in terms of a specific
and intended use of water. In this study, the WQI was calculated
relative to drinking water standards set as:

WQI �
∑
n

i�1
wixqi

∑
n

i�1
wi

. (6)

RESULTS

Flood Frequency Analysis of Flow at Ruzizi I
Discharge records (1941–2015) suggest a long-term mean flow of
112 m3/s for the Upper Ruzizi dam (Figure 2). Results of the
flood magnitude–frequency analysis following Gumbel (1941)
and Dalrymple (1960) indicate an exponential relationship
between the 75 years of discharge data (1941–2012) and the
recurrence time interval (Figure 3A; R2 = 0.98). The high
coefficient of determination indicates the suitability of
Gumbel’s distribution (also called extreme value distribution)
in predicting river flow. The curve exhibits linear behaviour for
smaller recurrence interval values. Discharges between 46 and
120 m3/s can occur at any time within a 3-year time interval
(Figure 3A). Longer recurrence interval values (t > 12.6 years)
associate with discharge values of ~130 m3/s (Figure 3A). The
maximum flood event recorded occurred in 1998 with a peak flow
of 143 m3/s and recurs over a 76-year interval according to the
flood frequency curve (Supplementary Table S1). Excessive
flows like these likely occur or may be exceeded in a given
year with a probability of ~1.3% (Supplementary Table S1
and Figure 3B). The lowest flow of 46 m3/s occurred in 1944
and represents a minimum recurrence value that will be exceeded
with a probability of 100% (Supplementary material, Table 1 and
Figure 3B). The discharge–exceedance probability curve for
natural Ruzizi flows gives values of 126, 96, 79, and 62 m3/s
for Q25, Q50, Q75, and Q90, respectively (Figure 4).

Minimum Hydrological Flow
The relationship between generated electric power and turbine
discharges over a period of 14 years (1989–2003; Figure 5)
yields 15.7 MW for a river discharge of 83.7 m3/s. This is the
long-term average power production at the corresponding
long-term average flow of 112 m3/s. The difference is 28 m3/s
(= 112−84), a value that should be implemented as the volume
of permanently and freely flowing water in the bypass and fish
ladders.
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Surface Sediment Transport and Water
Quality
We monitored turbidity and total suspended solids both
upstream and downstream of Ruzizi II (Figure 1) over an
annual cycle. Few data were available for Ruzizi I during the
rainy season. The comparison betweenmeanmonthly turbidity at
Ruzizi II and mean monthly rainfall (Figure 6) showed that
turbidity and precipitation followed the same seasonal trend. The
two parameters show moderate correlation (R2 = 0.62 for
upstream and 0.58 for downstream). The highest peaks of
turbidity appeared during rainy seasons (September to June)
with mean values exceeding 20 NTU. Maximum values were
recorded in October (~30 NTU) and February (~36 NTU). The
river gave lower turbidity values during the dry season. Values

ranging from ~9 to ~13 NTU appeared fromApril to August with
the lowest values in August (Figure 5). During the rainy season,
the mean annual turbidity at the surface was 6.5 (upstream) and
5.1 NTU (downstream) of Ruzizi I (Supplementary material,
Table 2). The annual mean was 24.5 upstream and 22.9 NTU
downstream of Ruzizi II during rainy seasons, whereas dry season
turbidity fell to 10.8 and 9.4 NTU upstream and downstream,
respectively. In the Ruzizi I reservoir, turbidity measurements
indicated 8.5, 7.6, 7.7, 8.3, 8.1, 5.8, and 6.9 NTU for 1, 2, 3, 4, 5, 6,
and 7 m depth, respectively. For the Ruzizi II reservoir, the
measurements yielded 11.3 NTU at 1 m, 13.1 NTU at 2 m,
and 22.0 NTU at 3 m depths.

FIGURE 3 | (A)Magnitude–frequency curve for flows (Gumbel’s curve) at the Ruzizi I HP dam (data from SNEL, 1941–2015). (B) Relationship between flood flows
and reduced variates (same data set as in A).

FIGURE 4 | River flows at Lake Kivu outflow vs. exceedance probability
(same data set as in Figure 3A).

FIGURE 5 | Power–turbine discharge relationship at the Ruzizi I HP dam
(SNEL, 1989–2009). Data sets represent monthly power production and
monthly discharge averages of the turbines.
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Waters generally appeared more turbid upstream than
downstream of the dams. The difference was not significant
for Ruzizi I (p-value = 0.6818 at p < 0.05, N = 22, two-tailed
Mann–Whitney U test). However, the Ruzizi II site gave higher
turbidity values by a factor of two than the Ruzizi I site. Upstream
and downstream values showed statistically significant
differences (p-value = 0.008 at p < 0.01, N = 308, two-tailed
Mann–Whitney U test). The Ruzizi II reservoir exhibited higher
turbidity (by ~2x) than the Ruzizi I reservoir. Daily turbidity data
indicated differences of about 10% between the reservoirs, 10%
above and below the Ruzizi II dam, and 22% above and below the
Ruzizi I dam. This indicates a higher sedimentation rate at Ruzizi
I relative to Ruzizi II.

Figure 7 shows a model used to convert turbidity
measurements to total suspended solids (TSS). The TSS
concentrations at Ruzizi I averaged 10 mg/L (both at upstream
and at downstream; applicable to the rainy season only). For
Ruzizi II, the average turbidity values found during the rainy
season reached 60 and 50 mg/L upstream and downstream,
respectively, compared to 20 mg/L upstream and downstream
during the dry season. Annual mean TSS at Ruzizi II was 50 mg/L.

FIGURE 6 | Seasonal variation of precipitation and water turbidity upstream and downstream of the Ruzizi II dam. Data sets represent monthly averages of turbidity
and catchment rainfall from September 2016 to October 2017.

TABLE 2 | WQI values and water types at sampling sites.

WHO standards Ruzizi I
Upstream

Ruzizi I
downstream

Ruzizi II
Upstream

Ruzizi II
downstream

Mean

WQI <100 605 792 681 676 688
Water
type

Suitable drinking
water

Unsuitable drinking
water

Unsuitable drinking
water

Unsuitable drinking
water

Unsuitable drinking
water

Unsuitable drinking
water

FIGURE 7 | Calibration curve between turbidity and catchment soil
particle concentrations (No. of samples = 12). Soil samples (Ferralsols) were
collected at ISP Bukavu in the town of Bukavu (Figure 1A).
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A mean discharge of 98 m3/s corresponds to an annual particle
transport of 155 kt/yr and 1 kt/km2/yr over the entire Ruzizi II
subcatchment.

During the sampling period, the pH values varied from 6.1 to
10.0 with a mean value of ~9. Water temperature ranged from 23
to 26°C, and EC varied over 1,021 to 1,225 μS/cm
(Supplementary Table S3). In situ measured DO values of
water samples ranged from ~0 to 9 mg/L, with an average
value of ~5–6 mg/L depending on the site (Supplementary
Table S3). Low DO values were measured in all reservoirs but
not consistently. The DO saturation varied between 3 and 122%
with averages between 60 and 86% depending on the site
(Supplementary Table S3).

The mean COD ranged from 527 to 783 mg/L, whereas BOD
varied from 8 to 26 mg/L, with an average of 19 mg/L
(Supplementary Table S3). The concentration of total
alkalinity ranged from ~0 to 2 mg/L (Supplementary Table
S4). Both minimum and maximum values were measured
upstream and downstream of Ruzizi I, respectively.

Ammonium (NH4
+) contents of the Ruzizi River ranged from

0.01 to 1.60 mg NH4
+/L. The higher value was measured

upstream of Ruzizi I. Nitrite (NO2
−) contents ranged from ~0

to 9.80 mgNO2
-/L during the sampling period. Elevated values

may reflect leaching of waste disposal, sanitary landfills,
overdosage of inorganic nitrate fertilizer, or improper manure
practices (Chapman, 1996). Phosphate concentrations ranged
from 0.01 to 0.73 mgPO4

3-/L. The highest phosphate values
occurred upstream of the dam. The silica contents of the
water samples ranged from ~0 to 31 mgSiO2/L.

The WQI-relevant parameters included COD (with mean
effective weights between 55 and 73% depending on the sites),
BOD (3–11% mean effective weight), and finally nutrients and
pH (Supplementary Table S4). The results obtained from this
study (Table 2) gave WQI values for the Ruzizi River ranging
from 605 to 792 over all sampling stations. These significantly
exceeded drinking water limits (WQI <100).

DISCUSSION

Minimum Hydrological Flow Under Current
Ruzizi HP Dam Operations
The Ruzizi I and II HP plants never reach their installed capacity
(28 and 44 MW, respectively; SHER and ARTELIA, 2017) due to
recurrent technical problems caused by ageing or outdated
technology, and poor management and maintenance. Ruzizi I
operates at an average power of ~16 MW (Figure 5), whereas
Ruzizi II averages at 25 MW (EGL 2015). This means that if
efficiently managed, they would require only ~85 m3/s of the
long-term discharge of ~112 m3/s.

The recorded base flow is ~65 m3/s, while the maximum flow
is ~140 m3/s (Figure 2). The base flow is almost the same as the
Q90 value (62 m3/s; Figure 4) according to the percentile of
discharge modelling by Smakhtin et al. (2004). This E-Flow
requirement represents fair hydrological conditions below
which river ecological integrity will start to decline (Smakhtin
et al., 2004). Excess flow beyond the optimal power generation

discharge (85 m3/s) is 28 m3/s, which should flow freely and
permanently outside the turbines. This means that turbines
can operate efficiently on average without closing the bypasses
and fish ladders. This water amount can likely sustain short-term
aquatic life when hydropeaking is required for dam operations
and turbine maintenance. This water flow is equivalent to ~25%
of the average river discharge and can be considered as an ideal
potential E-Flow. Minimum flow represents more than the 10%
required to sustain short-term preservation of habitat for most
aquatic life forms, and approaches the 30% flow value
recommended for sustaining the biological integrity of riverine
ecosystems (Tenant, 1976). The ~25% value also approaches the
30% of MAF E-Flow suggested by Pastor et al. (2014) for high-
flow seasons. The calculated minimum hydrological flow
represents 61% of the lowest natural flow (i.e., 46 m3/s) ever
observed from the Ruzizi River (Supplementary Table S1;
Supplementary Table S4). This minimum flow fits with the
60% MMF value recommended for E-Flow during low-flow
seasons (Pastor et al., 2014). For Ruzizi dams, respective Q50,
Q75, and Q90 that equal 96, 79, and 62 m3/s represent good,
moderate, and fair ecological conditions (Figure 4).

Environmental Impacts
According to Lidec and Quintero (2003), large dams can vary
considerably in terms of their adverse environmental impacts and
can thus be classified as “good” or “bad” dams. Given their site
selection features, Ruzizi dams were categorized as “good.” These
features include the following: 1)minor evaporation loss from a small
reservoir surface area, 2) minor losses of natural habitat and wildlife,
3) a relatively small river with limited aquatic biodiversity at risk, 4) a
deep reservoir with low sedimentation rate, 5) many downstream
tributaries, 6) little or no flooding of forests, 7) no tropical diseases,
and 8) no floating weed problems. The typical “bad” dam features
around Ruzizi dams include extensive soil erosion (Eisenberg, 2018;
Eisenberg and Muvundja, 2020) and solid waste pollution from
urbanized areas of the catchment. The solid waste in urban and
peri-urban areas accumulates in the reservoirs, particularly from
Bukavu, and disturbs electricity production. This waste consists
primarily of plastics and plant debris. Soil erosion of the
surrounding hillsides and deeply incised tributaries, where poor
soil protection prevails, also contributes sediment to the reservoirs
(Eisenberg and Muvundja, 2020). Water run-off from impermeable
urban surface triggers significant landslides and gullies, which
contribute to soil erosion and reservoir siltation.

Hydropeaking Effects
Despite environmental obligations of the dam operating
companies, the fish ladders operate only occasionally. When
facing technical problems, such as solid waste blockage, typical
management practices consist of changing river flows. According
to the HP management at Ruzizi II, downstream flow is emptied
every Wednesday and Sunday for almost two hours for purposes
of turbine maintenance and solid waste evacuation leading to
hydropeaking in the riverine ecosystem (Liévin Cizungu, Pers.
Comm.). Figure 6 shows operating discharges at Ruzizi I ranging
between 60 and 100 m3/s for ~86% of the time (Figure 6).
Extreme values occur only ~14% of the time. From 1989 to
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2003, Ruzizi I operated within its expected range of electricity
production (Figure 5) with enough water in the bypass (35 m3/s,
i.e., ~30% of the average river flow; Figure 6). According to
Figures 5, 6, all incoming water was used from 2004 to 2009
without any perceptible increase in power production (Figures 5,
6). This reveals that technical problems including maintenance
and ageing equipment have increased the environmental impact
of these dams.

Flood frequency analysis of the Lake Kivu outflow shows that
the natural Ruzizi discharge remained stable and did not
experience any important interannual or seasonal
perturbations. The highest flood flow over the last 5 decades
occurred in 1998 at a peak of 143 m3/s with a recurrence interval
of 76 years (Supplementary Table S1). A similar peak flow
(140 m3/s) occurred once in 1963 simultaneous with the so-
called “Centennial” rising of the Rivers Congo and Nile
(Bergonzini et al., 2002; Muvundja et al., 2014) but associated
with a recurrence interval of 38 years (Supplementary Table S1).
In terms of power production, neither Ruzizi I (Figure 5) nor
Ruzizi II ever reached their installed capacity (SHER and
ARTELIA, 2017). At Ruzizi I, turbine discharges ranged
between 43 and 112 m3/s from 1989 to 2009 (Figure 5), a
period during which lake water levels allowed full utilization
capacity, except during the 2004-to-2006 dry spell (Muvundja
et al., 2014). By contrast, electricity production trends during this
period (Figure 5) indicate that power production fluctuations
depend on lake outflow and dam operation. HP plants work only
at ~60% of their capacity regardless of available flow. The 16 and
25 MW (Table 1) production thresholds for Ruzizi I and Ruzizi II
can each be reached without emptying the bypasses and/or
closing the fish ladders. This allows reserving enough E-Flow
to bypass the dams. Our calculations yielded a flow of 42 m³/s as
representing 40% of MAF, a value widely accepted by E-Flow
experts (Tennant, 1976; Acreman and Dunbar, 2004; Linnansaari
et al., 2013; Pastor et al., 2014). This volume of water supports
ecosystems by maintaining aquatic habitats for native biota
(plankton, macroinvertebrates, macrophytes, fish, and
mammals; Annear et al., 2004).

The ecosystem disturbance caused by dams depends on both the
quantity of water and its flushing rates. Hydropeaking floods and
scours the downstream riverbed for up to two hours twice per week,
flushing out plankton, macroinvertebrates, fish, food sources, eggs,
and larvae (Bruder et al., 2016; Tonolla et al., 2017). During these
events, mobile or nektonic organisms can take refuge in isolated
waters. At these extreme flow rates, fragile organisms washed
downstream suffer low survival rates. Even accidental drowning
events (especially affecting children) have occurred several times
downstream of Ruzizi II. Hydropeaking often results in poor
macroinvertebrate diversity in dammed rivers (Bruder et al., 2016).
Habitat changes caused by upstream floods resulted in declines for 1)
fish species in the Ruzizi River (e.g., haplochromines and cyprinids;
Munini et al., 2011), 2) zooplankton such as Alona sp. and
Ascormopha ecaudis (Kisekelwa and Isumbisho, 2009), and 3)
macroinvertebrate species (Hyangya et al., 2011).

Management practices impact the distribution of biota
downstream of dams (Mantel et al., 2010). Declines in lake fish
stocks reported by fishermen result from disruption due to

hydropeaking during critical developmental stages. Overfishing
may have also exacerbated the situation. Fishing communities
argue that some species have become extinct and no longer
appear either upstream or downstream (Bahimba Janda Morgan,
Mumosho, pers. comm.). Despite their adaption to unstable
hydrology, even cyprinid fish (Barbus spp.) appear impacted.
These fish can swim through rapids and temporarily migrate into
small tributaries for spawning and refugia (Masilya et al., 2020).
Following E-flow protocols and other practices can mitigate these
impacts (Tennant, 1976; Pastor et al., 2014). Specifically, Leclerc and
Quintero (2003) suggest the following for hydroelectric projects:

(1) Always maintain between 28 m3/s (40% MAF) and 62 m3/s
(Q90) of water flow in the bypasses and fish ladders to sustain
permanent outlets and allow upward and downward fish
migration at any time. Dam operators should always keep
fish ladders operational to help migratory fishes move up and
down the river bypass. The E-Flow will also help rehabilitate
the cultural and religious site of Butagarura Falls near the
Ruzizi II dam.

(2) Improve the management of water releases to reduce the
impacts of hydropeaking on biota. Water can be released
incrementally allowing motile organisms in and below the
reservoir to survive such events (Ledec and Quintero, 2003).

(3) Fish hatcheries should be implemented to support populations
of native fish species such as tilapia and African catfish in the
reservoirs. Fishing regulation should be enforced to maintain
viable populations of commercial fish species.

(4) The area needs a long-term and integrated waste
management plan for towns and facilities within the
catchment and adjacent to the reservoir.

Forthcoming dam construction projects should install
adequate reservoir volumes for flow requirements. Project
planning should specifically include a minimum flow of
~28 m3/s (outside the turbines) to avoid unrealistic estimates
of power production. A 10% of MAF E-Flow estimate suggested
for Ruzizi III (ONEC-BAD 2015) will not suffice and should be
revised prior to project implementation.

Surface Sediment Transport
Sedimentation reduces live storage and power generation over
time and thus compromises the HP and environmental services
provided by the dam (Ledec and Quintero, 2003). Greater
turbidity and longer stagnation in the reservoir lead to higher
sedimentation rates.

Ruzizi River turbidity varies from levels appropriate for
natural waters (e.g., T < 25 NTU; domestic use, fisheries, and
recreation) to high suspended particle concentrations of T > 25
NTU (MPCA, 2008). According toMPCA (2008), turbidity levels
of 25 NTU in rivers and streams equal a suspended particle
concentration of ~58 mg/L. This value can vary significantly for
individual streams and rivers even within the same large-scale
catchment (MPCA, 2008). For the Ruzizi River basin, 25 NTU
was surprisingly consistent with the empirical value of 58 mg/L.

Population density (>400 inhabitants/km2), topographic relief
in the Kivu region, intense pluviosity, and soil degradation cause
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considerable erosion and frequent landslides in the Ruzizi
catchment (Muvundja et al., 2009; Eisenberg and Muvundja,
2020). This contributes to high levels of turbidity in the Ruzizi
River. A high correlation (r = 0.79; N = 12) between precipitation
and turbidity (Figure 6) confirms this interpretation. Turbidity
recorded during the dry season (~10 NTU) represents a baseline
more or less corresponding to Lake Kivu seston, which matches
surface water turbidity (10–20 NTU; Pasche et al., 2013).

Soil erosion represents a major environmental issue in this region
given the impacts of reservoir siltation. A related study reported an
erosion rate of ~577 kt/yr for the entire catchment (Eisenberg, 2018).
A corresponding area-normalized value of ~5 kt/km2/yr falls within
the range of an 8.4 kt/km2/yr estimate reported in Nambajimana
et al. (2020) for soil losses in the same river catchment of the
Rwandan District of Rusizi. The present study estimated surface
sediment transport of ~1 kt/km2/yr (see above). This represents only
a quarter of the loss estimated by Eisenberg (2018). The discrepancy
may reflect the large quantity of soil particles deposited as sediment
within the catchment along tributaries and within the reservoirs.
Comparing the Ruzizi catchment with neighbouring subcatchment
of Lake Kivu having similar soil types, land use, and geological and
climatic conditions can help constrain the understanding of soil loss
risk as it applies to the Ruzizi catchment. The area-specific TSS load
transported by the Upper Ruzizi reaches values three to four times
higher than those reported for Kawa, Mugaba, and Murhundu
Rivers and 14 times higher than those reported for the whole
Lake Kivu catchment average (Muvundja et al., 2009).

Reservoir siltation implies nutrient removal from waters
downstream of dams. Data given in Muvundja et al. (2009)
exhibited a high correlation (TP � 0.5989pTSS − 38.893, R2 =
0.94; n = 6) between area-specific TSS load and the total
phosphorus (TP) load for Lake Kivu tributaries close to Bukavu
(excluding the polluted urban stream of Kahuha). This confirms that
turbidity matches soil-based nutrient losses and nutrient enrichment
in rivers. This confirms the interpretation that the dams act as
barriers for both sediment and nutrients, and they facilitate
longitudinal transport of dissolved nutrients compared to
nutrients deposited by settling the particulate matter.

The Ruzizi II reservoir suffers from greater soil erosion, siltation,
and flooding. The bottom waters of the reservoir were 62% more
turbid than surface waters. This indicates that incoming particulate
material and nutrients predominantly sink to bottomwater areas but
remain susceptible to transport. Based on their work on Lake Brienz
(Switzerland), Finger et al. (2006) reported that HP dams drastically
diminish particle fluxes and filter solid particulates according to size
and density. Coarser particles settle in upstream areas of the
reservoir, while fine-grained particles remain suspended and pass
downstream. These researchers found that only ~3% of the fine-
grained materials were deposited as sediment. We therefore assert
that the suggested minimum flow would help maintain sediment
transport downstream of dams even though some siltation would
still occur.

Measures to mitigate reservoir sedimentation require effective
catchment management. Management can include the
implementation of conservation practices on agricultural land
such as terracing and planning of road construction, mining
projects, and other land use changes using sustainable best

practices (Ledec and Quintero, 2003). A protected area
established in the Ngomo mountainous region, which abuts
the Ruzizi IV (Sisi V; Figure 1), would reduce sediment flows
into reservoirs of planned future dams (SHER and ARTELIA,
2017).

Water Quality
Low DO concentrations likely arise from waste discharges along the
course of the river, which stimulate increased microbial oxidation of
organicmatter (Patnaik, 2005).While the averagemeasuredDO falls
within ‘good’ water quality standards (Riziki, 2016), water samples
gave a mean COD of 623mg/L (Supplementary Table S4). Values
indicate voluminous quantities of oxidizable organic and inorganic
pollutants (Otukune andBiukwu, 2005). The total alkalinity contents
of water samples fell within TSI-266 (2005) andWHO (2008) limits.

Nutrients, such as bioavailable forms of phosphorus and nitrogen
(ammonia, nitrate, and nitrite), can strongly impact lakewater quality
(Şener et al., 2013) due to their role in eutrophication (Soulsby et al.,
2001). Orthophosphates can rapidly be absorbed by plants and
generally exert a greater influence on eutrophication than nitrogen
(Sharpley et al., 2001). The pH- and temperature-dependent, un-
ionised forms of ammonia, however, pose high toxicity risk to fish
even at low concentrations (Debels et al., 2005). Most of NH4

+

concentration measurements fell within acceptable standard limits
(0.5mg/L, WHO, 2008; Rodier, 2009). The NO2 contents of water
samples collected upstream of Ruzizi I exceeded permissible TSI-266
(2005) andWHO (2008) limits. Most sample sites yielded phosphate
values higher than eutrophication-limiting values (0.1mg PO4

3-/L;
Bartram and Balance, 1996; Rodier, 2009; Şener et al., 2017). All silica
values fell within permissible WHO (2008) limits. The highest silica
concentration value occurred upstream of Ruzizi I likely reflecting the
Lake Kivu origin of Ruzizi waters.

CalculatedWQI values ranged between 600 and 800 (Table 2).
The computed WQI average for all monitored stations was 271.
This value exceeds WHO standard values (Table 2) and falls
within the category of poor quality for drinking water (Sahu and
Sikdar, 2008; Yidana and Yidana, 2010). The high WQI likely
arises from municipal waste and organic loads generated by
agricultural activity. While solid waste was not investigated by
this study, solid waste accumulation is a significant problem. The
Ruzizi I and II reservoirs respectively receive 1,200 and 1700 m3/
yr consisting of 60% domestic organic waste and 40% industrial
solid waste (EGL, 2015). This material limits power generation at
the two dams (SNEL and SINELAC, Pers. Comm.).

Sustainable Management of Ruzizi and
Other African HP Dams
Sustainable management of HP resources requires a minimum flow
tomaintain (as best as possible) the “natural river course.”This limits
sediment accumulation in reservoirs. Local government and dam
managers need to implement agricultural practices that reduce land
degradation and soil/nutrient loss. This will improve the river water
quality and expand the ecosystem services provided by both the land
and rivers. Soil conservation and habitat expansion can support
riparian communities. Dam maintenance requiring flow cessation
(repairs and cleaning) should use incremental changes in flow to
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avoid scouring of the channel or catastrophic downstream transport
of aquatic organisms (juveniles and even adult fishes,
macroinvertebrates, and zooplankton). According to Welcome
et al. (2006), poor flow control can devastate species that produce
semi-pelagic eggs. Consistent, natural flows disperse eggs and larvae
to new habitats representing appropriate juvenile nursery grounds
on floodplains or in backwaters.

The plastics and other solid pollutants in Lake Kivu and the Ruzizi
River require a comprehensive and integrated waste management
plan. Such an initiative could also support Lake Tanganyika, a body
fed by the Ruzizi River and a hot spot of freshwater biodiversity. Dam
management could fund waste management by allocating resources
equivalent to what they lose in electricity production caused by waste
evacuation towards recycling orwaste capture/reduction programmes.
Current initiatives of converting plastic waste to cobblestones and
building blocks offer examples of creative and economically lucrative
waste diversion. The river and reservoir projects face the dual problem
of poverty and human encroachment along the riparian corridor and
reservoir areas. Initiatives wherein HP companies work with local
communities to reduce poverty, conduct restoration andprotect buffer
zones between the river and human settlements or cultivated land
along the HP dam cascade could reduce reservoir siltation and
pollution. Specialized agricultural methods such as terracing,
afforestation, and pasture improvement for steeply sloping areas
can reduce landslides, gully formation, and erosion. Each of these
compromises the environmental integrity of tributaries and the Ruzizi
dam operations. Finally, government agencies should enforce EIA
policies and regulations regarding forthcoming HP dams.
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