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Abstract

Estuaries are critical components in the environmental risk assessment of anthropogenic contamination. They funnel the
emissions from upstream terrestrial catchments and are often within historically established population and industrial
centers. They are sensitive and biodiverse and increasingly acknowledged be subject to increasing risks and hazards
from urban development and climate change. To understand these effects, regular monitoring is essential but needs to be
appropriate to allow impact assessment and direct long-term mitigation strategies, building resilience under the advancing
impacts of climate change. A One Health approach to environmental assessment is needed to counter the emergence of
global public health threats, such as antimicrobial resistance (AMR) supporting the interaction between estuarine ecol-
ogy, humans and the environment. We focus on Thane Creek, Mumbai, India as a critical case being recently designated
a RAMSAR site and India’s only urban RAMSAR wetland. The necessity of a robust environmental monitoring system
for regulatory policy development reflects impacts from historic and emerging pollution sources. It is a particularly sen-
sitive environment, and one of the largest creeks in Asia, with ecosystem function identified to be highly vulnerable to
the impacts of climate change. Rapid urbanization, causing alterations to creek geometry over relatively short timescales,
has impinged on wetland habitats. Data from governmental monitoring and previous studies of environmental quality in
Thane Creek are compared to data for other Indian estuaries. Overall, there is evidence of contamination from sources
including domestic sewage and nearby industries, which may have chronic impacts on the ecosystem. Dissolved oxygen
was lower, biochemical oxygen demand higher, and coliform counts similar in Thane Creek compared to other estuaries.
The influence of tidal dynamics and sediment movement is likely to develop seasonal variation in AMR within water and
sediments with potential impact on a rich and diverse ecology, especially for migratory birds. Subsets of organic con-
taminants and potentially toxic elements are currently monitored infrequently in water but have been found enriched in
the creek’s sediments. These key geochemical parameters are likely to have significant impacts on environmental health
and highlight the need for wider assessment of environmental stressors and the development of more robust estuarine
health indicators. Given both the ecological and geographical sensitivity of the region focusing on one health is a more
appropriate monitoring strategy to address the emerging ecosystem challenges.
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Introduction

The United Nations’ Sustainable Development Goal 6 is
“Clean Water and Sanitation”, with Target 6.3 setting out
the following aim: “By 2030, improve water quality by
reducing pollution, eliminating dumping and minimiz-
ing release of hazardous chemicals and materials, halving
the proportion of untreated wastewater and substantially
increasing recycling and safe reuse globally” (United
Nations, accessed Jan 2024). With wider estuarine health
and protection of biodiversity, the lack of control standards
for water and pressure from climate change, we need holis-
tic approach to environmental systems in the protection of
public health. To develop policies in support of this goal
and measure progress towards it, regular water quality mon-
itoring must take place, and the right parameters must be
measured. The ecology of these systems has often been well
studied but we still need to deal with spatial and temporal
pressures and how the system responds to climatic variation
is a critical part. The potential proximity of physicochemi-
cal and biological indicators to threshold limits needs to be
considered in building conservation strategies (Elliot et al.,
2019). The relevance of estuarine ecological status and the
need for adequate water quality monitoring is highlighted
for a sensitive estuarine case in India.

Selection and measurement of water quality parameters
is an ever-changing process as new contaminants and analy-
sis techniques emerge (Behmel et al. 2016). The UN’s core
parameters for estimating water quality of rivers are dis-
solved oxygen (DO), biochemical oxygen demand (BOD),
chemical oxygen demand (COD), electrical conductivity
(EC), total dissolved solids (TDS), salinity, total oxidized
nitrogen (TON), total nitrogen (TN), ammoniacal nitro-
gen, nitrite, orthophosphate, total phosphorus (TP), and
pH (Kirschke et al. 2020). Additional commonly measured
water parameters include turbidity, temperature, chloride,
total hardness, total solids (TS), and total suspended sol-
ids (TSS) (Ahmed et al. 2020). Commonly observed con-
taminants such as potentially toxic elements (PTEs) and
organic compounds, such as polycyclic aromatic hydrocar-
bons (PAHs), may be monitored less frequently than other
parameters or only at certain sites. Microbiological moni-
toring of water is typically focused on total coliforms and
faecal coliforms, which act as indicators for sewage con-
tamination and increased likelihood of pathogen presence
(Cohen and Shuval 1973). In some reports, several param-
eters are used to calculate a Water Quality Index (WQI), as
no single parameter is representative (Ahmed et al. 2020).
Correlations between parameters may mean that monitor-
ing can be optimized by removing some parameters from
measurement regimes (Behmel et al. 2016). There are calls
for estuarine indices to have a more ecological focus (Mulik

@ Springer

et al. 2020) and provide link between anthropogenic inter-
vention, resident and migratory species and environmental
quality, introducing the core components of One Health. A
collaborative approach to the health of people, animals and
the environment.

Values of physico-chemical parameters in water are
impacted by the presence of anthropogenic pollution and
they in turn impact other water quality parameters and local
ecology. For example, high BOD results in lower DO, due
to increased aerobic breakdown of organic content. Sus-
pended solids act as carriers for pollutants including hydro-
carbons and PTEs, and high concentrations of solids may
also block light and negatively impact the health of fish
and aquatic plants, particularly benthic organisms (Aryal et
al. 2010; Ferrier et al. 2005; Kennedy et al. 2016; Miiller
et al. 2020; Siddhesh et al. 2016). High concentrations of
nutrients like nitrogen and phosphorus cause algal blooms,
which reduce light and oxygen concentrations, and may also
produce toxins that can damage the human brain, kidneys,
and liver (Erickson et al. 2013; Pal et al. 2014). PTEs are
persistent in the environment and can cause organ damage
(e.g. cadmium, lead, zinc), may be carcinogenic (e.g. chro-
mium, arsenic) (Bearcock et al. 2017; Nieder et al. 2018),
or become toxic at high concentrations (e.g. nickel, iron)
(Gurav et al. 2013). Low pH can result in release of PTEs
bound to sediment and an increase in PTE bioavailability.
Hydrocarbon compounds can be acutely toxic at high con-
centrations, and some (including PAHs) are also carcino-
genic or mutagenic and may cause heritable genetic damage
(Kennedy et al. 2016; Liu et al. 2018; Rodgers et al. 2019;
Tiwari et al. 2017).

The World Health Organization’s Guidelines for Drink-
ing-Water Quality (GDWQ) are a non-binding set of param-
eters and standards on which many countries base their own
drinking water legislation. No global set of recommenda-
tions equivalent to the GDWQ exists for surface water,
leading to high levels of heterogeneity in monitored con-
taminants and regulatory limits between different regions,
particularly for organic contaminants (Van Winckel et al.
2021). The provision of a set of global guidelines and lim-
its for surface water would enable a more unified approach
to environmental protection and regulation of contamina-
tion sources. Standardized approaches to monitoring would
support the development and implementation of these
guidelines.

To facilitate guideline development, monitoring should
be cost-effective and easily adaptable to emerging contami-
nants or changing risks, and data resulting from monitor-
ing must be of high quality and readily accessible (Lovett
et al. 2007). Identifying relationships between parameters
may allow more streamlined and cost-effective monitoring.
To ensure that policy developed from monitoring data is
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adequate, sufficient parameters must be examined. A better
understanding of the behavior of and risks posed by con-
taminants in the environment is required. Data should not be
limited to only laboratory-based experiments. This includes
both well understood contaminants like PTEs that have been
researched for many years, and emerging contaminants
including pesticides, per- and polyfluoroalkyl substances,
and antibiotics, which may have differing impacts in varied
environments alongside other contaminants.

The growing interest in better assessment of indica-
tors for estuarine health beyond standard physicochemical
and biological contaminants, targets other indicators such
as disease (Tallam and White 2023). More representative
assessment to protect and develop indicators of estuarine
health bring forward the potential to incorporate of One
Health principles could benefit environmental monitoring
and more resilient management of sensitive estuarine eco-
systems (Adams et al. 2020). One Health is a holistic, trans-
disciplinary view that considers the connections between
human, animal, and environmental health (Ogunseitan
2022). Engagement with stakeholders from each of these
areas would provide a strong basis on which to build regula-
tory guidelines, ensuring that they tackle not only environ-
mental contamination from a purely ecological perspective,
but also incorporating broader impacts to health including
the spread of zoonotic diseases or antimicrobial resistance
(AMR). Monitoring is essential but climate change drives
ever changing baselines, making detection of natural and/or
anthropogenic disruptions challenging without evaluating
alternative strategies (Elliot et al., 2019).

For example, although current water quality guidelines
may be sufficient in preventing direct health and ecosystem
impacts by contaminants, they may not be stringent enough
to avoid applying selection pressures that promote environ-
mental AMR. Gullberg et al. (2014) found that minimum
selective concentrations (MSCs) for various antibiotics and
PTEs were well below the minimum inhibitory concentra-
tions (MICs) with the maximum difference being arsenic’s
MSC — 140-fold lower than its MIC. Synergistic effects
were identified between some antibiotics and PTEs (Gull-
berg et al. 2014), suggesting that selective pressures lead-
ing to AMR could occur even in the presence of very low
concentrations of contaminants. Therefore, regulatory stan-
dards may have to be altered or alternative parameters such
as antibiotics could be included in routine monitoring.

Thane Creek, Mumbai India is a contaminated estuary,
subject to dynamic change. It holds significant ecological
and environmental status as an important coastal mangrove
system. These systems across India are projected to show
a cumulative loss of 60% by 20,230 (Sharma et al. 2022)
yet are crucial in coastal zone protection and ecosystem
services (Asari et al. 2021). Thane Creek receives waste

from industries including automotive, metallurgical, and
pharmaceutical companies, as well as untreated or partially
treated domestic sewage from several highly populated
areas. Impact assessments of the threat from climate change
have identified sensitive zones of mangrove forest within
the tidal creek system, vulnerable to sea level rise, impact-
ing on the wider urban resilience to flooding (Murali et al.
2020). A detailed analysis of land use and land cover change
(LULC) predicts important changes in river channel dynam-
ics with increasing urbanization. There are consequences for
vegetation on the creek banks and wider biodiversity over
relatively a short term (Vijay et al. 2020). The local des-
ignation of surrounding land as a Special Economic Zone
in 2005 resulted in the loss of >130 acres of mangrove by
2022 (Sharma et al. 2022). The addition of Thane Creek to
the National Waterways Bill in 2015, places it further within
a zone of potential disruption as a transport route subject
to development and maintenance activities (Dharmadhikary
and Sandbhor 2017). Contamination in the creek has the
potential to affect not only local people but also flora and
fauna (including mangrove wetlands and a flamingo sanctu-
ary) and the microbial community. As such, Thane Creek
represents a tropical estuary impacted by anthropogenic
activity, considering contaminant pressures, the relation-
ships between them, and factors that should be considered
when designing monitoring schemes and quality standards,
particularly from a One Health perspective.

Thane Creek, India - a multi-pollutant
receptor

Overview

Estuaries and creeks are often subject to urbanization,
industrialization, shipping activity, and the discharge of
waste, as tidal flushing should theoretically result in lower
long-term impacts on the ecosystem (Athalye et al., 2012;
Rodgers et al. 2019; Vijay et al. 2020). They perform critical
functions and provide up to $5.4 trillion in multiple ecosys-
tem services, with pressures driven by dredging/draining,
habitat change, toxins and nutrients and pathogens and inva-
sive species (Talam & White, 2023). However, through their
naturally dynamic nature, the resuspension of sediment and
changes in salinity due to tidal flow leads to cyclical adsorp-
tion and release of contaminants, resulting in pulses of
exposure that can impact fish, invertebrates, algae, and the
microbial community (Roberts 2012; Rodgers et al. 2019).
Thane Creek is a tidal estuary in the Indian state of Maha-
rashtra. The creek extends from the Ulhas River in the north
to the Arabian Sea in the south and is bordered by the popu-
lous cities of Mumbai in the west, Navi Mumbai in the east,
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and Thane to the north. The section of Thane Creek that lies
between Vashi Bridge and Airoli Bridge is also known as
Vashi Creek. The state of Maharashtra accounts for more
than a quarter of India’s textiles, chemicals, metallurgy, and
transport production (Jaiswar et al. 2018). Navi Mumbai is
a hub for industries including pharmaceutical, electronics
and petrochemical manufacturing, and contains the Thane-
Belapur Industrial Belt — at one time Asia’s largest indus-
trialized region (Siddhesh et al. 2016; Tambe and Gotmare
2017). At the seaward end of Thane Creek are Mumbai Port
and Jawaharlal Nehru Port, both major sites for import/
export of cargo including crude oil, fertilizer, food, chemi-
cals (Jaiswar et al. 2018).

The creek is approximately 27 km long with a minimum
depth of 0.5 m, so factors such as monsoon season rain-
fall, effluent discharges, and tidal flushing have significant
impacts on water quality (Jaiswar et al. 2018; Singare 2012;
Thomas et al. 2022). The flushing time of an estuary/creek
impacts its long-term ecosystem health — faster flushing
reduces the chance of negative impacts e.g. from waste dis-
charges. Thane Creek joins to the Ulhas River in the north
but receives very little freshwater input except during the
monsoon season due to the narrowness of the creek’s con-
nection to the river (100 m width) (Thomas et al. 2022). The
creek is funnel-shaped, reaching a width of 9000 m at the
seaward end and a maximum depth of 12 m (Pradhan et al.
2021). Modelled tidal simulation has projected this seasonal
variation with semi diurnal ebb and flood dynamics, varying
from the mouth northwards, changing sediment erosion and
deposition conditions, critical for the mixing/dispersal of
contaminant discharges (Thomas et al. 2019). Recent analy-
sis (Ragkkasagi et al., 2024) of all costal Ramsar sites in
India, have highlighted Thane Creek as high risk in terms of
extreme rainfall — on the basis of return levels and extreme
precipitation events. In addition, widespread flooding is also
predicted as a significant risk potentially enhanced climatic
oscillations.

It is bordered on both sides by mudflats and mangroves,
which play important ecosystem roles including cycling of
nutrients (phosphorus, nitrogen, carbon), providing habitats
for wildlife, retention of PTEs, and reducing coastal erosion
and flood risk (Abdul Azeez et al. 2022; Fernandes et al.
2012). There has been a 40% reduction in mangrove cover
around Mumbai in the last 10 years (Abdul Azeez et al.
2022), due to anthropogenic activities including the use of
mangrove wood as fuel or the creation of space for develop-
ments such as aquaculture (Borkar et al. 2007).

It was designated a Ramsarsite (a wetland site of inter-
national importance under the Ramsar convention (https://
www.ramsar.org/) in 2022 (Ramsar accessed 21 June 2024)
hosting ~20% of the Indian mangrove species and has been
declared as the “Thane Creek Flamingo Sanctuary” and an
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important part of the Central Asian Flyway for bird migra-
tion. The forests providing an important buffer to storms and
other coastal extreme events. With over 400 faunal species it
ranks 25th out of 75 RAMSAR sites in India, acknowledged
to need further assessment to understand the significance of
faunal structure (Bannerjee et al., 2023). A rich flora and
fauna have been described in some locations and includes
diverse resident and migratory bird species in addition to
mammals, amphibians, reptiles, invertebrates and other spe-
cies (Khan and Gupta 2024).

Industrialization around Thane Creek began in the 1960s,
with the development of the Trans-Thane Creek region from
44 industrial units in 1971 to 3800 in 2006 (Athalye et al.,
2012). Studies of the creek environment over this period
found increased silt content, increased silicate concentra-
tions, increased PTE content in water, sediments, and fish,
and a decrease of DO to less than 2.5 mg/l (considered
hypoxic). By 2012, DO at several points in the creek was
0 mg/l. In the 1980s, fish catch as far north as Thane was
plentiful and diverse but by 2002 fishing was limited to
the mouth of the creek apart from during monsoon season
(Athalye et al., 2012). Fish yield in Thane Creek has fallen
dramatically since the 1980s, with 1999-2000’s yield only
4% of that in 1981-82 (Nikam et al. 2008). Commercial
fishing in the creek has become less and less viable more
recently due to factors including the clogging of fishing nets
with solid waste and litter, and fish death due to the dis-
charge of toxic chemicals and waste (Goldin and Athalye
2012).

The area around Thane Creek has undergone significant
change over the last several decades. Since 1972 there has
been a 7.1% increase in built-up land cover in the areas of
Mumbai, Navi Mumbai, and Thane that surround the creek
(Vijay et al. 2020). Due to a combination of shifting man-
grove growth patterns (towards the creek ward side) and
the frequent discharge of domestic and industrial waste,
the creek’s width has now decreased significantly. Between
1972 and 2016, the width of the lower, seaward region of
the creek has decreased by 13.2%, while the upper region
has decreased by 46% (Vijay et al. 2020). The construction
of Vashi Bridge in 1996 has also led to narrowing of the
creek and a change in water currents and tidal flushing. As
a result, more plastic waste such as bags, bottles, and fibers
has become trapped in the creek (Rathod, 2020).

Development of the area around Thane Creek has been
relatively rapid and industrialization is still ongoing, lead-
ing to a sharper increase in pollution burden and perhaps
greater risk from emerging contaminants in comparison
to estuaries that experienced slower, longer-term exposure
to contamination followed by declines in population and
industrial activity (e.g. the River Clyde in Glasgow (Rodg-
ers et al. 2019). As a result of this, stress on the ecosystem
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may be greater in Thane Creek than in other estuaries. Waste
discharged into the creek includes pharmaceutical waste,
which has potential to increase AMR in environmental
microorganisms including pathogens. The impact of rapid
urbanization, the threat of AMR impacting human health as
well as other anthropogenic contamination affecting Thane
Creek’s high biodiversity (including mangroves and flamin-
gos), make this area an important case to consider a One
Health approach to estuarine health under increasing eco-
system pressures. Assessing the relevance of indicators for
the ecological status of estuaries is more straightforward for
locations with high pollution and salinity loading but less
clear in intermediate zones (Mulik et al. 2020). This limita-
tion needs to drive new strategies for monitoring and regu-
lating impact from industrialization.

Local treatment & monitoring

Currently, there are seven sewage treatment plants in Mum-
bai, providing primary treatment to sewage before its dis-
charge into the environment. By 2030, it is expected that
seven more treatment plants will be constructed, each of
which will treat 2,464 million litres of sewage per day to
secondary or tertiary level (Chitnis 2023). In Thane, sew-
age is treated by eight plants, six of which were constructed
within the last five years (Pol 2019). In the Navi Mumbai
industrial area, larger industries have their own full treat-
ment plants. Small industries have individual primary efflu-
ent treatment plants (ETPs) then shared Common Effluent
Treatment Plants (CETPs) where additional treatment
occurs before discharge of effluent into Thane Creek. There
are seven sewage treatment plants in Navi Mumbai as well
as a solid waste landfill site (Athalye et al., 2012). Sewage
plumes at discharge points into Thane Creek can be seen
using remote sensing (Sasamal et al. 2007). Sewage enters
the creek directly from open drains (untreated), or from
treatment plants (either partially treated or having under-
gone secondary treatment) (Vijay et al. 2014).

Water quality monitoring in India is overseen by the
Central Pollution Control Board (CPCB), under the Water
(Prevention and Control of Pollution) Act 1974 (Bhardwaj
2005). As of 2022, the CPCB’s monitoring network con-
sisted of 4484 stations covering surface freshwater, coastal
water, and groundwater (Central Pollution Control Board,
n.d.-b). According to CPCB guidelines, water quality at
“Trend” stations (used to demonstrate how water qual-
ity at a certain point varies over time due to geogenic and
anthropogenic factors) is monitored monthly for the fol-
lowing 25 parameters: colour, odour, temperature, pH, EC,
DO, turbidity, TDS, ammoniacal nitrogen, nitrite & nitrate
nitrogen, total phosphate, BOD, COD, total coliforms, fae-
cal coliforms, fluorine, boron, and the ions sodium (Na®),

potassium (K*), calcium (Ca %), magnesium (Mg 2%), car-
bonate (CO327), bicarbonate (HCO;"), chloride (Cl"), and
sulphate (SO,%"). In addition, pesticides are monitored once
yearly (pre-monsoon), toxic metals twice yearly (pre- and
post-monsoon, subset of metals monitored based on loca-
tion), and specific organic compounds including PAHs are
monitored only if deemed necessary for a specific site (Cen-
tral Pollution Control Board 2017).

Apart from the CPCB, each state has its own pollu-
tion control board. Maharashtra Pollution Control Board
(MPCB) is responsible for regulating the management of
wastewater generated in industries. As the treated indus-
trial wastewater is discharged into Thane Creek, the creek’s
water quality is tested regularly by the MPCB. Water qual-
ity is tested at Kalwa Bridge in the far north of the creek,
Elephanta Island towards the south, at Ghansoli Jetty along
the Trans Thane Creek arm of the creek, and at Vashi Bridge
and Airoli Bridge in Vashi Creek (Fig. 1).

Water quality parameters and trends

A subset of these measurements is published annually in the
MPCB’s water quality status report — namely pH, DO, BOD
and faecal coliforms (FC) (Maharashtra Pollution Control
Board, n.d.). Table 1 shows the average annual pH, DO,
BOD, and FC at each site since 2013 (Maharashtra Pollu-
tion Control Board, n.d.). In addition, the CPCB publishes
the minimum and maximum values measured each year
for the following parameters: temperature, DO, pH, EC,
BOD, nitrate & nitrite nitrogen, faecal coliforms, and total
coliforms (Central Pollution Control Board, n.d.). Figure 2
summarizes the annual monitoring data from 2013 to 2021.
Broadly stable annual maxima are seen in temperature,
dissolved oxygen (and to an extent BOD), and conductiv-
ity generally shows the influence of salt water towards the
mouth of the creek. Other microbial and chemical param-
eters more indicative of pollution inputs are much more
variable, indicating the influence of pollution point sources
along the creek. While average annual values of DO are
generally above the minimum limit set by CPCB for SW-II
class waters (4 mg/l) (Table 2), minimum values in many
of the samples fall below this. Values of BOD exceed the
CPCB’s maximum limit in all samples while faecal coliform
counts exceed limits in many of the samples, though they
vary quite significantly between sites and sampling times.
Governmental monitoring is an important source of data
on environmental contamination, as it is standardized, long-
term, and regular. Ideally, all government data should be
made readily available to inform future monitoring strate-
gies and allow comparison with academic studies, which
may be focused on narrower areas, different time points,
or specific contaminants. As Thane Creek is currently
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Fig. 1 Map showing geographical context of Thane Creek, Mumbai in
India with Maharashtra Pollution Control Board (MPCB) water qual-
ity monitoring sites marked. Map source: Google Maps, 2024, E. Asia,

monitored regularly by the CPCB and MPCB, we consider
opportunities where additional parameters or monitoring
strategies may be necessary.

Contamination in Thane Creek

Thane Creek experiences contamination from a broad range
of sources. An estimated 28,750 m® of treated and untreated
waste are discharged into the creek daily from surround-
ing industries and their associated effluent treatment plants
(Siddhesh et al. 2016), along with around 1260 megalitres
of domestic sewage per day (Jaiswar et al. 2018). Almost
85% of pollution loading occurs north of the Ghatkopar out-
fall, close to Vashi Bridge (Sasamal et al. 2007).

Water standards set by CPCB for marine coastal outfalls
and by the Bureau of Indian Standards (BIS) for drinking
water and surface water are shown for reference in Table 2.

Water quality in Vashi Creek was measured by Tambe
and Gotmare (2017) measured during July & August 2016
and compared to drinking water standards set by the Indian
Council for Medical Research (ICMR), WHO, and BIS.
They found that mean pH, chloride, TDS, and sulphate con-
centrations were within permissible limits but that BOD,
COD, and TSS exceeded these limits. BOD was very high,
which is of concern as high BOD can result in low oxygen
concentrations in the water, leading to fish death, odour,
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,30.711826982,81868.294717d,35y,0 h,0t,0r/data=CgRCAggBOgMK
ATA (accessed 11/09/2024)

and reduced decomposition (Tambe and Gotmare 2017). A
study by Chordiya et al. (2021) examined Vashi Creek water
quality data from the ENVIS Centre on Control of Pollution
Water, Air, and Noise database, relating to 2008-2019. Sim-
ilarly, they found that in some years BOD and DO did not
meet the drinking water standards set by the ICMR (5 mg/1
for both BOD and DO).

Additionally, dissolved oxygen levels in the upper part
of the creek (Vashi Bridge and north) often fall below the
CPCB’s lower recommended limit of 4 mg/l. Nikam et al.
(2008) found DO concentrations of only 0.9 mg/l in the
northern region of Thane Creek between Balkum and Kalwa
Bridge, increasing further south to 2.2 mg/l between Kalwa
Bridge and Airoli Bridge, and to 3.1 mg/l between Airoli
Bridge and Vashi Bridge. Most samples from this region
also exceed the recommended BOD limit of 3 mg/l, which
is likely a contributing factor to the low DO concentrations.
Jaiswar et al. (2018) and Vijay et al. (2014) found DO was
dependent on tides, with concentrations <3 mg/l in the upper
creek at low tide (Jaiswar et al. 2018) and during low tide
from middle of the creek upwards and in the upper region
during high tide (Vijay et al. 2014). Additionally, BOD was
again above CPCB standards (Vijay et al. 2014).

Faecal coliforms were identified above CPCB standards
by Chordiya et al. (2021) and Vijay et al. (2014, 2015) with
maximum concentrations of 1 x 105 MPN/100 ml, 5.9 x 105
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Table 1 Average annual values of pH, dissolved oxygen (DO), biologi-
cal oxygen demand (BOD), and faecal coliforms in sites along Thane
Creek. Data: Maharashtra Pollution Control Board, n.d

Location Year pH DO BOD Faecal
(mg/l) (mg/l) Coliforms
(CFU/100 ml)
Elephanta 2013-2014 7.7 5.1 7.8 666
Island
2014-2015 7.86 - 9.56 463
2015-2016 7.9 48 9.7 558.25
2016-2017 - - - -
2017-2018 7.2 3.9 126 33.8
2018-2019 7.2 4.2 12.5 3279
2019-2020 7.3 4.4 11.7  205.6
20202021 7.27 4.23 10.44 113.78
Vashi Bridge 2013-2014 7.6 4.6 8 688
2014-2015 7.63 4.81 18 437
2015-2016 7.6 5 8.1 198

20162017 - - - -
2017-2018 7.2 4.5 109 29.8
2018-2019 7.3 4.6 104 69
2019-2020 7.2 4.9 9.8 483
2020-2021 7.35 4.61 991  46.73

Airoli Bridge 2013-2014 7.5 4.7 7.4 600
2014-2015 7.65 492 17.6 400
2015-2016 7.5 4.7 8.2 266.5
20162017 - - - -
20172018 7.2 43 9.9 30.6
20182019 7.2 45 11.6 955
2019-2020 7.4 4.6 315 74
2020-2021 7.43 4.61 10.18 98.42

Kalwa Bridge 2013-2014 7.4 3.7 10.1 481

2014-2015 7.51 4.18 17.3 208
20152016 7.5 4.7 8.5 143
20162017 - - - -

2017-2018 7.2 4.5 103 484
2018-2019 7.3 4.7 8.9 82.6
2019-2020 7.3 4.8 9.5 39.1

2020-2021 7.23 438 93 104.75
Ghansoli Jetty 2013-2014 - - - -
2014-2015 - - - -
2015-2016 72 5 8.9 361.67
20162017 - - - -

2017-2018 7.2 43 11 55.9
2018-2019 7.1 45 16.3 103.1
2019-2020 7.4 4.5 9.9 413
2020-2021 7.4 479 895 4582

MPN/100 ml, and 965 MPN/100 ml respectively. The pres-
ence of faecal coliforms is indicative of domestic sewage
pollution in Thane Creek. Vijay et al. (2015) also found
high BOD, ammoniacal nitrogen, and phosphate, as well as
low DO concentrations — all of which are additional indi-
cators of sewage contamination. Water quality was lower
pre-monsoon, at low tide, and in the upper regions of the
creek, suggesting that dilution by tidal flow and monsoon

input is an important factor in contamination control (Vijay
etal. 2015).

Generally, previous studies of Thane Creek suggest that
contamination, likely from discharge of sewage, is impact-
ing water quality, particularly oxygen levels. For compari-
son to other, similar locations Table 3 shows water quality
parameters for selected estuaries across India. Average DO
values in these estuaries meet CPCB standards, except for
the Uppanar Estuary, which is close to a cluster of chemi-
cal processing plants (Gopal et al. 2018). Data analysed by
Chordiya et al. (2021) found average BOD of 20.3 mg/] at
Airoli Bridge and 19.9 mg/1 at Vashi Bridge. In both cases
this is significantly higher than BOD measured in other
estuaries (Chakraborty et al. 2021; Mitra et al. 2018; Thas-
neem et al. 2018). Faecal coliforms in Hugli Estuary were
measured by two studies (Chakraborty et al. 2021; Mitra
et al. 2018), both also above the CPCB limits, with maxi-
mum concentrations of 7338 MPN/100 ml (Chakraborty
et al. 2021) and 5615 MPN/100 ml (Mitra et al. 2018).
These maximum concentrations are significantly higher
than Thane Creek concentrations presented by Chordiya et
al. (2021) but significantly lower than those measured by
Vijay et al. (2015). Overall, comparisons to other estua-
rine water in India indicate that Thane Creek experiences
sewage contamination as seen in other estuaries, leading to
similar coliform presence, but that additional contamination
from industry is further negatively influencing water quality
in Thane Creek. Data from the creek can therefore be con-
sidered representative of contaminated estuaries affected by
sewage and/or industrial waste.

Sediment quality

Sediment quality in Indian estuaries is not subject to regu-
lar government monitoring, but several studies have mea-
sured concentrations of metals and organics in Thane Creek.
Analysis of sediment alongside water provides additional
insights into contamination, as many pollutants including
PTEs, PAHs, and antibiotics can accumulate within the
sediment and persist for many years. Concentrations of pol-
lutants in sediment tend to be higher and more stable over
time than in water (Fernandes and Nayak 2012) and can be
re-suspended due to tidal movements, dredging, or storms
(Roberts 2012). Therefore, analysis of creek sediment dem-
onstrates the long-term conditions to which local plants,
animals, and microbes are exposed. This may reveal con-
taminants that are not currently monitored in water yet are
having a significant impact on ecosystem health.

Samples of sediment from ten locations in Thane Creek,
as well as additional samples of seawater, during May and
November 2014 were analysed by Tiwari et al. (2017). They
found that sediment PAH concentrations (USEPA 16) were
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nitrogen, f. shows general view of mangrove forest along Than Creek.
Data: Central Pollution Control Board, n.d.-a
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Table 2 CPCB standards for CPCB SW-II CPCB SW-III BIS Drink-  BIS Surface
marine coastal outfalls (Central (For Bathing, Contact (For Industrial cooling, ing Water ~ Water Quality
Pollution Control Board, n.d.-c) Water Sports and Com-  Recreation (non-contact) (Class B — Out-
and BIS standards for drinking mercial Fishing) and Aesthetics) door Bathing)
water (IS 10500:2012 and surface pH 6585 6585 6585 65385
water (IS 2296:1992) .

DO (minimum) 4 mg/l 3 mg/l - 5 mg/l

Coliforms 100/100 ml (Faecal) 500/100 ml (Faecal) 0/100 ml 500/100 ml

(Faecal) (Total)

BOD 3 mg/l 3 mg/l -
Table 3 Water quality data for selected estuaries across India
Location Type pH DO BOD  Faecal Reference Notes

(mg/l) (mg/l) coliforms
(MPN/100 ml)
Uppanar Estuary Surface water 82 24 - Gopal et al. 2018  Means of 25 sampling points
Hugli Estuary Surface water 79 455 1.38 3306 Mitra et al. 2018 ~ Means of 8 sites over 3 seasons
Cochin Estuary Surface and bottom 725 6.2 242 - Thasneem et al. Means over 9 stations over 24
water 2018 months
Hugli Estuary Surface water 7.48 5.16 2.68 4561 Chakraborty et al. Means of 8 sampling points,
2021 2 sampling times (before and
during lockdown)

Ashtamudi Estuary ~ Surface and bottom 7.92 5.86 - Babuetal. 2010  Means of 30 locations over 2

water

seasons

2-3 times higher in winter than in summer, with a winter
mean of 1391 ng/g compared to 317 ng/g in summer. This
pattern was also seen in the seawater samples, with a win-
ter mean of 706 ng/l and summer mean of 337 ng/l. When
compared to quality guidelines, most PAHs were above the
threshold effect level (TEL) in winter, but all samples were
below the probable effect level (PEL) in both seasons. High
winter PAH concentrations could be due to rainfall in the
previous monsoon season transporting PAHs to the creek
from the surrounding area leading to build-up in sediment,
or due to low temperatures slowing degradation rates (Tiwari
et al. 2017). Sukhdhane et al. (2015) found that sediment in
Thane Creek (around the Vashi Bridge area) was moderately
polluted with PAHs, with concentrations ranging from 902
to 1,643 ng/g, while Basavaiah et al. (2017) found that PAH
concentrations were greater in the upper layers of sediment
and identified a nearby solid waste burning site as a likely
potential source of these PAHs. Further work by Nair et al.
(2024) revealed a spatially varying balance between petro-
genic and pyrogenic inputs, with the lower parts of Thane
Creek most affected and PAH concentrations (USEPA 16)
showing similar ranges (16.53-1,317.02 ng/g dw) over 10
years since the previous study (Sukhdhane et al. 2015).

Soil taken from near Kalwa Bridge, at the northern end
of Thane Creek, was analyzed by Singare et al. (2010).
They found seasonal differences in pH, PTE concentrations,
conductivity, alkalinity, and chloride concentrations — all
of which were higher during the pre-monsoon season than
during the monsoon. Sediment from fourteen locations in
the creek, the majority coming from south of Vashi Bridge,
was analyzed by Maity et al. (2017). Most of the PTE

concentrations were highest at the sample site just north of
Vashi Bridge, on the east side of the Creek — close to the
industrialized area of Navi Mumbai and factories producing
chemicals, textiles, pharmaceuticals, and fertilizer. Addi-
tionally, Maity et al. (2017) found that PTE concentrations
were higher in sediments with a greater proportion of fines.
Increasing siltation in the creek due to anthropogenic con-
tamination may therefore also lead to higher concentrations
of PTEs and associated negative impacts on the ecosystem.
However, at other locations in the creek, the impact of water
current on sediment transport during tidal cycles can disrupt
associations of PTEs with sediment and generate contradic-
tory associations. For example, in “sluggish” parts of Thane
Creek channel, preferential removal of fine-grained materi-
als by current action can enhance the relative association of
PTEs with coarser grain size fractions (Lonkar et al. 2022)
and higher silt loadings.

A study analysing PTE distribution in mudfiat and man-
grove sediments(Fernandes and Nayak 2012) identified
depth variation in in PTE where, in both sediments, copper
concentration increased with depth while lead concentra-
tion fell. Many PTEs in Thane Creek mudflat and mangrove
sediments correlate with each another, suggesting that they
may have arisen from the same source or are exhibiting
the same behaviour once they enter the creek. Correlations
between PTEs and iron/manganese suggest that redox inter-
actions are occurring in the sediment. Iron and manganese
are redox-sensitive and their oxides/hydroxides readily bind
to other PTEs and therefore play a key role in controlling
their distribution (Fernandes et al. 2012). Copper concen-
trations correlated with organic matter, so industrial effluent

@ Springer



88 Page 10 of 15

Environmental Earth Sciences (2025) 84:88

or domestic sewage could be the primary source of copper
contamination (Fernandes and Nayak 2012).

Concentrations of PTEs in Thane Creek soil and sedi-
ment appear to be heavily influenced by season and loca-
tion. Proximity to industrial facilities and sewage discharges
are likely to lead to higher PTE levels, although heavy rains
during the monsoon period may cause changes in concen-
trations across the year. Local geology is an important factor
in PTE concentration, as varying soil types (whether formed
naturally or through anthropogenic activity) and mineralogy
influence binding strength of many toxic elements.

Table 4 shows concentrations of PTEs in sediment in
other Indian estuaries. Although manganese was the only
element which was highest in concentration in Thane Creek,
concentrations of other PTEs in the creek were generally
comparable with the more contaminated of the other estuar-
ies. Again, highlighting the relevance of Thane Creek as a
model estuary for anthropogenic impacts on tropical Indian
estuaries. .

Discussion

Although chemical parameters such as PTEs and organic
compounds are often included in monitoring strategies,
they may not be monitored frequently enough. The review
of data for Thane Creek demonstrates contamination in
sediment parallels many other estuaries across India and is
significantly impacted by seasonal changes. Consequently,
the current approach of once- or twice-yearly monitoring
of subsets of these contaminants in water may not be suffi-
cient to develop an accurate picture of the threats they pose.
More significantly the tidal cycle is an important influence
on the abundance of E. Coli in water. With increasing salin-
ity as flow tides rise, incoming water dilutes contamination
(Baliarsingh et al. 2021). In other Indian estuaries whilst
the influence of monsoonal water dynamics improves water
quality through dilution, microbial isolates from monsoonal
sediments and waters exhibit multiple antibiotic resistance
which has been attributed to increased flushing of terrestrial
contamination (Toraskar et al., 2022). This aspect of estua-
rine dynamics has yet to be fully evaluated in terms of dis-
persal or deposition of suspended contaminated sediments
in lower energy locations such as the mangrove forests. The
indications of differential sediment transport in sections
of Thane creek and coupled with the high risk of disrup-
tive rainfall events, flushing material from terrestrial sys-
tems into the estuary, are more subtle features of pollutant
dynamics beyond estimates of discharge loadings. It shows
more detailed assessment needs to be linked to estuarine
health and the inclusion of sediment monitoring or more
frequent water monitoring is key in understanding current

@ Springer

contamination levels. Whilst the dynamic nature of estuar-
ies defines them, it is still unclear as to the implications of
these dynamics on the propagation of e.g. AMR through the
food chain and influence on the resident and migratory ani-
mals within these important wetland habitats.

This narrative has been based on assessment more con-
ventional pollution indicators and data is lacking for emerg-
ing contaminants such as antibiotics, microplastics, and
Per- and polyfluoroalkyl substances (PFAs) in Thane Creek,
all of which have significant potential to harm the Vashi
Creek ecosystem and impact human health either directly or
indirectly through the spread of AMR and zoonoses. There is
likely to be an increased risk as more waste treatment capac-
ity is introduced in the catchment as many of these emerging
substances are weakly removed in conventional processes.
Appropriate monitoring techniques and regulatory stan-
dards must be developed for these contaminants, which will
require a greater understanding of their behaviour in the
environment and relationships with other contaminants and
the ecosystem itself all part of the collaborative needs for
the implementation of a One Health approach.

Alternative parameters may need to be considered to
develop a full picture of contamination and risk. For exam-
ple, while faecal coliforms are generally better indicators
than total coliform count (Dutka 1973; Ramteke et al. 1992),
they may still be inadequate as a measure of contamination
and health risk, particularly in tropical waters (Hazen 1988).

Testing for alternative microorganisms such as faecal
streptococci (Cohen and Shuval 1973) or carrying out DNA
sequencing may therefore be required to fully understand
microbiological quality of water. The presence of AMR is
another important consideration that is currently overlooked
in global environmental monitoring. Again, this may require
DNA sequencing or susceptibility tests to be added to the
current monitoring profile. However, the monitoring of
additional chemical parameters such as antibiotic concen-
trations may be a sufficient indicator for AMR risk.

Conclusions

To develop policies for environmental protection that
incorporate One Health principles and safeguard human,
animal, and ecosystem health, a strong base of monitoring
and data is required. As such, the effect of each parameter
on all areas of the human-animal-environment interaction
must be considered when creating standards and guide-
lines. Ecosystem health indicators need to be robust and
reflect the multiple stressors and their sensitivity to direct
anthropogenic impacts and those of climate change. Param-
eters must be chosen to maximize information gained from
monitoring while remaining cost-effective. By determining
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how chemical and microbiological parameters relate to one
another and to risks including AMR, zoonoses, and ecosys-
tem damage, reduced or targeted groups of analytes can be
developed and streamlined for more frequent monitoring.

Thane Creek provides an important opportunity to high-
light the significance of estuarine system dynamics and
the physical processes driving ecological status under the
pressures of climatic shift and urban sprawl. The system is
under pollution stress and developments in urban infrastruc-
ture are likely to increase this. The enhanced national eco-
logical status and as an example of a contaminated estuary,
future pressures are likely to be exacerbated by the shifting
estuarine dynamics driven by climate change, with high risk
from extreme weather events. The creek receives domes-
tic and industrial waste and shows evidence of contamina-
tion including faecal coliforms and PTEs in its water and
sediment and a similar status to a number of other Indian
estuaries.

There are clear monitoring challenges intrinsic to the
dynamics and diversity of the estuarine ecosystem, legacy
pollution exposure and physical disruption. A stronger
understanding of environmental contamination in estuaries
is required as the neglect of key geochemical and microbio-
logical parameters could have significant implications for
human and animal health and beyond. This is particularly
important as many organic compounds are emerging con-
taminants that are poorly understood and many PTEs are
associated with the spread of AMR. An improved under-
standing is applicable not only to this local case but to a
broad range of industrialized coastal environments and
working to build more resilient wetland habitats has posi-
tive repercussions for human residents in these locations
and supports the wider mitigation of increased anthropo-
genic pressures on ecosystems.
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