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ARTICLE INFO ABSTRACT

Available online 10 July 2008 Eco-hydrological studies are highly emphasized worldwide at the moment especially where hydraulic
structures such as dams are concerned, mainly focusing on benefiting both humans and existing ecosys-

Keywords: tem for the present and future generations. The study at Pangani basin was aimed at assessing the suffi-

Flow duration curve ciency and the amount of flow reaching the downstream area of the Pangani River for maintenance of

Hydraulic parameters ecosystem. Fish species were considered as the indicators for ecosystem health.

Microhabitat
Ecohydrology
Physical habitat

Flow duration curves (FDC) and hydrographs were developed by using the collected historical daily flow
data and used for assessing the flow variation before and after Nyumba ya Mungu (NYM) dam construc-
tion. The results showed that there is no seasonality and that for most part of the year the flow is within
20-40m?3/s. From the comparison it was found that there is 42.7% decrease in Qs, 2.1% decrease in Qgs,
38.9% increase in Q;s5, 23.4% increase in Qs and decrease of percentage exceedence of 50m?/s by 61.5%.
Physical habitat simulation model (PHABSIM) was used for hydraulic simulation incorporating geometric
and flow data collected in the field. From the simulations minimum flow for habitat protection is about
15m?/s and for flood formation flows should be greater than 50 m?/s. Thus the required reservoir outflow
for sustainable water resources management at the NYM should follow the above specifications.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction of Kirua swamp area, in order to know the sufficiency of the con-
trolled releases for maintenance of ecosystem in comparison to
Eco-hydrology defines new approaches to freshwater protec- when the flow was natural.

tion, restoration and management, thus one increases opportuni-
ties for ecosystems maintenance. Eco-hydrological studies on river
systems have two main purposes: first, they are used to develop an
understanding of the relationship between the various parts of a
river ecosystem (channel, wetlands and floodplains, banks, ground-
water, estuary; and their plants and animals (the biota)) and flow;
and secondly, they are used to advise management on how flows
can be manipulated for offstream purposes whilst holding changes
to the river within acceptable limits (King, 2007). Recently there is
an increasing number of countries such as South Africa which have
engaged in eco-hydrological studies successfully within Africa, but
in Tanzania it is still a new concept being applied recently in some
rivers. In the Pangani basin as a result of the Nyumba ya Mungu
(NYM) dam construction in mid 60s a number of researchers such
as (MoW, 1996; PBWO/IUCN, 2007) have commented on the effects
to the aquatic ecosystem as well as the environment downstream.
Hence the rising need for this eco-hydrological study which is
done by determining flow variation assessments before and after
the dam construction, and also hydrological and hydraulic features ~ 2.2. Methodology

2. Description of the study area and methodology
2.1. The study area

TheKiruaswamps arelocated between Latitudes 0f4°07'-4°34'S
and Longitudes 37°26'-37°44'E within the Pangani basin just down-
stream of NYM dam. The dam is one of the most important man-
made regulating reservoirs on the river, which started operation
in 1968 incorporating a power plant with a capacity of producing
8 MW and ever since the flow downstream has been controlled. The
swamps were estimated at 90,000 ha by Ivo-Norplan (1997) and it
is said to have decreased to 36,500 ha (IUCN 2, 2006). Downstream
of the dam there is a gauging station 1D8C serving the inflow into
the swamp area. Fig. 1 shows the study area within the Pangani
basin, the gauging stations and the layout sketch of site selected.
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Fig. 1. Map of Kirua swamp system. G/S=Gauging Station; Gbs=Bushed grassland seasonally inundated; Go=0pen Grassland; Gos=0pen Grassland seasonally inundated;

S/M=Permanent Swamp/Marsh. (Source: Modified from Moges, 2003).

data and time. These methods as stated by King et al. (2000) can
be categorized into hydrological methodologies, hydraulic method-
ologies, habitat simulation methodologies and holistic methodolo-
gies.

The criteria for selection of methodologies were to capture the
trend of flow variations with time; relate hydraulic parameters at
present to ecology; limited field data; rapidness and effectiveness;
and inexpensive. Thus in this study we settled for hydrological and
hydraulic methodologies, with fish as species of ecological impor-
tance.

2.2.1. Hydrological methodologies

There are numerous methodologies that rely primarily or solely
on hydrological data for deriving environmental flow recommen-
dations, requiring only historical flow records. Also they are highly
appropriate at the reconnaissance level of water resource develop-
ment and for planning purposes, providing routine, yet low reso-
lution estimates of quantities of water to be set aside for environ-
mental maintenance. Such methods include Tennant method (or
Montana method) according to Tennant in King et al. (2000) and
flow duration curve analysis (FDCA).

Flow duration curves display the relationship between dis-
charge and the percentage of time that it is exceeded. Where his-

torical flow records are analysed over specific durations in FDCA,
according to Gordon et al. in King et al. (2000), FDCs are used to
derive specific flow percentiles (percentage exceedance values)
associated with required suitable river conditions, often in com-
bination with professional judgement, to produce environmental
flow recommendations. Most recent methodologies based primar-
ily on hydrological indices, also incorporate biological criteria in
some instances (King et al., 2000).

Weaknesses of hydrological methodologies are: from ecological
perspective is that it does not adequately address the dynamic and
variable nature of the hydrological regime and also due to lack of
ecological information as input, professional judgement is essen-
tial when these methodologies are employed.

The collected historical flow data were daily series from 1957
to 1994 for 1D8C. The data were then split into two groups rep-
resenting natural and modified flow regime i.e. 1957-1967 and
1969-1993, respectively with highest flow of 255m3/s and lowest
2m3/s. Thus the FDC and hydrographs were developed for compari-
son between natural and modified regime (controlled releases).

2.2.2. Hydraulic methodologies
Hydraulic rating methodologies can be considered as an advance
over purely hydrology based ones because they incorporate
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ecologically based information on the instream and physical
habitat of the biota. The most commonly used hydraulic method-
ology is the wetted perimeter method as stated by Tharme in King
etal.(2000).In this study the derived relationship between changes
in wetted perimeter and changes in flow values will be utilized in
minimum flow recommendation. These methodologies enable a
fairly rapid, though simple, assessment of flows for maintenance
of such habitat areas for requirements such as fish spawning and
passage. Also they are sufficiently flexible for application to many
aquatic species and activities, and are low to moderately resource
intensive. For high efficiency in derivation of hydraulic parameters,
a model is applied as explained in the sections below.

Weaknesses of hydraulic methodologies are: they rely on the
assumption that a single hydraulic variable or group of variables
can adequately represent the flow requirements of target species
for a particular activity and cannot be used easily for other out of
channel components of the riverine eco-system such as riparian
vegetation (King et al., 2000).

2.2.3. Hydraulic models

There are a number of reliable hydraulic models which have
been established and utilized successfully worldwide, but in this
case PHABSIM fitted well the criteria for method selection. The
PHABSIM model is a habitat hydraulic model, part of a broad con-
ceptual and analytical framework for addressing stream flow man-
agement issues. It mainly predicts physical microhabitat changes
associated with flow alterations such as reduction of stream flow.
In carrying out hydraulic simulations it assumes that the shape of
the channel does not substantially change with discharge over the
range of flows being simulated.

Water surface profile program (WSP) was used to predict longi-
tudinal profiles of the water surface elevation changes over a range
of simulated discharges. This program utilizes MANSQ program
(whose main equation is Manning’s) in supplying initial water
surface elevation. Also velocity simulation and average depth
parameters simulation are carried out. The governing equations
are continuity, energy and manning’s whereby continuity is useful
for flow balance calculation; energy equation is for calculation of
total energy of stream at given cross section and it accounts for net
effects of energy loss between adjacent locations within stream
reach; and manning equation defines energy slope at each loca-
tion.

In PHABSIM, inputs are geometric and flow data as shown
in Tables 1 and 2, as obtained from field work carried out in the
month of April. All measurements were done with respect to the

Table 1

Summary of geometric data

Transect name  Reach length Thalweg(m) WSL(m) Water depth (m)
(m)

Ty 0 97.482 98.748 1.266

T, 61.741 97.323 98.774 1.451

Ts 119.012 97.035 98.794 1.759

Ty 173.095 97.332 98.799 1.467

Table 2

Summary of River flow data

Transect Measured hydraulic flow parameters

s;:ég;s Total width Total area, Total Mean Water surface
E— of Water A (m?) discharge, velocity, level, WSL (m)

surface, W (m) Q(m3/s)  Vm(m/s)

Ty 60.70 - - - 98.748

T, 67.15 33.655 15.4 0.487 98.774

T3 46.20 41.956 14.0 0.320 98.794

Ty 46.47 37328 13.5 0.339 98.799

established Temporary Benchmark (TBM), at left bank of cross sec-
tion 1 whose elevation was set at 100 m. Four cross sections were
established with critical hydraulic control in the first cross section
as shownin Fig. 1, which also shows the reach lengths between tran-
sect 1 and 2 as 61.741 m, transect 2 and 3 as 57.271 m and between
transect 3 and 4 as 54.083 m, thus the total length of study reach
is 173.095m. The average measured width of water surface in the
study reach is 55.13m. The reach lengths once measured were
used for calculation of slope which is required in the hydraulic sim-
ulations. The criteria for the site selection were channel straight-
ness, hydraulic control presence and absence of flow interference
among others as specified by King et al. (2000).

Ecological data collected were from literature and from the sur-
rounding field, riparian vegetations and fish. Fish such as the Bar-
bus spp. and Synodontis spp. were collected at the time.

3. Results and discussion
3.1. Hydrological results

3.1.1. Flow variation assessment

Flow duration curves drawn for the natural and controlled
releases are as shown in Fig. 2. It can be seen that there is a sharp
drop between 0% and 10% for the controlled releases. Quantitatively
there is a 42.7% decrease in Qs, 2.1% decrease in Qgs, 38.9% increase
in Qys, 23.4% increase in Q5o and 1.4% decrease in Q,s. Also from
the hydrographs developed in Fig. 3 (incorporating the obtained
percentiles) it can be seen that before dam construction there was
a natural flow variability i.e. season to season, year to year, and
afterwards that isn’t the case. The Q5 have decreased from 90 m3/
s to 50m3/s which represents higher flows and for most of the
time after dam construction due to the controlled releases flow is
between 20 m3/s to 40 m3/s that is in between Q,5 and Q5.

3.1.2. Impact on ecology based on hydrological findings

Reduction in high flows occurrence has great negative impacts
on fish in terms of productivity. Higher flows in the case of Kirua
flood the banks leading to swamp and floodplain formation, and
flooding once in a while is necessary for fish spawning, feeding,
growth of young fish species and washing away of nutrients from
floodplains into the river, thus increasing reproduction and fish
population. The increase of duration of low flow periods in the
river places enormous stress on people within the area undermin-
ing their capacity to grow crops, as well as taking a toll on freshwa-
ter species and habitats. The flow variations from season to season,
year to year (low flows, high flows, medium flows), are useful in
maintaining the biodiversity and resilience of the system thus mak-
ing it more able to cope with human disturbance. Moreover the
majority of Chiloglanis spp. which was collected in the study area
are said to be riffle dwelling species and are dependent on peren-
nial flow during all stages of their life cycle. Such requirements
provide important pointers as to the magnitude, distribution and
constancy of low flows needed during dry season.

3.2. Hydraulic results

3.2.1. Hydraulic simulation findings

The hydraulic model was calibrated using the obtained natural
flow percentiles 5%, 50%, 75%, 95% and then it was verified using
discharge values 5, 25 and 50 m?/s whose effect is known as stated
in literature (MoW, 1996d; Ivo-Norplan, 1997). Whereas flow
above 50m3/s is said to cause flooding of the whole area, 25m3/s
is known to cause flooding of some areas only and at 5m?/s most
parts are dry. For application return period floods (2, 5, 10, 20, 25,
50 and 100 years) were established by one of the recommended
(Mkhandi, 1997; Babak et al, 1993) flood frequency analysis
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Flow duration curve for before and after Nyumba ya Mungu dam construction
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Fig. 2. Flow variations by flow duration curves.

Flow hydrographs for before and after Nyumba ya Munqu dam construction
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Fig. 3. Flow variations by flow hydrographs.
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Longitudinal profile showing WSL for the return period floods
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Fig. 4. Longitudinal profile for the return period floods.

approach namely Log Pearson type III, the resulting profiles are
as shown in Fig. 4. Fig. 4 shows the longitudinal bed profile over-
topped thus the area is completely flooded, and also water surface
levels (WSL) attained under measured flow of 15.4 cumecs during
field work is shown.

3.2.2. Impact on ecology based on hydraulic findings

From the hydraulic simulations the response of hydraulic
parameters such as wetted perimeter, wetted width, hydraulic
depth, hydraulic radius, average velocity and cross sectional area
with respect to flow changes is significant. These parameters are
important in analyzing the habitat of fish species. Most of these
parameters increase as discharge increases. Also variations of stage
with discharge is as shown in the stage discharge graph in one of
the cross sections in Fig. 5, whereby it can be seen that at the high-
est stage flow is also highest and vice versa. Also in the figure it
shows that for flow to be above 50 m3/s the stage should be greater
than 99.35m, thus given the stage values flow values can be deter-
mined from these graphs.
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The effect of very low flows such as less than 5m?3[s, which has
been occurring after dam construction, can also be seen, whereby
the channel wetted area and width are greatly reduced. Flow vari-
ations whether high, medium or low impact on hydraulic param-
eters very significantly. It implies among many other hydraulic
parameters, the greater the wetted perimeter the higher the diver-
sity of fish species and quantity. Fish of many species move into
inundated forest at high water to breed and feed and back to low
water channels as level falls. Some fish mainly young remain in
pools and as the level falls those fish, which can tolerate deoxygen-
ated conditions, remain in swamps. Some fish such as Cyprinids
Garra and Labeo, Catfishes Chiloglanis are adapted to fast moving
water (Lowe, 1987). When the flow increases, the index of safe wad-
ing conditions at a cross section decreases.

Results from cross section 1 (place of critical hydraulic control)
exhibit sensitivity of width, depth and velocity to flow changes
and being shallowest would indicate critical water level needed
to protect all habitats. Once a minimum level of flow is estimated
other habitats such as pools and runs are satisfactorily protected.

Stage Discharge Graph for Cross section 1
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Fig. 5. Stage (elevation in metres above datum) discharge curve for cross section 1.






