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Abstract The marine environment of Mumbai and
Jawaharlal Nehru ports was monitored for some envi-
ronmental and biological parameters during three dif-
ferent periods between 2001 and 2002. The results are
compared with the records available since 1960s. With
the passage of time the environmental status under-
went changes, probably due to the increase in anthro-
pogenic activities in the metropolis. The nutrient level
especially the nitrate concentration has increased grad-
ually over the years with a simultaneous decrease in
dissolved oxygen, indicating increase in the biologi-
cal activity. Characterization of this environment based
on Assessment of Estuarine Trophic Status (ASSETS)
model indicates that the current status is poor and may
get worsen in future if no appropriate management poli-
cies are put into place.
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1 Introduction

Unprecedented increase of human activities, in and
around Mumbai, has imposed considerable stress on the
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surrounding marine environment, including Mumbai
harbour. Mumbai is one of the fastest growing regions
of India. Its population has increased from 4 million in
1960 to 7.7 million in 1971. It is projected to increase
from 18.3 million as per 2001 census to 22.4 million
in 2011. This increase in population are well on the
potential expansion of trade through shipping is likely
to worsen the situation unless management policies are
put into place (Acharya and Nangia, 2004).

Review of literature indicates that the marine en-
vironment, especially western side of Mumbai, Thane
Creek, Dharamtar Creek and offshore areas have been
investigated for chemical, biological and physical pa-
rameters as early as forties. During Port Biological
Baseline Surveys of Global Ballast Water Management
Program (GloBallast), a GEF/UNDP/IMO initiative,
we had an opportunity to collect samples from Mum-
bai and Jawaharlal Nehru harbours for wide range of
parameters. Sampling was done on three different occa-
sions at predetermined stations during the year 2001—
2002. The results have been discussed in relation to
changes in anthropogenic activities over few decades.
Efforts have been made to classify the ecosystem using
the Assessment of Estuarine Trophic Status (ASSETS)
model approach (Bricker et al., 2003), which deals with
indices of three components, such as Pressure—Overall
Human Influence, State—Overall Eutrophic Condition
and Response—Determination of Future Outlook. In
brief the ASSETS approach is an integral framework
that takes into account nutrient role and its implications
in biological and chemical characteristics.
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1.1 Description of the environment

Mumbai harbour is a natural harbour situated on the
west coast of India (18° 54'N; 72° 40’E). It is a semi-
enclosed basin which opens into the Arabian Sea at its
southwesterly side. On the upstream, it is connected by
Thana-Creek, which receives waste from heavily indus-
trialized Thane-Belapur belt. In addition the Mumbai
metropolis waste, which is discharged through various
points also influences the harbour environment (Naidu
and Shringapure, 1975; Zingde et al., 1979; Deshmukh
and Nair et al., 1981; Kagwade, 1987; Zingde et al.,
1989; Ramaiah et al., 1992; Ramaiah and Nair, 1993;
Ramaiah and Nair, 1997; Ramaiah and Nair, 1998;
Swami et al., 2000; Zingde and Govindan, 2000).

This paper presents eutrophication status of ma-
rine environment of mumbai and jawaharlal nehru
ports.

2 Materials and methods
2.1 Sampling locations and methodology

Sampling stations were selected based on the type of
habitats. These habitats were characterized as enclosed
docks, semi enclosed docks, ship building/repair docks,
tidal berths, fishery jetty, recreational area, naviga-
tional channel, ship breaking yards, area of low circula-
tion and potential sedimentation, etc. Total 36 stations
were selected in the harbours of Mumbai and Jawahar-
lal Nehru. Sampling was carried out during Novem-
ber 2001, May 2002 and November 2002, represent-
ing post-monsoon, pre-monsoon and post-monsoon
respectively. Data for monsoon season could not be
collected due to inclement weather conditions.

Water samples were collected from sub-surface and
near-bottom level using Niskin water sampler and an-
alyzed for salinity, dissolved oxygen, nutrients, sus-
pended matter, and chlorophyll a. Temperature and pH
were also recorded simultaneously. Samples were col-
lected in triplicate. Standard procedures were used for
the analyses of these parameters (Parsons et al., 1984).
In addition, secchi depth was measured at all the sta-
tions in the study area. The results of each parame-
ter for more than one station within the same habitat
were averaged to represent the locality. Thus 18 local-
ities, as indicated in Fig. 1(1-18) within both the har-
bours, were formed. In addition, two stations off Mum-
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bai coast were selected for reference and comparison
purpose. These reference stations (19-20; Fig. 1) were
considered to be far off from probable influence of any
anthropogenic activities. The values of each parameter
for different depths (sub-surface and near-bottom) and
sampling periods (3 times) were averaged to get annual
value for the water column.

Apart from these, efforts were also made to collect
macroalgae from submerged and moored structures, as
well as from intertidal rocky area. Collection of al-
gae from the submerged structures was made through
diving.

2.2 ECO-modeling

Efforts have been made to classify and grade the en-
vironment, under study, using an integrated method-
ology for Assessment of Estuarine Trophic Status
(ASSETS). A detailed methodology on this approach
is given by Bricker et al., 2003. The methodology, in
brief, involved development of Indices for Pressure—
Overall Human Influence (OHI), State—QOverall Eu-
trophic Condition (OEC) and response—Determination
of Future Outlook (DFO) and combines the three com-
ponents into one overall ASSETS rating using a matrix
that assigns a grade to the environmental system under
study. OHI was calculated on the basis of dissolved in-
organic nitrogen input in the system, which was then
subjected to classification into one of the five grades.
These grades are Low, Moderate low, Moderate, Mod-
erate high and High and scored as 5, 4, 3, 2, and 1
respectively. Data collected on nitrate concentrations
during three different periods of the years (2001-2002)
are used for this purpose.

For calculation of index for the state—OEC, five pa-
rameters, indicative of primary (early) and secondary
(advanced) symptoms of eutrophication are consid-
ered. These parameters are Chlorophyll @ and macroal-
gae as primary symptoms, whereas, dissolved oxygen,
submerged aquatic vegetation (SAV), and occurrence
of nuisance and/or toxic algal blooms (NTB) are con-
sidered for secondary symptoms. Each of the parame-
ters is assigned an expression value ranging from 0.25
for a low concentration/observation to 1 for a high con-
centration/observation. Depending on the ranges, the
expression values are categorized into different levels
as Low, Moderate and High. Finally the primary and
secondary symptoms are compared with a matrix pro-
posed by Bricker et al. (2003), to determine an overall
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Fig. 1 Sampling locations at Mumbai and Jawaharlal Nehru
ports (1-18) and Offshore (19-20). (1) Sasoon Dock; (2) Apollo
Bandar; (3) Harbour Wall; (4) Indira Dock; (5) Victoria Dock;
(6) Princess Dock; (7) Ferry Warf; (8) Kasara Basin; (9) Mahul

ranking of eutrophic conditions for the ecosystem un-
der study.

Response- DFO of the ecosystem is graded into one
of the three categories based on assessment of the sus-
ceptibility (dilution and flushing potential) and its fu-
ture nutrient pressure.

The indices of OHI, OEC and DFO are put into
combination matrix to provide an overall grade to the
ecosystem, which fall into one of the five categories:
High, Good, Moderate, Poor or Bad.

Creek; (10) Old Pipav; (11) New Pipav; (12) JNP Marker Buoy;
(13) Elephanta; (14) NP Container Berth; (15) JNP Bulk Berth;
(16) Jawahar Dweep Berth1; (17) Jawahar Dweep Berth 3—4; (18)
MP Marker Buoy; (19) Offshore South; (20) Offshore North

3 Results

Results of various physico-chemical parameters of the
environment of Mumbai and Jawaharlal Nehru har-
bours have been presented in Fig. 2,Tables 1 and
2.The water temperature at both the harbours did not
change significantly and varied between 29 to 30 C.
There was no significant variations in the pH values
(7.9-8.1). The Secchi depth values ranged between
0.1 to 1.0 m for harbour waters, whereas, for Mumbai
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Fig. 2 Variations in temperature (a), pH (b) and secchi depth (c)

offshore sites it was 0.4—1.8 m indicating reduction of
transparency due to high suspension of particulate mat-
ter in the harbour waters. The values for total sus-
pended matter ranged between 25.3 to 159.9 mgL~!
with an average value of 92.9mgL~! in harbour wa-
ters, whereas, it varied from 51.2 to 57.4 mg L~ for
offshore waters. Salinity values varied between 34.8
to 35.8 PSU for the entire study area. The dissolved
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oxygen content of the seawater ranged between 2.7 to
5.3 mg L~! with an average value of 4.3 mg L~ for the
water bodies of both the harbours. As against this, the
offshore water at sub-surface level was found to con-
tain comparatively higher amount of dissolved oxygen
(6.0mg L.

As regards nutrients such as nitrate, nitrite, phos-
phate and silicate, the concentrations ranged from
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Table 1 Annual average values of Dissolved Oxygen (DO), Salinity, Chlorophyll @ and Suspended Particulate Matter (SPM)
at different locations

Chlorophyll
a (mg LY

SPM
(mgL™")

Station/ D.O. Salinity

Location (mgL™") (PSU)

1 4.8 £0.4 (n=18) 35.7+04 (n=18)
2 43+04(n=18) 35,6 £0.3(n=18)
3 40407 (n=18) 354404 (n= 18)
4 3.6 4+ 0.4 (n = 30) 35.6 4+ 0.3 (n = 30)
5 344+0.7(n=15) 35.3£0.3 (n=30)
6 3.2+ 0.7 (n=48) 353 £0.5(n=48)
7 3.9+ 0.8(n=230) 3534+ 0.4 (n=30)
8 2.7£ 0.5 (n = 30) 35.0 £ 0.4 (n =30)
9 4.6+04 (n=18) 34.8 + 0.86 (n = 18)
10 44+ 03 (n=24) 35.0 4 0.56 (n = 24)
1 48+ 0.1 (n=24) 353 4 0.61 (n = 24)
12 49+06(n=12) 35.8 4 0.80 (n = 12)
13 47+02(n=18) 354 £0.87 (n=18)
14 53+0.2 (n=30) 3544+ 0.64) (n =24)
15 53+£02(n=24) 354 £0.54 (n=24)
16 4.6+05n=18) 35.54+0.60 (n = 18)
17 49+ 07 (n=24) 35.7 4 0.65 (n = 24)
18 50+03(n=12) 3554033 (n = 18)
194 6.0+ 1.4 (n=9) 35.7 4023 (n = 18)
20 6.0+ 0.6 (n =9) 35.6 4+ 0.24 (n = 18)

46+1.6n=12)
52+080n=12)
6.5+24(n=09)

32+£1.8(n=12)
6.3+£4.7(n=18)
37+£1.8(n=16)
47+ 1.7 (n=18)
57+ 15(n=18)
8.6 + 0.3(n = 10)
58+£2.7(n=13)
4.1£24(n=15)
3.6+23 (=10
354221 =10)
6.3£2.0(n=15)
51423 (n=15)
3.5+ 1.9 (n=10)
43+1.6(n=19)
39421 (n=10)
2.6+2.0(n=10)
2.6+£2.5(n=10)

93.3 +£26.7 (n=4)
63.1 £36.8 (n=4)
864 £91.1 (n=8)
253 £ 10.5 (n = 6)
38.1£44.9 (n=8)
224+£42(n=5)
72.2 + 458 (n = 10)
36.8 £ 21.6 (n = 10)
31.5 + 13.0 (n = 10)
1333 + 164.1 (n = 10)
81.9 £ 106.7 (n="7)
85.6 £53.3 (n = 10)
76.1 &= 85.7 (n = 9)
72.8 & 64.4 (n = 10)
159.9 & 115.4 (n = 6)
108.2 + 136.7 (n = 6)
121.6 + 106.1 (n = 10)
5244223 (n=6)
512+£433(n=09)
57.4 £ 65.6 (n = 10)

(1) Sasoon Dock; (2) Apollo Bandar; (3) Harbour Wall; (4) Indira Dock; (5) Victoria Dock; (6) Princess Dock; (7) Ferry Warf; (8)
Kasara Basin; (9) Mahul Creek; (10) Old Pipav; (11) New Pipav; (12) JNP Marker Buoy; (13) Elephanta; (14) JNP Container Berth;
(15) INP Bulk Berth; (16) Jawahar Dweep Berth1; (17) Jawahar Dweep Berth3-4; (18) MP Marker Buoy; (19) Offshore South; (20)

Offshore North.
“Values for sub-surface waters.

11-36.2, 0.4-6.4, 1 to 5.2 and 11.3-23.9 uM respec-
tively (Table 2). In general, the nitrate concentrations in
the waters of both the harbours appeared to be higher
(11-36.2 uM) than the concentrations at offshore re-
gion (5.8-9.2 uM).

The annual average values for chlorophyll a ranged
between 3.2 to 8.6 mg M3 in harbour waters whereas,
in offshore region it was 2.6 mg M~ (Table 1).

In general the locality is poorly represented by
macro algae and is found mostly at intertidal areas.
The community comprised of 27 species belonging to 4
classes, of which Chlorophyta was dominant followed
by Rhodophyta. Of the 27 species only 41% were found
on submerged structures and the rest in the intertidal
region. These results lead to an inference that the low
transparency of water caused by high suspension of
particulate matter could be the causative factor for lim-
iting the growth of algae, in spite of high amount of
nutrients in the area.

3.1 ECO-modeling

Table 4 shows aggregation of pressure (OHI), state
(OEC) and response (DFO) components to provide an
overall classification grade to the ecosystem of Mumbai
and Jawaharlal Nehru harbours.

The OHI was calculated using the equation of
Bricker et al. (2003), which requires the components,
such as Offshore salinity (35.6PSU), Harbour wa-
ter salinity (35.4PSU), Human derived land inputs
(7.29kg/s) (Zingde and Govindan, 2000) and nitrogen
present in the offshore waters (10.1 x 10~). The value
obtained for OHI by using the above parameters is 0.99,
which falls under High category (>0.8) and represents
grade 1 as per Table 4.

Logical decision process, proposed by Bricker et al.
(2003) is used to determine overall eutrophication con-
dition (OEC). For primary symptoms, chlorophyll a
concentrations and algal growth were considered from
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Table 2 Annual average values of nutrient concentrations at different locations

Concentration (uM)

Station/

Location NO;~ N NO,” N PO~ P Si0,%~ Si

1 11+£73(n=06) 25+ 1.6(n=06) 1.5+09(n=06) 13.5+49 (n=06)
2 158+ 5.6 (n=06) 20+09 (n=06) 22+ 1.0n=6) 11.3+£2.7 (n=06)
3 17.6 £ 3.0 (n = 6) 31+ 14(n=06) 19+ 1.6(n=06) 16.1 £5.7 (n=06)
4 273 +53(n=10) 2.7+ 13 (mn=10) 2.6 £2.0(n=10) 13.4 £ 3.8 (n =10)
5 199 £ 4.6 (n = 10) 58+5.1m=10) 2.1£0.8 (n=10) 16.8 £ 7.8 (n = 10)
6 19.7 £ 5.6 (n = 16) 5.6 +£3.6(n=16) 24+ 12(m=16) 192+ 4.7 (n=16)
7 16.3 £ 10.2 (n = 10) 444+3.0m=10) 2.0+0.8(n=10) 214+ 73 (n=10)
8 229+ 4.8 (n=10) 54442 (n=10) 29+ 12 (m=10) 232+ 6.2 (n=10)
9 26.7 +19.1 (n = 6) 64+44(n=06) 52+43(n=06) 20.4 + 10.7 (n = 6)
10 36.2+ 17.5 (n=8) 324+22(n=29) 2.6+ 0.8 (n=06) 22.1+49 (n=28)
11 20.6 £13.2(n=28) 38+35n=29) 1.0+£13(n=238) 16.6 £ 8.1 (n=18)
12 173+ 164 (n=4) 04+0.1(n=4) 25+£16(n=4) 13.0+ 133 (n=4)
13 2544+ 13.0(n=06) 1.9+ 08 (n=4) 35£1.0n=06) 242459 (n=06)
14 16.8 £ 6.0 (n = 6) 0.6+ 04 (n=28) 1.9+ 04 (n=06) 171+ 73 (n=6)
15 18.5 £3.2 (n=10) 1.34+0.6 (n=10) 1.7+ 0.8 (n=10) 239+ 4.1 (n=10)
16 20.9 + 5.5 (n=06) 1.1+£03(n=06) 25+0.6(n=06) 20.3+29 (n=06)
17 22.7+ 6.6 (n=28) 09+03n=238) 21+12m=6) 182+ 6 (n=10)
18 134+ 48 (n=06) 1.94+09(n=06) 1.5+1.0n=06) 12.8 £5.6 (n =6)
19 58+28 (n=06) 1.2+£18(n=6) 14+£121n=06) 13.0 6.1 (n=106)
20 92+42(n=06) 0.8+09 (n=06) 1.0£05n=06) 137+ 4.7 (n=06)

the recent observations. The 90th percentile for chloro-
phyll a and 10th percentile for dissolved oxygen were
used to determine the concentrations. The 90th per-
centile value for chlorophyll a is 5.2mg M3, which
falls into a medium range and accordingly an expres-
sion value of 0.5 is assigned (Table 3).With regard to
macroalgae the growth is scanty as per the recent ob-
servation, hence the symptom level is considered as
“unknown”, and assigned an expression value of 0.25
(Table 3). Secondary symptoms comprised of dissolved
oxygen, submerged aquatic vegetation (SAV) and nui-
sance and toxic algal blooms. In case of dissolved
oxygen 10th percentile value (3.2 mgL™!) is taken for
expressing secondary symptoms, which suggests bio-

logically stressed conditions (Bricker et al., 2003). The
expression values, as per logical decision process, for
dissolved oxygen, SAV and nuisance and toxic algal
blooms were 0.5, 0, 0 respectively (Table 3).

These expression values were then used to calculate
Primary and Secondary symptoms by using a formula
suggested by Bricker et al. (2003), and are found to
be 0.37 and 0.5 respectively. Then these two scores
are combined by the matrix for determination of OEC
(Bricker et al. 1999) and these values are found to be
falling under moderate level of expression of symptoms
(>0.3 to <0.6), which suggests as per Table 4,that the
level of expression of eutrophic condition is substantial
and could be graded as 3.

Table 3 Logical decision process for determination of overall eutrophic condition

Parameter Symptom level Spatial coverage Frequency Grade Value
Primary symptoms
Chlorophyll a Medium High Episodic Moderate 0.5
Macro algae Unknown Any spatial coverage Unknown Moderate 0.25
Secondary symptoms
Dissolved oxygen Biological stress High Periodic Low 0.5
SAV No losses Not applicable Not applicable Not applicable 0
Nuisance & toxic bloom No problem Not applicable Not applicable Not applicable 0
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Table 4 Aggregation of
pressure (OHI), state (OEC)
and response (DFO)
components to provide an

Grade 5 4 3 2 1

Pressure  Low Moderate low Moderate  Moderate high Low

overall classification grade (OHI) ) .

(So: Bricker ef al., 2003) State Low Moderate low Moderate Moderate high High
(OEC)
Response Improve high Improve No change Worsen low Worsen
(DFO)
Metric Combination matrix Class
P 555444 High
S 555555
R 543543
P 555555544444333333
S 554444455444555444 Good
R 215432121543543543
P 555554444444333333322222222211
S 333334433333554433344444333233 Moderate
R 215432154321212154354321543554
P 44444333333322222211111
S 22222332222233222233322 Poor
R 54321325432121432132154
P 333332222211111111
S Ir1111r111122211111 Bad
R 543215432132154321

With regard to DFO, this area is described to have a
tidal range of 4 m. The simulation of the tidal currents
carried out with MIKE-21 software indicates that even
4 m tidal range is not effective in flushing out bay waters
within a tidal cycle. The data collated over the 4 decades
on the amount of sewage discharge (single value for
each decade) in the harbour waters shows an upward
trend (Fig. 3a).If this trend continues, it will lead to
further increase of nutrient pressure in future. There-
fore, nutrient related symptoms are likely to worsen
and hence graded 1 (Table 4).

In summary the grades allocated for the environment
are 1, 3 and 1 for OHI, OEC and DFO respectively.
These grades when compared with ASSETS matrix in
Table 4 grades the environment as POOR.

4 Discussion

Pollution status of any given environment can be as-
sessed either through monitoring of specific pollutant
or changes in inherent biotic and abiotic parameters.
In case of pollution caused by domestic wastewater
including sewage, the degree of pollution can be as-
sessed through changes in some of the biological and

environmental factors, especially enrichment of nutri-
ents. Nutrient enrichment of coastal areas may have far
reaching consequences, such as fish kill, interdiction of
shellfish aquaculture, loss or degradation of sea grass
beds and smothering of bivalves and other benthic or-
ganisms (Twilley ef al., 1985; Burkholder ef al., 1992;
Rabalais and Harper, 1992; Joint et al., 1997; Glas-
gow and Burkholder, 2000; McGlathery, 2001). These
events can have significant economic and social impli-
cations (Turner et al., 1998).

In recent times Mumbai’s population and industries
have grown to a larger extent, resulting in generation of
over 2485 MLD of wastewater including sewage. This
has exerted enormous pressure on the adjacent marine
environment, including harbour. Apart from receiving
local sewage and industrial waste, the harbour envi-
ronment is also subjected to inoculation of non-native
waters containing wide range of pollutants and biota
through ships’ ballast. Data collected through ballast
water reporting forms (under GloBallast program) from
4581 vessel visits for the period from 2000-2002, was
2,619,625 tonnes of ballast water received by Mumbai
and Jawaharlal Nehru harbours through national and
international shipping. (Anil er al., 2003).
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Fig. 3 Variations in Sewage (a), Dissolved oxygen (b) and Ni-
trate (c) content in Mumbai Harbour for different decades (data
points, n = 1-4)

In order to assess the present status of environmental
degradation, we have collated data on some of the envi-
ronmental parameters from published literature (Naidu
and Shringapure, 1975; Zingde et al., 1979; Deshmukh
and Nair et al., 1981; Kagwade, 1987; Zingde et al.,
1989; Ramaiah et al., 1992; Ramaiah and Nair, 1993;
Ramaiah and Nair, 1997; Ramaiah and Nair, 1998;
Swami et al., 2000; Zingde and Govindan, 2000) from
the 1960s onward and compared with the present set.
The data on sewage discharge has also been collected
for different decades and compared with the changes in
concentrations of parameters. Dissolved oxygen is the
most essential component for the marine life. Dissolved
oxygen content exhibited a gradual decrease (Fig. 3b),
over the last 5 decades. Decrease of DO level in harbour
waters suggests higher rate of utilization, which could
be due to increase of organic waste in the environment.
Though data is limited, the wastewater discharge over
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the years indicates a profound influence on dissolved
oxygen and nitrate concentrations (Fig. 3¢c). Zingde and
Govindan, (2000), report that wastewater of Mumbai
contains 35 mgL~! of total nitrogen and could be the
causative factor for increase of nitrate concentrations
in the environment.

As per the output of eco-model the ecosystem of
Mumbai and Jawaharlal Nehru harbours falls under
poor category. There could be number of reasons for
grading this ecosystem as poor. Some of these reasons
could be attributed to low fresh water influx as evident
from salinity data during the period of investigation,
low dilution and flushing potential (Gupta et al., 2004),
which all contribute to making this system highly sus-
ceptible. In addition to other factors, low flushing in-
creases the coupling between pressure (OHI) and state
(OEC). Higher salinity and temperature during non-
monsoon periods also tend to offer low oxygen storage
capacity (% saturation) to the ecosystem under study,
resulting higher pressure. Oxygen saturation, in gen-
eral, is in the range of 37.0-81.7% in harbour, which
means that consumption is slightly higher than produc-
tion. As against this the oxygen saturation for surface
waters (96%) of offshore was higher than the harbour
environment suggesting low dilution and/or flushing
of bay water. These results suggest that the ecosystem
of Mumbai harbour is highly influenced by human ac-
tivities, both in terms of pressure (OHI) and the state
(OEQ).

The ASSETS approach grades Mumbai and Jawa-
harlal Nehru environment as poor. The investigation
primarily suggests that the release of wastewater into
the marine environment could be the causative factor
for the degradation of the environment and calls for ap-
propriate management measures to improve the health
of the environment. In view of this, it seems to be ap-
propriate to ensure reduction of organic load from the
effluent to whatever extent possible through treatment
at various stages. The treated effluents may then be dis-
charged to the farthest marine point, which will ensure
proper dilution and dispersion through diffusers. The
point of discharge(s), could be identified after due sci-
entific study to that effect. In addition it is pertinent to
monitor the environment on regular basis to know the
health of the environment.
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