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Fish habitat requirements are an essential aspect of
the estimation of environmental flows. In India, a few
studies have proposed environmental flows for the
major rivers on the basis of qualitative observation or
expert opinion. As part of a study regarding the effect
of altered flow across the Godavari river on fishes,
we estimated flow requirement of the fishes using a
physical habitat simulation model (PHABSIM). This
model uses habitat requirement of selected fish species
in the form of habitat suitability curves (HSCs)
against river habitat availability. We developed HSCs
for five economically important fishes (Bangana dero,
Cirrhinus cirrhosus, Labeo calbasu, Labeo fimbriatus
and Wallago attu). These HSCs indicate that B. dero
prefers high velocities (0.9-1.2 m/s) compared with the
other species and that L. fimbriatus prefers deeper
areas (1.2-1.5 m). C. cirrhosus uses low flows with
moderate depth (0.3—0.6 m/s; 0.6—1.5 m). The HSCs
were used in PHABSIM along with instream habitat
data recorded from four cross-sections to predict the
weighted usable areas (WUAs) of the fishes. The rela-
tionship between habitat area and discharge was used
to predict the minimum acceptable flow for maintain-
ing fish habitats. On the basis of the WUA-discharge
relationship curve, 26% of the mean flow was recom-
mended as the minimum ecological flow required be-
low the Polavaram dam of Godavari river.

Keywords: Environmental flow, habitat suitability
curves, instream flow incremental methodology, river
fishes.

ESTIMATION of water flows required for sustaining the
aquatic biodiversity in modified rivers due to regulated
flow is a significant challenge. More than 200 flow esti-
mation methods are available', and most of them are
based on either qualitative data or expert knowledge and
not backed up with species habitat requirements. Recent
reviews of minimum flow methods suggested that the use
of methods that link biologically transformed variables
with hydrological data for estimation of environmental
flows is more meaningful®’. Therefore, habitat suitability
models that predict the effects of altered or reduced flows
on aquatic life are more appropriate in flow estimation’*.

*For correspondence. (e-mail: jaj@wii.gov.in)
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Among the habitat models, physical habitat simulation
model (PHABSIM) is a widely used method. PHABSIM
uses fish habitat requirements based on the instream flow
incremental methodology™ . The essential requirement of
PHABSIM analysis is the habitat requirement of selected
aquatic species in the form of habitat suitability curves
(HSCs) against river velocity, depth and substrate.
PHABSIM also calculates an index of microhabitat area
known as weighted usable area (WUA), which is charac-
terized by various combinations of weighted suitabilities
for hydraulic or structural conditions’. This method is
widely used in many developed nations for the allocation
of water flow for sustainable management of fish diver-
sity in major rivers’ *. PHABSIM has always focused on
umbrella or flagship species because of their high value
to society’. It can also be used to protect threatened fishes
due to impediment river flows by providing the flow they
require’. In India, environmental flow assessments are
still in a nascent stage. The first information on environ-
mental flow in major Indian rivers appeared in 2006 (ref.
10), in which flow estimation was calculated based on the
environmental management class (EMC) of rivers includ-
ing the Godavari. According to the EMC of River Goda-
vari, about 24.5% mean annual run-off was suggested to
maintain class ‘C’ status at the downstream of the river'.
Subsequently, Kumara er al.'' estimated environmental
flow for River Bhadra based on biophysical and socio-
economical assessment methods. In recent years, a few
studies have proposed environmental flows for major riv-
ers such as the Ganga (Upper Ganga Basin) and Sone on
the basis of EMC and biodiversity value of the sys-
tem'>"?. All these methods are based on available eco-
logical information of the river system, fish diversity as
well as expert judgement.

However, no attempt has been made to assess flow re-
quirement on the basis of fish habitat. No effort has been
taken to document the HSCs of aquatic species in India.
Hence, in the present study we estimate the flow re-
quirement for selected fishes in the Godavari using site-
specific HSCs of fishes such as Bangana dero, Cirrhinus
cirrhosus, Labeo calbasu, Labeo fimbriatus and Wallago
attu in the PHABSIM framework.

The Godavari is the second largest river in India.
Originating from the northern Western Ghats at Triam-
bakeshwar in Nashik district, Maharashtra, it flows east
through the Deccan plateau travelling a length of about
1465 km and finally empties into the Bay of Bengal in
Andhra Pradesh (Figure 1). The catchment area drained
by the Godavari receives much more rainfall during the
southwest (SW) monsoon (June—September) than the
northeast (NE) monsoon (October—November). Conse-
quently, most of the water flow of the river is between
June and September. The area receives rainfall ranging
from 889 to 1016 mm annually. This river basin has the
largest number of dams in India — nearly 350 large and
medium-sized dams/barrages having been constructed'*'>.
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Figure 1.

An irrigation barrage has been built on the lower stretch
at Dowleswaram (about 80 km before the river meets the
sea). The water level begins to rise at Dowleswaram as
soon as the SW monsoon sets in at the western catch-
ment, i.e. in Maharashtra. Although the high-flood season
ends by October, there are occasional floods during the
subsequent months, but these are caused by the NE mon-
soon.

The present study was carried out between March and
May 2012 below the Polavaram dam, where a multi-
purpose dam is under construction (120 km above the
river mouth). The width of the river at Polavaram is more
than 500 m, but the wetted channel width during the lean
season is 70—100 m, and the mean average discharge of
the river is 2578 m’/s (on the basis of the Central Water
Commission data for the last 10 years). Four representa-
tive cross-sections were established just below the pro-
posed dam site at 2 km intervals (Figure 1). The lower
Godavari mostly consists of a shallow, open channel with
no overhanging vegetation, velocity shelters or aquatic
vegetation. The riverbed is uniformly sandy. The riparian
vegetation on both banks is entirely altered, containing
only a few scatted trees and shrubs, which provide shelter
for small fishes.
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Location map of the study area in the Godavari river, India.

We selected a site in the downstream section of a pro-
posed dam on the Godavari river for the PHABSIM
study. As the riverbed is uniformly sandy and the habitat
is homogenous throughout, four cross-sections were des-
ignated to quantify the habitat availability at two pools
and run habitats. Table 1 presents the habitat characteris-
tics of each transect, such as length, width, mean depth
and velocity. These were considered representative
reaches containing the habitat types of the entire down-
stream stretch of the river. At each transect, the flow,
depth and substrate type were recorded at 4 m intervals
across the channel as well as along the length of the habi-
tat. The channel depth was recorded using a graduated
depth rope with a sinker. Two local fishing boats were
engaged to carry out the survey. A rope of 50 m length
was tied to the bank, while the other end was kept in the
boat, which was anchored in the middle of the channel,
and measurements were made across the channel by hold-
ing the rope. The water column velocity was recorded at
40% of the depth from the water surface (at the middle of
the water column). The water velocity was measured us-
ing a water current meter (Global Water Flow Probe Me-
ter, USA) with a digital recorder. All measurements were
made by moving back and forth using the boat.
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Table 1. Habitat characteristics of the PHABSIM study site during the lean flow season (April 2012). Depth and velocity are
maximum values along each cross-section

Transect Habitat type Length (m) Width (m) Maximum depth (m) Velocity (m/s)

1 Pool with sandy bed 60 140 1.33 1.10

2 Run with sandy bed 75 134 1.16 1.08

3 Run with sandy bed 66 146 1.26 1.12

4 Pool with sand bed 45 126 1.41 0.98

In the aquatic environment, the term ‘instream habitat’
refers to the water velocity, depth and substrate'®. Fishes
are more abundant in high quality of physical structures
(depth, flow and substrate) within the channel than in
poor quality of physical structures. Successful implemen-
tation of PHABSIM requires acquisition of accurate and
realistic instream habitat suitability criteria for the target
fishes. Therefore, the HSCs required for PHABSIM in-
clude continuous variable or univariate curves designed
to encompass the expected range of suitable water depth,
water velocity and substrate type. The habitat use of five
fishes was utilized in this study as these are the economi-
cally important, larger fish species reported from the
downstream area'’. Field measurements relating to the
habitat use of the selected fishes were conducted using an
aquascope from the anchored boat during daytime in
clear sunlight. For each observation, a marker stone was
placed and the depth and flow measurements were re-
corded. In addition to direct observation, fishes, espe-
cially W. attu, were immobilized using bottom-set mono-
filamentous gill nets (20 m long x 2 m wide; three nets,
mesh sizes 24, 28 and 32 mm). After 2 h of efforts at
each location, the positions of the fishes were marked
from their positions in the net, and the depth and flow
measurements were recorded. Then the fishes were re-
leased from the net. As the substratum of the study area is
uniformly sandy and open, information on substrate use
was not included in the habitat suitability estimations. On
the basis of the estimates, HSCs were prepared for the
five target fishes according to the procedure outlined by
Bovee'® and Jowett'’. The depth and velocity measure-
ments were divided into different classes (depth class:
0.1, 0.3, 0.6, 1.0, 1.2, 1.5, 1.8, 2.0 m and <2.0 m; velocity
class: 0.2, 0.3, 0.5, 0.6, 0.9, 1.2 m/s and <1.2 m/s). At
each class, the frequencies of observed available habitat
and use by fish were generated. Then the preference for
each class interval of the measured variables was com-
puted from the estimated relative frequencies of utiliza-
tion and availability as

P;=Ui/A;,

where P; is the relative preference value of a target spe-
cies for a specific interval of the measured variable; U;
the proportion of utilization of a specific interval of the
measured variables and A4; the proportion of a specific in-
terval of the measured variables in the studied river sector
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at the time the fishes were sampled. The resulting ratio
was normalized to a preference scale of 0 to 1 using the
equation

P,= P;/max P,

where P, is the normalized index of preference at each in-
terval of the variable and max P is the maximum index of
preference for the range of the variable P;. Finally, HSCs
for each species (using depth and velocity) were gener-
ated by plotting against their suitability values. These
attributes were termed ‘elective criteria’'® under the
assumption that species will elect to leave an area when
conditions become unfavourable. These habitat suitability
attributes were used to generate the WUA in PHABSIM.

In the present study, habitat modelling approach was
adopted to stimulate and assess the ecological efforts of
physical aquatic habitat changes due to regulated flow,
and to assist decision on acceptable flow regime neces-
sary for aquatic species. Habitat hydraulic modelling
(HABTAE) in PHABSIM was used to determine the
characteristics of the river in terms of depth and velocity
as a function of discharge for the full range of discharge
value from 7 to 170 m*/s. In the habitat modelling proc-
ess, hydraulic information of the river was integrated
with the habitat suitability criteria for selected fishes to
obtain the available physical habitat as a function of dis-
charge. The general principle behind the habitat model-
ling programs within PHABSIM is based on the
assumption that aquatic species will respond to changes
in the hydraulic environment®. These changes are simu-
lated for each cell in a defined reach of a river/stream.
The reach simulation takes the form of a multi-
dimensional matrix of the calculated surface areas of a
stream having different combinations of hydraulic pa-
rameters such as depth and velocity. The depth and veloc-
ity attributes vary with the simulated changes in
discharge, causing changes in the amount and quality of
the available habitat. Finally, WUA of the fishes was cal-
culated as a function of discharge and species habitat
suitability using PHABSIM (Version 4.1).

Before the model was run, data were also subjected to
water surface profiling (WSP). The WSP model is a water
surface profile program used to predict how the longitu-
dinal profile of the water surface elevation changes over a
range of simulated discharges. Further, velocity profiles
at each cross-section were stimulated using the velocity
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model (VELSIM)®™. In VELSIM, different hydraulic
simulations were performed for various flows, including
5, 15, 35, 50, 70, 110 and 170 m*/s. After the velocity
was simulated, the habitat model (HABTAE) was exe-
cuted with the habitat suitability criteria of B. dero, C.
cirrhosus, L. calbasu, L. fimbriatus and W. attu for depth
and velocity. Finally, the combined habitat suitability
area and WUA was generated for each species at different
simulated flow scenarios.

A total of 60 species of native fish were recorded from
the study area over a period of three months from March
to May 2012. The fish populations were dominated by
Cyprinidae, which contribute about 35% of fish catch.
Among the cyprinids, B. dero, C. cirrhosus, L. calbasu
and L. fimbriatus were dominant in the fish catch. The
catfish W. attu was relatively rare in the study area. Small
cyprinids such as danio, barils, rasbora, barbs and loaches
were found along the banks of the river channel as well
as streams. The cyprinids were the dominant group, and
these constituted 42% of the species assemblage struc-
ture.

On the basis of 414 measurements of depth and velo-
city, the habitat variables of the study sites were deter-
mined to be typically those of a riverbed with sandy
bottom with a gentle flowing sector. The depth at the
study area ranged from 0.1 to 3.85 m, and the most fre-
quent depth observation (24%) was between 1.2 and
1.5 m (Figure 2). The measured water column velocity
ranged between 0.0 and 2.1 m/s. In most of the available
habitat (33%), the flow was moderate (between 0.9 and
1.2 m/s; Figure 2), and velocities were higher only in a
small portion of the available habitat (5%).

B. dero (size ranging from 18 to 32 cm) was the species
most frequently encountered during the survey. On the
basis of 135 observations of depth and velocity, it was
found that adult B. dero used a wide range of water
depths, from 0.31 to 1.8 m (Table 2), although most of
the observations (76%) were between 0.61 and 1.5 m.
The maximum depth preference of adult B. dero was
found to be between 1.0 and 1.2 cm, and maximum
velocity preference between 0.9 and 1.2 m/s (Table 2,
Figure 3 a and b). C. cirrhosus (size ranging from 23 to
28 cm) was the second most common species observed
(N=121) in the study area. Adult C. cirrhosus utilized
depths between 0.6 and 1.2 m, and most observations
were at depths ranging from 1.0 to 1.2 m (48%). Most of
the adult C. cirrhosus (48%) were found in association
with moderately deeper open-channel areas of the river.
They utilized relatively low velocities, ranging from 0.15
to 0.45 m/s. The HSC of adult C. cirrhosus indicated that
the depth preference of this species ranged from 0.6 to
1.2 m and velocity preference from 0.3 to 0.45 m/s (Table
2, Figure 3 ¢ and d). Adult L. calbasu (size ranging from
27 to 45 cm) utilized the depth range between 0.6 and
1.8 m, while most of the observations were between 0.6
and 1.2 m (76%) and velocity preference ranged between
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0.16 and 0.6 m/s. The optimal depth preference of this
species ranged from 1.0 to 1.2 m, and velocity preference
from 0.3 to 0.6 m/s (Table 2, Figure 3 e and f). L. fim-
briatus (size ranging from 24 to 36 cm) utilized relatively
greater depths, from 0.6 to 1.8 m, and most of the obser-
vations (73%) were at depths ranging from 1.0 to 1.5 m
(Table 2). L. fimbriatus utilized a narrow range of veloci-
ties between 0.9 and 1.2 m/s. In most of the observations
(80%), the velocities were high — up to 1.2 m/s. The cal-
culated depth preference curve showed that L. fimbriatus
prefered the depth class between 1.0 and 1.2 m and velo-
city preference was from 0.9 to nearly 1.2 m/s (Table 2,
Figure 3 g and %). In the case of W. attu (size ranging
from 28 to 58 cm), most of the measurements were made
using bottom-set gill nets as this species swims very fast.
It used a wide range of depths 0.6 to 1.5 m, and most of
the observations (42%) were between 0.6 and 1.0 m. The
species used water column velocities in the range 0.31—
0.9 m/s. The estimated suitability curve showed that
maximum depth preferred by adult W. attu was 1.0 m and
velocity was 0.90 m/s (Table 2; Figure 3 i and j).

The results generated using PHABSIM are presented in
Figure 4, to provide a better understating of the minimum
flow requirements of the target species. WUA was high-
est for L. calbasu at 50 m*/s (8472.93 m*/1000 m), fol-
lowed by B. dero at the same discharge (6640.76 m*/
1000 m). There was a sharp reduction in WUA at a dis-
charge of 70 m*/s for all the target species, except for L.
fimbriatus, where maximum WUA was observed at
70 m*/s (6153.41 m*/1000 m). Similarly, there was a
steep decline in the quality of the habitat when the dis-
charge was reduced below the maximum available WUA
at 50 m’/s. The WUA versus discharge relationship for
the economically important fishes reveals that there is a
steep increase in WUA from 30 m’/s, reaching an opti-
mum level of 50 m*/s for most of the species (Figure 4).
The suitable habitats of L. calbasu, B. dero and W. attu
decline linearly with flow beyond 50 m’/s, whereas the
curves of L. fimbriatus and C. cirrhosus show a gradual
decrease in suitable habitats after a discharge of 55 m®/s
(Figure 4).

The Godavari is one of the richest rivers with respect
to fish diversity in peninsular India'’. More than 90 spe-
cies of fish inhabit the downstream section of this river,
and about 60 fish species have been reported from the
proposed dam site at Polavaram, East Godavari District,
Andhra Pradesh'”. Among these, B. dero, C. cirrhosus, L.
calbasu and L. fimbriatus were the most common eco-
nomically important fishes'’. These are also the most
common species in other rivers and irrigation canals of
peninsular India*"*>. They live in a broad range of flow
conditions, and their abundance in the Godavari is due to
the wide range of suitable habitat conditions available in
this river. However, W. attu, which is also an economi-
cally important and large-sized fish, was less frequently
encountered during the sampling period. This might be
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Figure 2. Relative frequency of available habitat on the basis of 414 observations of depth and velocity in the downstream of Godavari river.
Table 2. Habitat utilization (Obs) and preference (Pref) of five fishes used to develop habitat suitability curves
Bangana dero Cirrhinus cirrhosus Labeo calbasu Labeo fimbriatus Wallago attu
Variables Obs Pref Obs Pref Obs Pref Obs Pref Obs Pref
Depth (cm)
0-0.1 - 0 - 0 - 0 - 0 - 0
0.1-0.3 - 0 - 0 - 0 - 0 - 0
0.3-0.6 5 0.2 - 0 - 0 6 0.2 16 0.5
0.6-1.0 30 1 12 0.2 34 1 14 0.5 32 1
1.0-1.2 34 1 51 1 38 1 30 1 16 0.4
1.2-1.5 39 0.8 58 1 23 0.4 43 1 13 0.25
1.5-1.8 27 0.6 - 0 - 0 20 0.5 - 0
1.8-2.0 - 0 - 0 - 0 - 0 - 0
<2.0 - 0 - 0 - 0 - 0 - 0
Velocity (m/s)
0-0.2 - 0 - 0 - 0 - 0 - 0
0.2-0.3 - 0 50 1 26 1 - 0 - 0
0.3-0.5 7 0.2 71 1 36 1 - 0 9 0.3
0.5-0.6 14 0.5 - 0 33 1 - 0 19 0.6
0.6-0.9 43 1 - 0 - 0 23 0.4 49 1
0.9-1.2 71 1 - 0 - 0 90 1 - 0
<1.2 - 0 - 0 - 0 - 0 - 0

due to overexploitation of this species for food, as there
is a great demand for it in the local market™>**.

The HSCs generated for the five species indicate that
all except L. fimbriatus, used similar depth ranges (0.9—
1.5 m/s). L. fimbriatus used deeper habitats (0.9-2.1 m/s),
but the range of optimal suitability was close to that of
the other species. The calculated velocity curves also in-
dicate that B. dero and L. fimbriatus had high flow pref-
erence (>0.9 m/s) compared to C. cirrhosus, which
preferred low-velocity habitats (<0.3 m/s). Therefore, it
can be concluded that L. fimbriatus prefers the fast-
flowing but deeper sections of the river, whereas B. dero
prefers fast to moderate flows with shallow regions of the
river. The depth preference of B. dero were shallow habi-
tats associated with the open channel and areas near the
river banks. The channel bottom in the area examined
was either uniformly sandy, or a combination of sand and
silt. Hence, the substrate suitability curves of these fishes
were not evaluated.

Based on the results of WUA, the estimated minimum
ecological flow required for economically important
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fishes of the Godavari river was 26% of the mean flow
observed during the lean season. From this it can be in-
ferred that a flow less than 50 m*/s would have consider-
able impact on the available suitable habitats for these
economically important fishes. The discharge of 50 m®/s
was estimated as the point of inflection of the suitable
habitats of L. calbasu, L. fimbriatus and W. attu. Any
reduction in discharge below this inflection point was ob-
served to be detrimental to these species as their suitable
habitat availability reduced sharply. Further, any increase
in the discharge above 50 m’/s was of little benefit to
most of these species. Hence, the optimum flow require-
ment of the selected fish species was estimated at
50 m’/s, which is approximately 26% of the mean flow
(192.51 m%/s) during the lean flow season (i.e. April) of
the Godavari river.

This flow estimation is based on the habitat require-
ments of economically important larger fishes found in
the proposed dam site. It is assumed that in a large river
like the Godavari, the minimum ecological flow set for
the larger fishes will be adequate to maintain native fish
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Figure 3. Habitat suitability curves of economically important fishes of the Godavari river.

populations. The rationale behind this is that the larger
fishes require greater depths and velocities compared to
the coexisting species. Many small cyprinids (e.g. danio,
barils, rasboras, barbs) are abundant in streams or shallow
regions of the river'’. Therefore, the optimal habitats of
these species have low flows. The river margin always
provides some refuge for these small fishes, where the
flow is high as required by the larger fishes (pers. obs).
Earlier, flow estimation studies in Indian rivers were
mainly based on EMC and expert opinion. Rajvanshi et
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al.'* determined the environmental flow to be 14.5% of
the mean seasonal flow for the no-fish zone and 21.5% of
the mean seasonal flow for the mahseer zone of the upper
Ganga basin. Another study conducted in the River Sone,
in the lower Ganga basin, concluded that a minimum of
18.9% of the mean annual flow is required to maintain
the basic ecosystem functions'’. However, in this study
the minimum environmental flow has been estimated for
a modified river using PHABSIM, which requires details
of the habitat requirements of fishes. We estimated

CURRENT SCIENCE, VOL. 113, NO. 11, 10 DECEMBER 2017
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Figure 4. Habitat-flow relations of five species derived from

PHABSIM analysis. Curve peaks indicate the optimum suitable habi-
tats for a given discharge.

50 m’/s to be the minimum environmental flow for the
downstream of the Godavari, which is approximately
26% of the mean flow observed during the lean flow sea-
son, i.e. April. This estimated volume is similar to the
flow suggested on the basis of EMC of the Godavari'.
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