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Abstract This paper describes the prevalence of indi-
cator and pathogenic bacterial groups in water and sed-
iments in OSZ—offshore, ISZ—inshore, IEZ—inner
estuary, and UEZ—upper estuary along the river
Chapora, central west coast of India, which is influenced
by anthropogenic inputs. The abundance of indicator
bacterial groups such as total coliforms and Escherichia
coli-like organisms in water ranged from non-
detectable (ND) to 10° colony-forming units (CFU)/
mL. In contrast, their abundance in the sediments was
six orders magnitude higher than water (ND to
10° CFU/g). The abundance of potential pathogenic
bacteria in water and sediment samples ranged from
ND to 10> CFU/mL and from ND to 10° CFU/g respec-
tively, with Shigella-like organisms (SHLO) being the
most abundant. In the surface waters, SHLO and Pseu-
domonas aeruginosa—like organisms (PALO) and in
bottom waters, Vibrio parahaemolyticus—like organism
and PALO increased progressively from OSZ to UEZ.
In contrast, Proteus/Klebsiella-like organisms (PKLO)
showed a reverse trend. Amongst all four zones, IEZ
was the most contaminated in terms of the higher abun-
dance of indicator and potential pathogenic bacterial
populations as corroborated by significantly lower water
quality index value. Principal component analysis per-
formed using physico-chemical variables and bacterial
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groups to reduce data set variability revealed that a
different set of parameters contributed differently to
the total variation in each zone. Considering the eco-
sensitivity of the river Chapora, the results of the present
study call for precautionary measures to minimize the
degree of anthropogenic inputs.

Keywords Anthropogenic - Bacterial load - West coast
of India - Water quality index

Introduction

Estuaries are highly productive unique ecosystems and
serve as breeding grounds and as a niche for various
marine species, euryhaline species (McLusky and Elliott
2004; Nybakken and Bertness 2005), and a wide variety
of fish and shellfish species. Estuaries support the coast-
al economy in the form of fishing, aquaculture, trans-
port, tourism activities, etc. Owing to growing popula-
tion and exploitation pressure, these ecosystems are
increasingly becoming threatened habitats in most parts
of the world. The physical, biological, and geochemical
attributes of the vulnerable estuarine systems may
get altered to a significant extent due to anthropogenic
activities (Shenai-Tirodkar et al. 2016a). The impor-
tance of the major estuaries, bays, and inshore waters
of Goa in terms of productivity and their relevance to
fish in different life stages has been well-recognized
(Ansari et al. 1995). Previous studies on the water
quality and microbial contamination in major riverine
(Ganga river, Dash et al. 2010; Mishra et al. 2009;
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Baghel et al. 2005; Hoogly river, Batabyal et al. 2014;
Gola river, Chandra et al. 2006; Cauvery river,
Kumarasamy et al. 2009) and bay-estuarine systems
(west coast of India, Nagvenkar and Ramaiah 2009;
Borade et al. 2015) indicated the prevalence of high
concentration of pathogenic bacteria. Endowed with a
variety of finfish and shellfish species predominantly in
oyster beds (Shenai-Tirodkar et al. 2016b), the Chapora
bay-estuarine system of Goa serves an ideal model site
for assessing the prevalence of indicator and potential
pathogenic bacteria which is impacted by anthropogenic
inputs.

The Central Pollution Control Board (CPCB) has
classified the stretch of the river Chapora from Morjim
to Pernem (~32 km) under priority V (biochemical
oxygen demand levels range between 3.5 and 5.2 mg/
L), and the stretch of the River Chapora between
Morjim and Alorna fort falling under saline zone has
been classified as SWII (for bathing, contact water
sports, and commercial fishing) (RRC 2019). Elevated
concentrations of heavy metals (cadmium and copper)
in the tissues of edible oysters inhabiting the estuarine
stretches of the Chapora have been reported by Shenai-
Tirodkar et al. (2016b). Such a trend may be due to
anthropogenic activities and is likely to pose potential
health risks to humans via consumption of shellfish. In
addition to heavy metal contamination, the prevalence
of potential pathogenic bacteria in water and sediment
associated with anthropogenic inputs could also pose a
severe threat to public health and is of paramount im-
portance. Despite of bay-estuarine system of the river
Chapora being a significant coastal area for commercial
fishing and tourism activities, its vulnerability to anthro-
pogenic inputs and the prevalence of indicator and path-
ogenic bacterial groups have not been studied. With this
background, the present study was undertaken to assess
the abundance and types of physiological groups of
indicator and potential pathogenic bacteria in water
and sediments in different bay-estuarine zones of the
river Chapora. The relative importance of physico-
chemical parameters such as temperature (Temp), pH,
total suspended solids (TSS), turbidity, dissolved oxy-
gen (DO), biochemical oxygen demand (BOD), NO;~
and PO, and their interrelationship in influencing the
water quality have also been addressed. The present
results serve as baseline data to gain an understanding
of the influence of environmental variables on the prev-
alence of indicator and pathogenic bacteria in the differ-
ent zones along the Chapora bay-estuarine system. This
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study could further aid in initiating environmental pro-
tective measures.

Materials and methods
Study area and sampling

The river Chapora, located between the latitudes
(15° 42" 42.3" and 15° 35’ 53.1” N) and longitudes
(73° 51" 31.5" and 73° 42" 01.3" E), is one of the
nine major rivers of Goa flowing from the east
(Western Ghats) to the west (Arabian Sea) and
draining into the Arabian Sea near the Morjim/
Chapora beach after traversing a distance of
32 km. The total basin area of the Chapora River
is 255 km? (RRC 2019). Before draining into the
Arabian Sea, it forms an integral part of the lifeline
in Goa as it supports the agricultural, fishery, and
tourism sector. Sampling for the present study was
carried out during March 2017 just before the start
of the peak of the tourism season. Surface and
bottom water samples were collected from 22 sta-
tions (C1-C22) encompassing different saline zones
(offshore (OSZ) = C1-C7; inshore (ISZ) = C8—
C13; inner estuary (IEZ) = C14—C18; upper estuary
(UEZ) = C19-C22) covering the stretch of ~20 km
of the river Chapora (Fig. 1). The depths of the
sampled stations ranged between 2 m at UEZ and
17 m at OSZ.

Physico-chemical analysis

At each sampling station, water temperature and salinity
were measured using a portable CTD profiler (model
Seacat-26, Sea Bird Electronics Inc. USA). A Niskin
water sampler was used to collect surface (~1 m) and
bottom waters from 22 pre-determined stations from the
study area. A portable pH meter (Eutech Tutor) was
used to measure the pH of the water samples onboard.
Turbidity was measured using a portable turbidimeter
(Eutech TBDW-1000). Concentrations of total
suspended solids (TSS), dissolved oxygen (DO), bio-
chemical oxygen demand (BOD), total phosphorous
(TP), and total nitrogen (TN) were measured following
standard analytical methods (APHA 1989; Strickland
and Parsons 1972).
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Fig. 1 Sampled locations (C1-C22) in different bay-estuarine zones of the river Chapora, Goa, central west coast of India (offshore zone:
C1-C7; inshore zone: C8—C13; inner estuary zone: C14-C18; upper estuary zone: C19-C22)

Bacteriological analysis

For bacteriological analysis, surface (~1 m) and
bottom water (30 cm above bottom) samples were
collected using Niskin water sampler and then trans-
ferred to sterile polypropylene bottles. Sediment
samples were collected by van Veen grab and trans-
ferred into clean zip-lock bags. Immediately after
collection, both water and sediment samples were
kept in an icebox and transported to the laboratory
for further analysis. In the laboratory, for enumera-
tion of total bacterial counts (TBC), 1 mL of water
and 1 g of sediment was fixed with buffered forma-
lin (2% final concentration). The fixed sample was
then stained with acridine orange stain as a fluoro-
chrome (0.01%) for 5 min, followed by filtration on
0.22-pum nuclepore black polycarbonate filter paper
(Millipore). The bacterial counts were enumerated
by examining the filter papers using epifluorescence
microscopy, according to Hobbie et al. (1977). For
enumerating the abundance of indicator bacteria
such as total coliforms (TC) and Escherichia coli—
like organisms (ECLO), and pathogenic bacteria like
Shigella-like organisms (SHLO), Salmonella-like or-
ganisms (SLO), Proteus/Klebsiella-like organisms
(PKLO), Vibrio-like organism (VLO),
V. parahaemolyticus—like organism (VPLO),
V. cholera-like organism (VCLO), Pseudomonas

aeruginosa—like organism (PALO), and Streptococ-
cus faecalis—like organism (SFLO), 0.1 mL of water
sample was directly spread plated onto selective
media in triplicate (Hi-media, India) (Table 1). The
media plates were incubated at 37 °C for 24-36 h.
For estimation of bacterial abundance in sediments,
1 g of sediment sample was serially diluted using
50% sterile seawater to 107*, 107, and 107° dilu-
tion. From these dilutions, 0.1 mL was spread plated
onto selective media in triplicate and then incubated
as mentioned above. The final count of colonies in
water and sediment was expressed in terms of CFU/
mL and CFU/g of dry sediment, respectively (CFU =
colony forming units).

Water quality index

The water quality index (WQI) values at the 22
stations along the Chapora bay-estuary were eluci-
dated using the National Sanitation Foundation
Water Quality Index (Oram 2010) by incorporating
the values of physico-chemical and biological pa-
rameters (Temp, pH, DO, BOD, TSS, turbidity,
TP, TN, and E. coli counts). Resultant scores of
90-100, 70-90, 50-70, 25-50, and 0-25 corre-
spond to excellent, good, medium, bad, and very
bad grades of water quality, respectively.

@ Springer



397 Page4of15

Environ Monit Assess (2020) 192: 397

Table 1 Differential and selective media used for the enumeration
of indicator and pathogenic bacterial groups

Bacterial groups Media (Hi-media)

Total coliforms (TC);

E. coli-like organism (ECLO)

Salmonella-like organism Xylose lysine deoxycholate
(SLO); (XLD) agar

Shigella-like organism (SHLO);

Proteus/Klebsiella-like
organism (PKLO)

Vibrio-like organism (VLO);

V. parahaemolyticus—like
organism (VPLO);

V. cholera—like organism
(VCLO)

Streptococcus faecalis—like
organism (SFLO)

Pseudomonas aeruginosa-like  Cetrimide Agar
organism (PALO)

MacConkey Agar

Thiosulphate citrate bile salt
sucrose (TCBS) agar

M-Enterococcus agar

Statistical analysis

To reveal the main factors that influenced the water
quality in the four zones along the Chapora bay-estuary,
principal component analysis (PCA) was carried out
using PRIMER version 6 (Clarke and Warwick 2001).
Prior to analysis, physico-chemical parameters were
square-root transformed, and bacterial values were
log;o (x+ 1) transformed. The variables with a loading
of >0.35 were considered for interpretation of the data.

Results
Physico-chemical parameters

The mean surface temperature of 29.60 £ 0.48 °C was at
OSZ and a minimum of 28.17 £2.27 °C was recorded at
ISZ (Table 2). Generally, the temperature of the bottom
water was slightly lower than that of the surface water.
The mean pH values ranged from 6.04+1.42 in the
bottom waters of ISZ to 7.64 + 0.18 in the surface waters
of UEZ. The values of salinity progressively dropped
from OSZ (33.43+3.10) to UEZ (12.95+4.49). The
content of DO in surface waters was slightly more than
the bottom water at all the zones, ranging from 6.77 +
0.53 mg/L to 7.53+£0.31 mg/L. The BOD values
showed an opposite trend with bottom waters having
higher values than the surface waters. The highest BOD
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0of 3.55+2.31 mg/L was at the OSZ and lowest of 0.50
+0.48 mg/L at the ISZ. The lowest TSS was at UEZ
while higher values were recorded at OSZ and ISZ. At
IEZ and UEZ, the turbidity values in the bottom waters
were almost twice those recorded at the surface. Con-
centrations of TP did not show any significant variation,
while the concentrations of TN recorded at ISZ, IEZ,
and UEZ were twice that at OSZ (Table 2).

Total bacterial population

The abundance of the total bacterial population (TBC)
was of an order of 10° cells/mL in both surface and
bottom waters (Fig. 2). However, in the sediments, the
TBC ranged between 2.04 (C5; OSZ) and 297 x 10%
cells/g (C17; IEZ) of dry weight. The TBC in sediment
samples was two to four orders magnitude higher than
that in water (Fig. 2). On an average, the water samples
at OSZ (3.87 + 1.1 x 10° cells/mL) and sediments from
IEZ (6.31+1.07 x 10° cells/g) harboured relatively
more bacterial abundance compared with the other
zones.

Indicator and potential pathogenic bacteria

The abundance of different indicators and potential
pathogenic bacterial populations in the water and sedi-
ments of the four bay-estuarine zones showed a signif-
icant spatial variation (Fig. 3 and Fig. 4). A substantial
variation in the abundance of all groups of pathogenic
bacteria was discernible (Fig. 4). The abundance of
bacterial groups, TC, ECLO, SHLO, SLO, PKLO,
VLO, VPLO, VCLO, PALO, and SFLO, ranged from
ND to 10° CFU/mL in all water samples. On the other
hand, abundances of these bacterial groups in sediments
varied from 10° to 10%, ND to 10%, 10°, ND to 10°, 10’,
10°, ND to 10% ND to 10%, ND to 107, and ND to
10" CFU/g, respectively.

The SHLO group was found to be the most dominant
in almost all the 4 zones in water and sediment samples
ranging from 12% in ISZ bottom waters to 84% in OSZ
sediments (Fig. 4). PALO contributed up to 35% and
25% gradually increasing from OSZ to UEZ in surface
and bottom waters, respectively. Similarly, SHLO in the
surface waters and VPLO in the bottom increased pro-
gressively from OSZ to UEZ. PKLO showed an oppo-
site trend in surface water, which contributed from 11%
in UEZ to 28% in OSZ. However, in the bottom waters,
it showed a fluctuating pattern (10 to 29%). VCLO
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Fig. 2 Spatial distribution of total bacterial abundance in surface
water, bottom water, and sediments in different bay-estuarine
zones of the river Chapora (OSZ, offshore; ISZ, inshore; IEZ,

contributed fairly in both water and sediment of all
zones contributing significantly up to 34% in ISZ of
sediments. VLO and SLO were almost absent in all the
sediment samples; however, a minor fraction of SFLO
(up to 9%) and VLO (up to 19%) contributed in all the
zones of water and sediment samples. Overall, the mean
abundances of indicator and potentially pathogenic bac-
teria in ISZ and IEZ were noticeably higher compared
with the other zones. In the OSZ, the pathogenic abun-
dance was an order lower than the other 3 zones. Surface
and bottom waters showed similar patterns of abun-
dance of TC and ECLO. In the OSZ, abundances of
TC and ECLO were 1-2 orders magnitude lower com-
pared with the other three zones (Fig. 3). Finally,
amongst all four zones, [EZ was the most contaminated
in terms of the higher abundance of indicator as well as
potential pathogenic bacterial populations.

Water quality index

Indices of water quality determined by using the param-
eters listed (Table 2) indicated the value of the samples
to be in the range of 67-80 indicating the water to be of
either ‘medium’ or ‘good’ quality with a water quality
trend of UEZ > IEZ > OSZ > ISZ (Table 3). The surface
waters exhibited comparatively poor index values than
the bottom waters. But individually, when only ECLO
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1IEZ UEZ

inner estuary; UEZ, upper estuary). Vertical bars indicate mean =+
standard deviation

counts were taken into consideration, the water quality
index at all the stations was in the range of ND to 22
indicating ‘very bad’ quality of the water.

Principal component analysis

Principal component analysis (PCA) was performed to
evaluate the probable relationship between the physico-
chemical parameters and bacterial groups. Based on
eigen coefficients represented by each component in
Tables 4 and 5, the total variation was reduced to three
components for further consideration. In the surface
waters, all the parameters at the OSZ showed an equal
role in PC1 while a variation of 23.3% was observed in
PC2, showing higher loading for bacterial parameters
like ECLO and SFLO in the OSZ (Table 4). On the other
hand, in ISZ, TP, VCLO, and SFLO, factors played an
important role in the variation of 37.1% in PC1, and
PC2 accounted for 29.9% variation with SHLO and
VLO. PC2 of the IEZ constituted of 26.4% variance
only by SFLO whereas, at the UEZ, 40.9% variation
was seen due to DO, and 33.9% variation was contrib-
uted by TP and TC. In the bottom waters (Table 5), OSZ
showed PC1 accounting for 34.3% variation by TC and
VPLO, and PC2 accounted for 23.9% variation due to
SLO and VCLO. At the ISZ, DO, pH, and SFLO were
the only factors responsible for 19.3% variation in PC2.
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Fig. 3 Abundance of indicator bacterial groups (TC, total coli-
forms and ECLO, E. coli-like organisms in (a) surface water, (b)
bottom water, and (c) sediment at different bay estuarine zones
(OSZ, oftshore; ISZ, inshore; IEZ, inner estuary; UEZ, upper
estuary) of the river Chapora. Vertical bars indicate mean + stan-
dard deviation

At the IEZ, PC1 accounted for 40.1% variation with
VLO. While at the UEZ, PC2 contributed a 28.9%
variation due to SLO and TSS.

Discussion

Microbial analysis of the culturable population of indi-
cator and potential pathogenic bacteria is essential to
study the impact of contamination levels in the area. The
Chapora bay-estuarine system, considered a model
coastal ecosystem, has a dense coastal population and
is a popular commercial fishing port besides being a
tourist spot on the west coast of India. CPCB has

classified the Chapora River under priority V (BOD
levels, 3.5-5.2 mg/L). Although recorded concentra-
tions of DO and BOD meet the prescribed statutory
requirement, the levels of faecal coliforms (FC) exceed
the prescribed limits (RRC 2019). Our study area com-
prised four zones along the estuarine river stretch right
from the mouth of the river Chapora (OSZ) until the
upper reaches of the estuary (UEZ) covering a stretch of
~20 km. Most of the tourism and recreational activities
are concentrated in the ISZ. The luxuriant growth of
mangrove vegetation and agricultural lands lies on both
the sides of IEZ and UEZ zones. Discharge of untreated
domestic sewage mostly near the southern bank area
and direct discharge of waste mainly consisting of
stormwater drains from individual houses into the river
Chapora have been reported (RRC 2019). The DO
concentrations are reliant on the variation in chemical,
biological, and microbial factors (Yang et al. 2007). In
the present study, the level of DO in all stations was
within the normal range (Table 2). Similarly, the turbid-
ity values were also within an optimum range. High
values of turbidity mostly occur due to the turbulent
flow which results in mixing of the silt and sand at the
bottom of the river. The mean value of BOD in the
present study was 3.55+2.31 mg/L. The values are in
accordance with those reported earlier for saline
stretches of the river Chapora (RRC 2019). According
to EPA (1996), the BOD values of 5 mg/L or more are
considered severely polluted. Slightly lower BOD
values recorded in the present study highlight the im-
portance of currents in regulating the rate of decompo-
sition (Sanap et al. 2006). The nitrate and phosphate
levels were within the standard limits.

In addition to physico-chemical parameters, bacterial
activity plays an essential role in mediating the cycling
of organic matter. In the present study, the bacterial load
in the sediments of the Chapora estuary ranged from
2.04x 10% to 2.97 x 10'° cells/g. Similar results have
been reported from other coastal and estuarine regions
of the west coast of India (Ramaiah et al. 2002; Ramaiah
et al. 2004; Khandeparker et al. 2015) (Table 6). The
sediment samples showed 2 to 4 orders magnitude
higher bacterial abundance than water samples suggest-
ing a bacterial affinity for sediment attachment (Liss
et al. 1996). The texture of the sediments in the study
area was predominantly fine sand with various propor-
tions of silt and clay. The organic matter in the sediment
was also moderate and did not vary spatially. The or-
ganic matter derived from both anthropogenic and
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Fig. 4 Variation (%) in pathogenic bacterial populations at dif-
ferent zones (OSZ, offshore; ISZ, inshore; IEZ, inner estuary;
UEZ, upper estuary) in the Chapora bay-estuarine system. (a)
Surface water, (b) bottom water, and (c) sediment. SHLO, Shigel-
la-like organism; SLO, Salmonella-like organisms; PKLO,

natural sources was medium to high (data not shown).
Finer grained sediments rich in organic matter have been
reported to harbour rich bacterial load. Furthermore, the
residence time of bacteria in water is comparatively
lower than in sediments (Mohandass et al. 2000). Fur-
thermore, high availability of nutrients and organic

IEZ UEZ
‘ )
’ ‘ .SFLO

®SHLO

ESLO

= PKLO

=VLO

®VPLO

= VCLO

PALO

Proteus/Klebsiella-like organisms; VLO, Vibrio-like organisms;
VPLO, Vibrio parahaemolyticus—like organisms; VCLO, Vibrio
cholera—like organisms; PALO, Pseudomonas aeruginosa—like
organisms; SFLO, Streptococcus faecalis—like organisms

matter along with protection from stressors such as
temperature and salinity fluctuation support higher bac-
terial load in sediments (Craig et al. 2004).

Coliform group of bacteria has widely been used as
an indicator for sewage and faecal contamination of
water bodies (Tallon et al. 2005). Pathogenic bacteria

Table 3 Water quality index (WQI) of surface and bottom waters (mean = standard error) at different zones (OSZ, offshore; /SZ, inshore;
IEZ, inner estuary; UEZ, upper estuary) in the Chapora bay-estuarine system, central west coast of India

WQI with physico-chemical parameters and ECLO WQI with ECLO
Zones Surface water Bottom water Surface water Bottom water
0SZ 75.14 £ 3.67 72.28 £ 4.15 14.13 + 4.87 11.60 £ 6.14
1SZ 73.00 + 3.95 72.33 £3.50 9.16 + 4.04 6.60 £ 5.12
1EZ 76.8 £ 0.84 75.80 £2.49 5.6 £3.78 11.00 £ 2.12
UEZ 80.00 £ 0.82 75.25 £2.87 14.75 £2.98 11.75 £4.92

ECLO, Escherichia coli-like organisms

@ Springer



Environ Monit Assess (2020) 192: 397

Page 9 of 15 397

Table 4 Principal component analysis of physico-chemical and indicator and potential pathogenic bacteria in surface waters at the four bay-

estuarine zones. Eigen values >+ 0.35 are represented in italics

Offshore Inshore Inner estuary Upper estuary

PC Eigen % Cum. % Eigen % Cum. % Eigen % Cum. % Eigen % Cum.%
values variation variation values variation variation values variation variation values variation variation

1 6.85 36.1 36.1 7.04 37.1 37.1 8.98 47.2 472 7.78 40.9 40.9

2 443 233 59.4 5.68 29.9 67 5.01 26.4 73.6 6.45 33.9 74.9

3 3.55 18.7 78 3.09 16.3 83.2 3.05 16 89.7 4.78 25.1 100
Variable PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
DO 0251 -0.195 0.272 0.178 —0.204 -0.032 -0318 —0.022 -0.067 0.356 0.05 0.002
pH -0207 -0.114 0.405 —0.157 0317 0285 —0276 —0.124 —0.185 0209 -0.242 0.243
BOD 0.159  0.186 0.16 -0.003 0.137 -0324 -0248 -02 0.075 034 -0.074 0.119
Temp 0245  0.045 -0.15 -0.193 -0.206 0.166 0.167 -0323 -0.251 -0.177 0326 —0.123
TP -0.293 0.239 0.186 0.358 -0.078 —-0.06 —0.008 0.059 -0.56 0028 -0.392 -0.015
TN  —0301 0.042 —0.233 0.19 —-0272 -0298 —0.009 0.179 —0483 -0293 -0.197 -0.131
Turbidity —0.265 0.177 -0.15 0298  0.204 -0.084 028 —0.143 —-0.149 -0.059 0203 —0.384
7SS —0.138 0.003 0339 —0.169 —0.306 0.109 0332 —0.044 -0.015 0.282 0.21 -0.142
TC -0.137 -0.175 -0.322 0.121 —0.304 0313 —0296 0.116 0.204 0.03 0.367  —0.163
ECLO -0.197 —0358 0.038 —0.176 —0.141 0315 —0213 0.303 0.185 0.331 0.142  —-0.059
SHLO —0.155 0.26 -0281 —0.157 —0366 0.128 -027 0219 0.164 0.174  0.256 0.268
SLO —0267 —0244 -0221 0297 0.097 0317 —0203 0.295 -0.247 0207 0.259 0.223
PKLO —0224 -0.326 -—0.164 0276 —0.196 0.137  —0217 -0.322 0.008 —0.206 0.303 -0.128
VLO -025 0.341 -0.004 -0.156 —0.367 0.102 —0.304 0.085 -0.164 —0.148 0.216 0.333
VPLO —0326 0.235 -0.039 0327 0.035 0.278 -0.04 0.255 -0302 0343 0.116 —0.014
VCLO —0.194 0.098 0.254 0.351 -0.077 0.093 —-0214 -0343 -0.002 0.017 0132 —0431
PALO —0272 0.043 0.323 —0.014 0.175 0.378 —0278 —0.195 -0.193 -0.135 0.223 0.335
SFLO —0.136 —0393 —0.079 0.356 —0.038 0.1 0.162 0.39 0.018 0.173  —-0.201 -0.326

DO, dissolved oxygen; BOD, biological oxygen demand; Temp, temperature; 7P, total phosphorous; 7N, total nitrogen; 7SS, total suspended
solids; WQI, water quality index; 7C, total coliforms; ECLO, Escherichia coli-like organisms; SHLO, Shigella-like organism; SLO,
Salmonella-like organism; PKLO, Proteus /Klebsiella-like organism; VLO, Vibrio-like organism; VPLO, V. parahaemolyticus-like organ-
ism; VCLO, V. cholera-like organism; PALO, Pseudomonas aeruginosa—like organism; SFLO, Streptococcus faecalis—like organism.

in waters are usually much lower in numbers and much
harder to isolate and identify. Therefore, TC is mostly
used as a general indicator of potential contamination.
But coliforms are also found in soil and may be
transported to water bodies thus resulting in overestima-
tion of their abundance. To overcome this, faecal coli-
forms could instead be used to assess faecal contamina-
tion as these are only present in the intestinal tracts of
humans and other animals and thus can be more specific
in indicating faecal pathogenic contamination (Snozzi
et al. 2001). Faecal coliforms such as E. coli are often
used to evaluate recent faeccal pollution as they cannot
survive for a long time outside the intestines (Jang et al.
2017). Although E. coli may not be pathogenic per se,
however, their occurrence suggests the potential risk of

co-occurrence of other faecal bacteria, which can be
very pathogenic like Salmonella spp. or the hepatitis A
virus (Odonkor and Ampofo 2013). It is universally
accepted that the high numerical abundance of coliforms
in water bodies directly relates to high level of faecal
contamination (Fujioka 2002). The acceptable limit for
TC and ECLO is <500 and 100 CFU/100 mL, respec-
tively. In the present study, the TC counts were in the
range of 3.75 £ 0.42 to 15.02 £0.34 x 10* CFU/100 mL
and 4.03+0.44 to 11.78£0.31 x 10* CFU/100 mL in
surface and bottom waters, respectively. On the other
hand, the ECLO counts ranged from 0.58 £0.13 to 8.54
+£0.19 x 10* CFU/100 mL and 1.13+0.12 to 6.4+
0.14 x 10* CFU/100 mL in surface and bottom waters,
respectively. These values far exceed the acceptable
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Table 6 Comparative assessment of total bacterial counts (TBC) in the water and sediment samples from different coastal estuarine regions

of India with the present study

Study area

TBC in water (cells/mL) TBC in sediment (cells/g)

Ennore, south east coast of India (Ramaiah et al. 2002)
Kulai, south west coast of India (Ramaiah et al. 2002)
Padubidri, south west coast of India (Ramaiah et al. 2002)
Positra, north west coast of India (Ramaiah etal.2002)
Mumbai, north west coast of India (Ramaiah et al. 2004)
Zuari, central west coast of India (Khandeparker et al. 2015)
Chapora, central west coast of India (Present study)

0.78-2.91 x 10°
1.95-3.10 x 10°

2.00-3.08 x 10°
2.12-2.41 x10°
2.64-3.80 x 10° 2.32-8.01 x 10°
1.91-3.65 x 10° 1.30-3.40 x 10®
8.80+0.54 x 10° -

1.56 x10° — 2.1 x 10° -

1.80-6.36 x 107 2.03x107-2.97 x 10'°

limits and reflect the degree of anthropogenic inputs into
the Chapora bay-estuarine system.

The results of the present study indicate that the water
samples of the Chapora bay-estuarine system (Table 7)
harboured relatively lower pathogenic bacterial load
than adjoining the Mandovi and Zuari estuary, Goa
(Nagvenkar and Ramaiah 2009), Hoogly River
(Batabyal et al. 2014), River Ganga (Dash et al. 2010;
Mishra et al. 2009; Baghel et al. 2005), Mumbai waters
(Ramaiah et al. 2002), Gola River (Chandra et al. 2006),
and Cauvery River (Kumarasamy et al. 2009) but were
higher by 1-2 orders reported from the Veraval coast in
Gujarat (Borade et al. 2015). The sediments of the river
Chapora harboured 3—5 orders higher pathogenic counts
than the Veraval coast (Borade et al. 2015) and the
creeks along the Mumbai coast (Ramaiah et al. 2004).
Zone-wise, a higher abundance of potential pathogenic
bacteria was observed in ISZ and IEZ compared with
the OSZ and UEZ. Such a trend could be due to the
resuspension of sediment-associated bacteria into the
water column under the prevailing pattern of tidal cur-
rents as the nearly well-mixed conditions were observed
in ISZ and IEZ (Pers Comm. Seelam Jayakumar).

The determined WQI in the present study showed
that the waters of the Chapora bay-estuarine system
belonged either to ‘medium’ or ‘good’ categories of
water quality. However, the water quality slips into
category ‘very bad’ when only ECLO counts were
considered for estimating the WQI. This implies that
although the concentrations of physico-chemical param-
eters are within acceptable limits, the actual threat of
faecal contamination is often masked. Lowest values of
WQI recorded in ISZ reflect the poor water quality due
to increased anthropogenic activities. Similarly, PCA
also indicated that ISZ was most affected by the

pathogenic counts at a loading of >0.35 in the surface
waters (Table 4).

In the present study, the counts for pathogenic groups
were 2 to 4 orders magnitude higher in sediment sam-
ples than in water samples. Pathogenic groups such as
ECLO, VCLO, VPLO, SHLO, SLO, PALO, and SFLO
are the main cause of waterborne diseases (diarrhoea,
dehydration, cholera, enteric fever, dysentery, Vibrio
illness, food poisoning, enteritis, enterocolitis, etc.). In
the present study, water samples from all zones showed
low number (up to 10 orders) of potential pathogenic
bacteria. However, in the sediment samples, higher
counts of potential pathogenic bacteria (up to 10”) were
observed with SHLO dominant in all four zones. Similar
findings have also been reported by Alm et al. (2003)
and Luna et al. (2010) who postulated that the sediments
could act as a source for faecal and pathogenic origin of
microorganism and virulent strain of bacteria. This sug-
gests that the sediments of the Chapora estuary serve as
a reservoir for potential pathogenic bacteria.

Conclusion

Presence of high level of pathogenic bacteria in water
bodies and aquatic sediments is a serious concern for
human health as sediments can undergo resuspension
due to natural (tidal currents) and anthropogenic distur-
bance. The present study on the Chapora bay estuary
reveals that the sediments have a high load of pathogen-
ic bacteria which may be due to anthropogenic inputs in
the form of untreated/partially treated sewage, faecal
contamination, and a large amount of domestic waste
in the water from the surrounding human settlement as
observed during physical survey (RRC 2019). The

@ Springer
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Table 7 Comparative assessment of abundance of indicator and pathogenic bacterial populations (mean =+ standard error) in different

riverine/coastal regions of India

Study area Bacterial group Abundance (x 10%)
Water (CFU/mL) Sediment (CFU/g)
Mumbai creeks (Ramaiah et al. 2004) TC 12.6£00.6 0.18
VLO 2.45+0.05 20.8
vC 2.02+043 7.50
VP 428+1.04 1.50
SH 6.58+0.43 2.12
SA 4.12+0.06 1.70
Hoogly River (Batabyal et al. 2014) TC ND-0.23 NA
Pseudomonas spp. ND-0.25
Salmonella spp. ND-0.40
Vibrio spp. ND-0.01
Haridwar (Dash et al. 2010) TC 43-93 NA
Gola River (Chandra et al. 2006) EC 5.9 NA
PA 1.3
Klebsiella spp. 0.03
vC 0.07
Cauvery River (Kumarasamy et al. 2009) EC 0.03-0.37 NA
SA 0.002-0.03
PA 0.004-0.05
Mandovi and Zuari River (Nagvenkar and Ramaiah 2009) TC ND-2.90 NA
EC ND-0.13
VLO ND-0.30
Salmonella spp. ND-0.16
Streptococcus spp. ND-0.06
Veraval coast (Borade et al. 2015) TC 0.007-0.0085 ND-0.40
EC 0.003-0.0048 0.003-0.30
SLO 0.001-0.0012 ND-0.20
SHLO 0.002-0.0028 0.005-0.40
PKLO 0.008-0.0048 ND-0.20
VCLO 0.005-0.0049 ND-0.10
VPLO 0.002-0.0019 ND-0.20
Ganga River (Baghel et al. 2005) TC 0.24-16.0 NA
Varanasi river (Mishra et al. 2009) TC 254 NA
EC 69.0
Zuari river (Khandeparker et al. 2015) VLO 0.01+£0.003-0.05+0.007 NA
Present study TC ND-0.24 117-250,000
ECLO ND-0.20 ND-10,000
SHLO ND-0.27 ND-167,000
SLO ND-0.03 ND-10
PKLO ND-0.12 ND-2210
VLO ND-0.10 ND-0240
VPLO ND-0.08 ND-25,400
VCLO ND-0.19 ND-43.,400
PALO ND-0.13 ND-5660
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Table 7 (continued)

Study area Bacterial group Abundance (x 10%)
Water (CFU/mL) Sediment (CFU/g)
SFLO ND-0.03 ND-2910

TC, total coliforms; EC/ECLO, Escherichia coli-like organisms; SH/SHLO, Shigella-like organism; SA/SLO, Salmonella-like organisms;
PKLO, Proteus/Klebsiella-like organisms; VLO, Vibrio-like organisms; VP/VPLO, Vibrio parahaemolyticus-like organism; VC/VCLO,
Vibrio cholera-like organism; PA/PALO, Pseudomonas aeruginosa-like organisms; SFLO, Streptococcus faecalis—like organism; ND,

non-detectable; NA, not available

water quality index reveals the estuarine system to be
‘good’ at most stations and ‘medium’ at few stations;
however, the actual situation of the high bacterial load is
often masked. Furthermore, the revaluation of WQI by
incorporating only ECLO counts significantly dropped
the grading of water quality to ‘poor’ at all stations.
Hence, it is essential to monitor the individual factors
involved in the WQI as it can under/overestimate the
actual finding. The present study showed the dominance
of SHLO amongst those from the other groups, namely
SLO, PKLO, VLO, VPLO, VCLO, PALO, and SFLO,
in the sediments indicating their probable role in disease
during sediment resuspension. The zones ISZ and IEZ
were relatively more polluted compared with the OSZ
and UEZ due to the lower abundance of indicator and
potentially pathogenic bacteria in the latter zones. The
coastal area in proximity with the former zones
harboured a dense human population as compared with
that of the latter. The comparison of the above findings
will help in decision making while selecting safer zones
for the promotion of tourism and fishing activities. Also,
the baseline data and inference from this study can
prompt environmental measures needed for the restora-
tion of the coastal-estuarine ecosystem and its resources,
thus maintaining an environmentally friendly ecosystem
to support a healthy and economically viable coastal
population.
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