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Contamination of potentially toxic metals (PTMs) can be detrimental to ecological processes,
diversity and physiology of biological components of the surrounding habitat of estuarine and
coastal environment. In our study, an inclusive approach to measure ecotoxicological parameters
was followed considering spatial concentration of PTMs in the sediment system, sediment quality
status, ecological risk level, bioconcentration in mangrove tissue and resulting biochemical and
antioxidative response in mangroves Avicennia alba and Excoecaria agallocha in eight locations in
and around Indian Sundarban. Sediments in location L4 and L8 showed highest concentration of
PTMs having maximum enrichment factors, geo-accumulation indices, contamination factors and
pollution load indices signifying progressively deteriorated sediment quality of the estuary and
considerable ecological risk for cadmium. Significant statistical correlation observed between
chlorophyll content, free radical scavenging activity, reducing ability and stress enzyme activity
(peroxidase, catalase and super oxide dismutase) of mangroves with PTM concentration in
respective study areas. This work will help to frame eAective prediction, assessment and management policies in this extremely eco-sensitive region by envisioning the status of augmented
human activities leading to considerable metal stress in the estuarine sediment and consequent
ecotoxicological response as the coping up mechanisms.
Keywords. Potentially toxic metal; Sundarban; ecotoxicology; biochemical marker; estuarine health;
metal pollution; biomonitoring.
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1. Introduction
Studies on ecotoxicological response to environmental stressors is an integrated biomarker based
approach, which facilitate a clear understanding of
the potential environmental risk and hazards in
dynamic estuarine and coastal ecosystems (Maulvault et al. 2019). Unfortunately, there is a gap of
knowledge regarding ecotoxicological study reports
in tropical and subtropical regions unlike the
temperate one (de Almeida Duarte et al. 2017).
Since the inception of industrial revolution,
anthropogenic activities have caused release of
toxic pollutants into the environment at gradually
increasing level. Pollutants like metals pose serious
concern not only because they are toxic but also
because they can be persistent in the ecosystem
through the processes of bioaccumulation and
biomagniBcation leading to serious impact and
potential risk to various living organisms (de
Almeida Duarte et al. 2017). Even essential metals
required for metabolism could be toxic, if ingested
at higher concentration and non-essential metals
may cause toxicity at very low concentration (He
et al. 2005; Crichton 2016). Potentially toxic metals (PTMs), to be precise, heavy and trace metals
eventually tend to deposit into water and sediment
system after they reach to coastal and estuarine
areas either due to natural processes or from
sources like mining, metalliferous ore smelting,
industrial processing, burning of fossil fuels, wastes
and sewage, fertilizers, automobiles, etc. (Yuan
et al. 2012; Alloway 2013). Several complex multilayered factors including sediment composition
and formation, grain size, hydrodynamic parameters govern these processes causing changes in
degree of metal deposition in sediment over the
period (Liu et al. 2011; Watts et al. 2017). Plants
grown in PTM contaminated soil have evolved
with highly speciBc as well as selective mechanism
and biochemical responses to uptake, transfer and
accumulate toxic metals (Lasat 2002; Verbruggen
et al. 2009). Intracellular accumulation and
sequestration of metals, exclusion or eAlux into the
xylem and intracellular detoxiBcation mechanism
have major role in metal tolerance, metal homeostasis and/or metal-induced oxidative stress in
plants (Montarg
es-Pelletier et al. 2008). Both
redox active and non-redox active metals are capable of either inducing reactive oxygen species
(ROS) by Fenton and Haber–Weiss reactions or
generating organellar ROS by disrupting photosynthetic and photorespiratory systems (Halliwell
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2006; Rodrıguez-Serrano et al. 2009). These might
also lead to enzyme inactivation and disruption,
conformational modiBcations, dysfunctional membrane integrity, inhibition of metabolic processes
and disturbed redox homeostasis (Sharma and
Dubey 2007; Sharma and Dietz 2009). Excessive
toxic metal stress can dismantle the balance
between ROS and the quenching properties of
antioxidants (AOX) which might cause lipid peroxidation, oxidative damage, DNA breakage or cell
death (Braconi et al. 2011; Kandziora-Ciupa et al.
2013).
Monitoring biochemical response of living species against these metal stressors can be eDciently
used to design predictive tools in modern ecotoxicology (Skaldina and Sorvari 2017). In estuarine
environment, metal biomonitors can bridge
between degree of pollution of the ecosystem and
resulting biochemical eAects in plants for framing
eDcient mitigation strategies. With both enzymatic and non-enzymatic defense systems, strong
antioxidant potential, metal avoidance and scavenging potential of ROS; mangroves have been
established as a promising biomonitor of metal
stress (Bandaranayake 2002; Yan et al. 2017).
Their characteristic physiological activities like
generation of speciBc proteins, activation of peroxidase–catalase–Cavonoid–phenolics, and also the
antioxidant feedback loop might be explored as
potential biomarkers of PTM contamination in the
sediment system (Duarte et al. 2013; Bakshi et al.
2019). Mangrove sediments being anoxic in nature
with negative redox potential, high sulBde, iron
and organic content; favour retention of metals
that makes sediment a long term sink for various
PTMs (Bakshi et al. 2017; Yan et al. 2017). Studies
on accumulation of toxic metals in mangrove sediments thriving ecotoxicological risk have been
conducted globally (Nath et al. 2013, 2014a, b;
Bakshi et al. 2018).
The Sundarban delta is the world’s largest single
block mangrove habitat shared by India and Bangladesh. A part of it, situated on the dynamic
Hooghly–Matla estuarine system in West Bengal,
India, has been consistently subjected to environmental degradation due to extensive industrialization and rapid urbanization in the upstream
(Banerjee et al. 2012a, b; Ghosh et al. 2016). Both
natural weathering process and anthropogenic
interferences have led to unwanted PTM deposition and interruption in usual ecosystem processes
throughout this habitat (Antizar-Ladislao et al.
2015). The ecotoxicological response to this
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increasing environmental stress needs to be thoroughly investigated and explored as a significant
indicator to enumerate the degree of pollution.
Biological response of mangrove vegetation
exposed to toxic metals have been mostly investigated in controlled laboratory conditions (Zhang
et al. 2007; Huang and Wang 2010; Huang et al.
2010; Cheng et al. 2017), whereas minimal reports
are available on natural mangrove population
(MacFarlane 2001; Caregnato et al. 2008; Harish
and Murugan 2011; Bakshi et al. 2018). In our
study, the relationship between ecotoxicological
risks of PTM distribution in eight randomly
selected study areas in and around Indian Sundaban with consequent biotic response in two commonly found mangrove species in this region
namely, Avicennia alba and Excoecaria agallocha
have been studied.

2. Methodology
2.1 Study area and sampling method
Indian Sundarban situated at South Bengal within
the imaginary Dampier and Hodges line is a vulnerable and sensitive eco-region characteristically
comprised of a complex conglomeration of various
conCuences, tributaries, distributaries and tidal
creeks. Eight sampling locations along this habitat
namely, L1, L2, L3, L4, L5, L6, L7 and L8 were
randomly selected to evaluate the ecotoxicological
response of PTM pollution in Avicennia alba and
Excoecaria agallocha (Bgure 1). Rhizospheric surface sediment contains Fe–Mn oxyhydroxides, clay
particles and organic content which may aggregate
toxic metal by adsorption onto clay particle surface
or absorption into the oxides (Chaudhuri et al.
2014; Ghosh et al. 2019a, b). The ecotoxicological
response of mangroves due to the accumulation of
potentially toxic metals in the rhizospheric horizon
could be investigated as the stress enzymes and
chlorophyll content are the suitable bioindicators
(Bakshi et al. 2018). Hence, fully grown and healthy leaves from 10 plants with similar height,
health condition, light exposure and tidal amplitude at each site were collected and pooled into one
sample to reduce the sampling bias as remobilization of metals could also be varied depending on
physical conditions of the plants. Though several
mangrove species have been reported in the sampling region, two species Avicennia alba and Excoecaria agallocha were uniformly distributed in all

sampling locations and hence selected for the
study. For both these species, three pooled leaf
samples were collected and prepared. From each
location, surface sediment samples were collected
in triplicate at depth within 10–15 cm. All samples
were kept in clean zip lock pouch, placed within ice
box and quickly taken to the laboratory. Respective co-ordinates of all locations were designated by
Trimble Juno SD hand-held GPS (supplementary
table S1). Fresh leave samples were processed and
analyzed immediately to avoid sample handling
error as much as possible following Bakshi et al.
(2018). Rest of the sediment and leaf samples were
dried, ground and sieved through 63 l nylon mesh
and kept for further analysis.

2.2 Physico-chemical properties of sediment
samples
pH, conductivity and oxidation reduction potential
(ORP) of sediment samples were analyzed using
HANNA multi-parameter probes after standardization with standard solutions for the same (Birch
et al. 2011). Organic carbon content was determined by titrimetric method (Walkey and Black
1934).

2.3 Analysis of PTM
Dried and ground samples were used for acid
digestion (USEPA 1997) and analyzed in Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Thermo Fisher iCAP 7400)
following the method described by Bakshi et al.
(2018) to determine the concentrations of 10 metals
and trace elements namely, Aluminum (Al), Cadmium (Cd), Cobalt (Co), Chromium (Cr), Copper
(Cu), Iron (Fe), Manganese (Mn), Nickel (Ni),
Lead (Pb) and Zinc (Zn). Complete data acquisition process using ThermoFisher Qtegra software
was conducted in axial mode except from Al and
Fe, which were performed in radial mode. The
quality control of the study was ensured by running Standard Reference Materials simultaneously
(SRM 1645 for sediment sample and NIST 1573a
for leaf samples). Analytical accuracy, reported as
recovery, was 94–106% and precision was \5%
relative standard deviation for all target elements,
expressed as mg/kg dry weight. Multi-element
Standard Solution IV and IX (Merck, Germany)
were used at different dilutions as calibration
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Figure 1. Map of the study locations.

standard solutions. The details of the quality control data are given in supplementary table S2.
2.4 Ecotoxicological response
2.4.1 Sediment quality indices analysis
Sediment quality indices are established indicator
of metal pollution status comparing with geochemical background values in soil and sediment
system. It also helps us to quantify the degree of
anthropogenic interference at a speciBc study
area (Bakshi et al. 2018, 2019; Ghosh et al.
2020). Either Wedepohl (1995) shale values and/
or upper continental crust (UCC) values of
Taylor and McLennan (1985) have been mostly
used as geochemical background in Indian

sub-continental estuarine system (Ghosh et al.
2016; Bakshi et al. 2017, 2018). In our study, we
have considered UCC (Taylor and McLennan
1985) values as geochemical background as no
speciBc geochemical background value is available for the speciBc region (supplementary
table S3). Most commonly used indices for sediment health quality such as enrichment factor
(EF), geo-accumulation index (Igeo), contamination factor (CF), pollution load index (PLI) have
been studied. Details of calculation of these
indices are provided in supplementary table S4
(Spencer and Macleod 2002; Caeiro et al. 2005;
Birch et al. 2013). Sediment quality in the
study locations has been enumerated by following
the standard classiBcation system based
on EF (Zhang and Liu 2002; Gu et al. 2012;
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Kumar et al. 2013), Igeo (Muller 1969), CF
(Hakanson 1980) and PLI values (table S5 in
supplementary materials).
2.4.2 Potential ecological risk

2.4.4 Biochemical response in mangroves

To understand the correlation between ecological
risk and antioxidative response in mangroves A.
alba and E. agallocha, potential ecological risk
index (PERI) has been calculated for a toxic metal
in a speciBc study area (supplementary table S4)
(Gong et al. 2008; Guo et al. 2015). To identify the
locations having toxicity risk, sediment quality
guideline (SQG) supported by the eAect range
low (ERL)–effect range median (ERM) and the
threshold eAect level (TEL)–probable eAect level
(PEL) values have been applied (MacDonald et al.
1996; Long and MacDonald 1998) (table 1). Locations with metal concentration within TEL or ERL
value indicate less adverse eAects and low ecological risk. On the other hand, locations having meal
concentration higher than PEL and ERM value are
considered to bear greater ecological risk (Long
et al. 1995, 1998).
Mean probable eAect level quotient (mPELq)
ratio has been used to express the amount of biological impact of coupled toxicity eAect of the
stress metals in the ecosystem (Long et al. 1998) as
described in supplementary table S3. The sediment
has been categorized based on the classiBcation
system of probability of being toxic according to
the respective mPELq value (Long et al. 2000)
(supplementary table S4).
2.4.3 Metal bioaccumulation in mangrove
Bioconcentration factor (BCF) of PTMs in mangrove leaves is an indicator of elemental accumulation in leaf tissues from habitat sediment and
calculated as BCF = Cplant/Csediment, where Cplant

Table 1. Physico-chemical properties of sediment samples.
Location
L1
L2
L3
L4
L5
L6
L7
L8

pH
7.5
7.7
7.5
7.8
7.7
7.8
7.9
7.9

±
±
±
±
±
±
±
±

EC (lS/cm)
0.2
0.2
0.5
0.1
0.5
0.4
0.2
0.3

1723
981
793
1620
977
789
791
490

±
±
±
±
±
±
±
±

16
11
31
21
8
9
16
24

and Csediment are total metal concentrations
(mg/kg) in plant and sediment, respectively
(MacFarlane et al. 2007).

TOC (%)
0.891
0.863
0.847
0.916
1.210
0.984
0.933
1.440

±
±
±
±
±
±
±
±

0.16
0.07
0.03
0.09
0.04
0.05
0.02
0.08

ORP
170
173
177
131
85
79
46
29

±
±
±
±
±
±
±
±

27
9
13
19
15
11
10
2

Chlorophyll content (Chl a, Chl b, total Chl and
Chl a/Chl b) of mangrove leaves were estimated
spectrophotometrically. Calculations have been
done using Arnon’s equation and chlorophyll content is expressed as mg/g fresh weight (Arnon
1949).
Bound and soluble forms of polyphenols are
plant derived secondary metabolites playing crucial role in natural defense system. Antioxidant
property in terms of total soluble phenolics and
Cavonoids in leaves of A. alba and E. agallocha
were assessed. The amount of total phenolics in leaf
extracts was measured following Folin–Ciocalteu
procedure (Singleton and Rossi 1965) and expressed as gallic acid equivalents (GAE) in mg GAE/g
dry leaf. Another group of plant derived polyphenolics, Cavonoids possessing antioxidant properties
has reduction potential lower than alkyl peroxyl
radical. Hence, Cavonoids can be eDcient to prevent detrimental eAects of these species by inducing their inactivation. Flavonoid concentration
expressed as mg Quercetin/g dry leaf is quantiBed
using aluminium chloride (Zhishen et al. 1999).
The reducing ability of leaf extracts was measured following the procedure described by Oyaizu
(1986) and expressed as ascorbic acid equivalent
(AAE) in mg AAE/g of dry leaf. The free radical
scavenging activity of leaf extracts was determined
using stable radical DPPH (1,1-diphenyl-2-picrylhydrazyl), where butylated hydroxyl toluene
(BHT) was taken as positive control (Blois 1958;
Yıldırım et al. 2001). The antioxidant activity of
the extract was expressed as IC50, which was
expressed as the concentration in mg of dry leaf/ml
which inhibits the formation of DPPH radicals by
50%.
Soluble peroxidase (POD) activity of the leaf
tissues was estimated by slightly modiBed method
of Bashir et al. (2007) and Zhang et al. (2007) and
expressed POD units/min/mg protein (Bakshi
et al. 2018). Protein concentration of the mangrove
leaves was determined using Bradford method
(Bradford 1976; Kruger 2009). Catalase (CAT)
activity was also measured spectrophotometrically
and expressed as CAT units/min/mg protein
(Chandlee and Scandalios 1984). Super-oxide
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dismutase (SOD) activity was analyzed using
nitroblue tetrazolium (NBT) in the presence of
riboCavin (Beauchamp and Fridovich 1971;
Cipollini 1998) and expressed as SOD units/mg
protein (Zhang et al. 2007). Details of all enzymatic
and antioxidative analysis methods have been
described in supplementary table S6.

2.5 Statistical analysis
All analysis was done in triplicates and the mean
value was taken with the standard deviation (SD).
The variance in the dataset was checked by oneway analysis of ANOVA (Bakshi et al. 2017, 2018).
Significant statistical differences in all variables
were also conBrmed by Duncan’s multiple range
test at p \ 0.05 in SPSS16. The Pearson’s correlation coefBcient significant at p \ 0.05 and
p \ 0.01 was tested to understand the association
within and among PTM concentration in sediment
and mangroves, physico-chemical properties of
sediment and ecotoxicological response of the
plant. Similarities and relations within metal level
and antioxidative response of A. alba and E. agallocha were evaluated using principal component
analysis (PCA) in SPSS16 (Watts et al. 2017).
3. Results and discussion
3.1 Physico-chemical properties of sediment
samples
Here, eight sampling locations in and around
Indian Sundarban can be broadly classiBed into
two categories: L1–L4 belongs to the Hooghly
estuarine region and L5–L8 comes under Matla
estuarine region. pH, conductivity, ORP and
organic carbon content in sediment samples of
location L1–L8 ranged 7.5–7.9, 490–1620 (lS/cm),
29–177 and 0.847–1.440%, respectively (table 1).
The pH values at the locations close to the river
Matla esuary (L5–L8) are little higher than the
intertidal sediment samples of river Hooghly estuary (L1–L4), which might be due to the existing
CO2-carbonate system in the surrounding of Matla
estuary (Frontier et al. 2008). Similarly, the Matla
estuarine locations were found to have higher
organic carbon (OC) values (1.44% at L8) indicating the anaerobic and reduced nature of the
sediment with presence of sulBde complexes and
organic matter (Bayen 2012; Bakshi et al. 2017)
sourced from agriculture, aquaculture and
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domestic sectors (Banerjee et al. 2012a, b). Lower
OC content in Gangetic estuary (0.847% at L3)
reCects dynamic microbial activity and vigorous
tidal cycle as well as poor adsorptionability of the
organic carbon to embedded quartz grains of the
recipient habitat (Rogers et al. 2013). This variation also goes along with the observations Banerjee
et al. (2012a) and Dhame et al. (2016). The reduced
nature of Matla estuarine locations (L4–L8) being
closer to the denser and true mangrove habitat
have resulted to lower ORP (29–85 mv) comparing
to Hooghly estuary (131–177 mv) (Lyimo and
Mushi 2005). Significant correlation between trace
metal accumulation with organic carbon and Bne
sediments reported by many researchers signiBes
how it acts like a sink of metals (Chaudhuri et al.
2014; Dhame et al. 2016). Similar Bndings were also
observed in our study between OC with Cd, Pb,
Zn, Ni and Cr and Mn (supplementary table S7).

3.2 Analysis of PTM
Table 2 reCects the distribution of PTM concentration at locations L1–L8 in the extended river
Hooghly and Matla estuarine region. The highest
concentration of PTMs were found in L8: for Cadmium (0.212 mg/kg), Chromium (97 mg/kg), Nickle
(68.1 mg/kg), Lead (35.3 mg/kg), Zinc (141.83 mg/
kg) and L4: for Cobalt (12.52 mg/kg), Copper (89.33
mg/kg), Iron (53019 mg/kg), and L7: for Aluminum
(51131.33 mg/kg). Location L7 was considered as
the control site as it had the minimum concentration
for most of the metals including Cd, Cu, Fe, Ni and
Pb. The second-most deposition was observed in
location L4. The major source of PTMs in this area
include agricultural and aquaculture practices,
human waste, port activities, tourism activities,
vehicular exhaust, construction work, industrial
eAluent from thermal power plants, jute mills, paper
mills, brick kilns, tanneries, pesticide and fertilizer
factories, etc. (Ghosh et al. 2016; Bakshi et al. 2017).
Kulti river lock gate, which is 35 km away from
Kolkata metro city located at the North border of
Dampier–Hodges line in Sundarban, receives a large
section of toxic eAluent, run oAs from around 11516
different factories in Kolkata Megacity (Akhand
et al. 2012). Being close to river Bidyadhari and
situated on this exit point of sewage canal system in
city Kolkata, location L8 is subjected to year-long
deposition of high organic content loaded sediments
which might cause this higher accumulation of
PTMs in that location. The variation in distribution
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Table 2. Mean concentration of PTMs (mg/kg) in sediment samples in location L1–L8.
New

L1

L2

L3

L4

L5

L6

L7

L8

Al
SD
Cd
SD
Co
SD
Cr
SD
Cu
SD
Fe
SD
Mn
SD
Ni
SD
Pb
SD
Zn
SD

50144.95
296.79
0.08
0.01
10.41
1.15
71.8
3.80
72.03
3.61
45281.00
2227.66
567.8
70.45
50.7
2.52
19.53
2.78
78.03
7.44

49971.52
623.83
0.07
0.01
8.6
0.99
51.1
3.70
70.67
5.86
44805.00
4412.85
768.54
91.14
41.9
3.12
23.3
1.59
80.3
4.16

50386.71
348.24
0.12
0.01
12.1
1.51
61.62
5.19
81.47
3.56
48305.67
3930.93
690.7
60.17
49.3
4.73
21.7
2.52
105.20
11.79

50048.29
362.32
0.16
0.02
12.52
0.70
77.8
1.79
89.33
4.51
53019.00
4319.50
605.2
49.54
54.72
3.84
24.4
1.56
98.3
7.26

49940.57
332.77
0.09
0.02
10.4
0.76
83.7
6.56
73.62
4.10
43045.67
3874.25
608.2
38.71
59.3
3.29
23.3
2.46
126
9.80

50035.90
627.81
0.07
0.01
11.6
0.92
75.8
6.81
66.67
4.04
43747.67
4565.92
565.20
52.28
54.3
3.40
19.2
2.45
115.1
6.88

51131.33
258.11
0.05
0.00
8.9
1.22
60.6
4.75
48.4
3.42
34603.00
1637.34
738.7
55.77
32.3
1.74
15
1.84
118.3
4.75

49797.81
413.53
0.212
0.03
11.4
1.46
97
3.80
84.67
4.04
51449.33
3831.36
457.3
41.46
68.10
3.00
35.30
5.29
141.8
13.75

and accumulation of PTMs across the study area
have been governed by various geochemical, geomorphological and natural factors like variable
depositional and erosional rate, coagulation–siltation–sedimentation, vigorous tidal hydrodynamics,
weathering process, grain size, etc. (Antizar-Ladislao et al. 2015; Ghosh et al. 2018).
Two mangrove species A. alba and E. agallocha
have been chosen to understand the PTM accumulation and consequent biotic responses. The
plant E. agallocha showed elevated level of PTM
concentration comparing to A. alba probably
because of the difference in their uptake potential
internal physiology (Bakshi et al. 2017). However,
for both the plants maximum PTM accumulation
was observed for species grown in L8 which
complements the results of sediment metal distribution. The only exceptions are Al and Mn for
A. alba and Co and Mn for E. agallocha (table 3).
The association among the metals in sediment
and plant samples can be envisaged through
the Pearson correlation analysis (supplementary
table S7) suggesting their common source of origin
and closely related process of metal transportation, metal deposition and metal accumulation
(Bastami et al. 2014). Negative and non-significant correlation between all studied PTMs (except of Al) and Mn indicates towards poor
retention potential of Mn-oxide complexes and
inCuence of peripheral parameters (Ray et al.

ERL

ERM

1.2

9.6

81

370

TEL

0.68

PEL

4.2

52.3

160

34

18.7

18.7

108.2

20.9

51.6

15.9

42.8

46.7
150

218
410

30.2
124

112
271

2006; Bhattacharya et al. 2015). Positive association between PTMs in both sediments and plants
emphasizes on the potential of using A. alba and
E. agallocha plants as a bio-monitor or indicator
of PTM contamination in estuarine ecosystem of
Sundarban.
3.3 Ecotoxicological response
3.3.1 Sediment quality indices
The primary investigation on ecotoxicological
response of mangroves in terms of metal uptake,
accumulation, translocation, tolerance, chelation
or sequestration, enzymatic and non-enzymatic
antioxidative mechanisms can be thrived by the
sediment quality of surrounding habitat. Sediment
quality indices are indicative of the metal contamination scale and human interference responsible for it, by comparing with the respective
geochemical background.
In this study, Al has been selected as reference element for calculating enrichment factor
(EF) which is one of the most eDcient indicators to estimate the magnitude of human-induced and/or natural changes by standardizing
the target PTM against the reference element
having low occurrence variation (for example,
Mn, Ti, Al and Fe) and categorizing them
as per the standard classiBcation system
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Table 3. Mean concentration of PTMs (mg/kg) in leaves of A. alba and E. agallocha.
Mangrove

PTM

A. alba

Al
SD
Cd
SD
Co
SD
Cr
SD
Cu
SD
Fe
SD
Mn
SD
Ni
SD
Pb
SD
Zn
SD
Al
SD
Cd
SD
Co
SD
Cr
SD
Cu
SD
Fe
SD
Mn
SD
Ni
SD
Pb
SD
Zn
SD

E. agallocha

L1

L2

L3

L4

L5

L6

L7

L8

399.71
11.23
0.0040
0.0008
0.66
0.08
5.76
1.60
25.63
3.14
149.36
23.17
227.13
9.26
2.57
0.60
2.09
0.32
15.04
1.57
515.51
14.49
0.0036
0.0008
0.76
0.09
4.07
1.13
8.27
1.10
162.94
25.27
86.31
3.52
2.96
0.40
1.64
0.25
25.67
2.68

516.96
6.01
0.0103
0.0008
0.26
0.02
7.77
0.54
29.58
4.86
186.69
10.75
380.61
23.58
1.34
0.09
3.23
0.55
30.71
3.50
653.83
7.76
0.0094
0.0008
0.30
0.02
5.49
0.38
10.35
1.70
203.66
11.73
144.63
8.96
1.55
0.10
2.54
0.43
59.84
5.98

328.61
15.36
0.0047
0.0002
1.21
0.31
11.04
1.98
19.30
1.14
156.02
10.92
256.64
10.83
1.97
0.34
1.91
0.36
14.59
5.07
423.81
19.81
0.0043
0.0002
1.39
0.35
7.20
1.40
6.75
0.40
170.20
11.91
97.52
4.12
2.28
0.39
1.50
0.29
24.91
8.66

1005.47
13.99
0.0208
0.0045
0.69
0.05
19.09
1.13
42.35
6.14
344.62
21.25
273.65
31.11
1.64
0.05
2.76
0.25
13.21
1.07
1309.67
18.04
0.0189
0.0041
0.80
0.05
13.49
0.80
14.82
2.15
375.95
23.18
103.99
11.82
1.89
0.06
2.17
0.20
22.55
1.83

253.48
7.32
0.0047
0.0005
0.45
0.03
8.68
1.60
28.39
2.14
141.09
14.58
142.84
14.59
2.61
0.57
2.46
0.06
19.77
1.83
326.92
9.44
0.0042
0.0005
0.52
0.04
6.14
1.13
9.94
0.75
153.91
15.91
53.52
5.55
3.01
0.65
1.93
0.05
32.75
3.12

221.42
3.91
0.0034
0.0007
0.12
0.01
9.59
2.08
24.29
1.64
102.08
25.17
167.72
8.16
0.07
0.00
1.92
0.45
13.17
2.07
294.60
5.05
0.0031
0.0006
0.14
0.01
6.77
1.47
8.50
0.58
101.36
27.45
63.73
3.10
0.08
0.00
1.51
0.36
20.77
3.54

248.25
8.48
0.0042
0.0012
0.42
0.01
5.26
0.38
12.09
1.36
115.34
20.67
194.39
5.05
0.19
0.13
1.84
0.07
6.76
2.64
320.17
10.93
0.0038
0.0011
0.48
0.01
3.72
0.27
4.23
0.48
125.83
22.55
73.87
1.92
0.22
0.15
1.45
0.06
11.54
4.51

505.20
6.96
0.0607
0.0033
1.07
0.07
26.53
4.06
43.48
1.79
364.43
18.58
210.32
10.34
4.13
0.60
5.44
0.82
35.46
2.71
651.56
8.97
0.0552
0.0030
1.23
0.08
18.75
2.87
15.22
0.63
397.56
20.27
79.92
3.93
4.23
0.69
4.27
0.64
60.54
4.63

(supplementary table S5) (Reimann and de
Carital 2000; Sutherland 2000; Gu et al. 2012).
The highest EFs observed in L8: Cd, Cr, Cu, Ni,
Pb and Zn) and L4 (Co and Fe) indicates the
role of anthropogenic contribution in metal
enrichment besides natural weathering processes
in these two locations (Kumar 2013; Bakshi
2017). The stack columns in Bgure 2 have been
used to compare numeric values between levels
of a categorical variable for better visual

understanding. As per the standard classiBcation, two PTMs namely, Cr and Ni possessed
moderate enrichment in sediment system resulting
from non-crustal or non-natural weathering
processes. On the other hand, PTMs like Cd, Co,
Cu, Fe, Pb and Zn have significant enrichment
in the studied locations. Mn is the only PTM
which had highest EF in location L2 implying
its enrichment to be moderate level in that
location. All PTMs except Mn, showed their
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Figure 2. Sediment quality indices (enrichment factor, geo accumulation index, contamination factor, pollution load index).

lowest EFs in location L7 and L2 reCecting the
non-polluted nature of these locations complementing the metal distribution data. The highest enrichment was observed for Cu among all
elements.
The Igeo value was analyzed to classify the sediment as per seven enrichment classes based on
degree of contamination (Mu€ller 1969). Elements
including Al, Co, Cr, Fe and Mn were seen to have
negative Igeo values signifying their uncontaminated
condition in all the study sites (Bgure 2). Cu showed
positive Igeo values 0.4 (L7)–1.2 (L4) throughout
eight locations, out of which L1, L2, L5, L6 and L7
were found to have uncontaminated to moderately
contaminated level and L3, L4 and L8 expressed
moderate contamination for Cu (supplementary
table S5) (M€
uller 1969). For Cd, Ni and Pb, the
uncontaminated to moderately contaminated sites
were L4 and L8 (Cd); L8 (Ni and Pb); L5, L6, L7 and
L8 (Zn), respectively. Derived Igeo values of sediment samples harmonize with the values of EF, i.e.,
PTMs with significant enrichment and higher EF
numnbers (Cd, Cu, Ni, Pb and Zn) showed moderate contamination and positive Igeo values. Decipherable contamination from these PTMs might be
attributed on agricultural run-oA, domestic and
industrial eAluents, vehicular emission, weathering

processes and/or related anthropogenic hindrances
(Ghosh et al. 2016; Bakshi et al. 2018).
Another prominent sediment quality index,
contamination has been used to express the degree
of elemental contamination (Hakanson 1980). The
CF values as shown in Bgure 2 reCects low contamination grade for Al, Cr, Co and Mn in almost
every location and moderate contamination status
for Cd, Fe, Ni, Pb and Zn. Location L4 was found
to be considerably contaminated with Cu and also
possessed highest CF values for Co and Fe. Precisely, Cu had highest CF values in all eight locations ranging from 2 to 3.5. On an average, all
locations were found to have moderate level of
contamination for the potentially toxic metals as
per Hakanson (1980) where the calculated CF
values range within 1–3. Location L8 has been
identiBed as the most contaminated study area
with reference to Cd, Cr, Ni, Pb and Zn contamination in the sediment system.
On the whole, status of PTM pollution in the
sampling locations has been recognized by calculating the PLI scores (Tomlinson et al. 1980),
which ranged from 0.9 (L7) to 1.5 (L8). The
increasing order of calculated PLI is L7 [ L2 [
L1 [ L6 [ L5 [ L3 [ L4 [ L8. As PLI values in
most of the locations except of L7, lie on or above
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the baseline (1), it is clearly indicative of progressively deteriorated nature of the sediment quality
(Bgure 2).
The results show consistency in the way as all
sediment quality indices harmonized with each
other and precisely pointed the sediment system
to be moderately contaminated and progressively
deteriorated. It was undoubtedly established that
L4 and L8 are the most contaminated locations
where the increased enrichment of the PTMs like
Cd, Co, Cu, Fe, Pb and Zn might be consequence
of upstream natural weathering along with
ampliBed rapid urbanization, industrialization and
developmental activities in the surrounding. In
contrast, the least contaminated location is L7
(with the minimum enrichment, geo-accumulation
and lowest pollution level) having no significant
industries in larger surrounding except that of few
brick kilns.
3.3.2 Potential ecological risk
The potential risk of different individual PTMs
(Er) and as a whole, their comprehensive potential
ecological risk index (PERI) in the sediment have
been depicted in Bgure 3. The maximum Er for Cd,
Cr, Pb and Zn were observed at L8 as 64.29, 2.28,
10.29 and 2, respectively. For Cu, it was 17.53 at
L4. The range of Er for Cd was appeared to be
under moderate risk class (L4 and L8), whereas Er
for Cr, Cu, Pb and Zn were under low risk class.
The study locations showed a wide range of
comprehensive risk factor, PERI, from 31.83 (L7)
to 95.46 (L8). The risk factors imply that the
overall potential ecological risk remain under low
risk category. Sediment quality guidelines comprising of TEL, PEL and ERL, ERM categories can
be used as an eDcient tool to enumerate the degree
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of ecological risk posed by the PTMs (Long et al.
1995; Long and MacDonald 1998). Our study
reveals that, despite of being at moderate risk
category at location L4 and L8, in all eight sampling spots Cd concentration is lower than prescribed ERL and TEL limit (table 2). Cr
concentration is lower than ERL level at all locations except of L8 and L5, whereas it is below TEL
limit only at location L2. Concentration of Cu has
crossed both TEL and ERL levels, but is much
below the PEL and ERM limits. Ni concentrations
in all eight locations have gone beyond PEL and
ERL levels and even crossed the ERM limit in four
locations (L4, L8, L5, L6). On the contrary, Pb
concentration is above TEL and ERL limits only at
location L8. Similarly, Zn concentration is also
under TEL limit in all locations except L8 and L5.
Overall, in location L7, PTM concentrations can be
clubbed as ‘low range’ distribution (i.e., values
within TEL or ERL limit) suggesting less adverse
eAects and lower ecological risk. On the other
hand, PTM concentration in locations like L4 and
L8 falls within ‘high range’ values (i.e., exceeding
PEL and ERM limit) and thrives adverse eAect on
the ecosystem and higher ecological risk potential
(Long and MacDonald 1998). This heterogeneity in
the level of probable adversity level and consequent ecological risk in the study locations is also
inCuenced by their closeness to the pollutant
source, adjacent physico-chemical properties, etc.
The mean PEL quotient (mPELq) value is
another significant indicator to estimate the coupled toxicity eAect of the PTMs in the sediment
system (Long et al. 1998). The calculated mPELq
in eight locations ranges from 0.4 (L7) to 0.6 (L8)
(Bgure 3). When the values are compared with the
classiBcation system prescribed by Long et al.
(2000), it has been observed that locations L1, L2,

L1
L2
L3

mPELq

L4
L5
L6
L7
L8
0.00

0.20

0.40

0.60

0.80

Figure 3. Ecotoxicological risk in sediment: Potential risk of individual metal and potential ecological risk index in habitat
sediments, mean PEL quotient.
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L3, L6 and L7 have acquired 21% probability of
being toxic in terms of PTMs, whereas, for location
L4, L8 and L5 probability of being toxic is 49%.
Following the similar pattern as derived from the
sediment quality indices, location L4 and L8 are
found to pose bigger threat to the living communities as they score highest adversity and ecological
risk potential values.
3.3.3 Metal bioaccumulation in mangrove
The ratio of PTMs in leaf to PTM concentration in
sediments, deBned as bioconcentration factors, is
an indicator of the potential of metal bioaccumulation in plant and the interaction between plant
and sediment system (Bakshi et al. 2018). In our
study, in the case of A. alba and E. agallocha, the
uppermost BCF for Cd, Cr, Cu, Fe, Ni, Pb were
found in location L8, the extremely contaminated
location with highest concentration of these PTMs
indicating appreciable PTM bioaccumulation and
uptake potential of both mangroves (Bgure 4). The
results also complement the Bndings of previous
researchers (MacFarlane et al. 2007; Chowdhury
et al. 2015). However, in station 2, concentration of
Zn in sediment was 80.3 mg/kg, but the BCF was
much higher comparing the other locations. This
might be due to uptake mechanisms by membrane
transporters which are generally selective. In
response to metal exposure, plants either undertake exclusion or eAlux of metals into the xylem
(xylem loading) or intracellular accumulation and
sequestration. Beside eAlux of metal ligands from
root into xylem vessels, intracellular detoxiBcation
mechanisms potentially leading to plant metal
tolerance are linked to metal homeostasis and/or
metal-induced oxidative stress. The uptake and

accumulation potential in plant species is also
controlled by their genotype (Bakshi et al. 2017).

3.3.4 Biochemical response in mangroves
3.3.4.1 Chlorophyll content: Studies have shown
that the physiological and metabolic processes as
well as the stress tolerance of mangroves are
aAected by heavy metal contamination in habitat
sediment (Zhang et al. 2007; Huang and Wang
2010). Photosynthetic system of the plants also
gets disturbed by augmented metal stress (Cheng
2017). Concentration of the photosynthetic pigments chorophyll a (Chl a) and chlorophyll b (Chl
b) in plants A. alba and E. agallocha have been
depicted in Bgure 5(a). Plants in locations L4 and
L8 (with higher PTM concentration and pollution
load) showed lower concentration of Chl a and Chl
b along with total chlorophyll content. Significantly negative correlation (p \ 0.01) was established between chlorophyll content with PTMs like
Cd, Cr, Cu and Pb in mangrove leaves as presented
in Pearson correlation study in table 4. Photosynthetic pigments in A. alba and E. agallocha subjected to varied PTM stress have responded in a
metal concentration dependent way. Here, higher
chlorophyll pigment in mangrove leaves sampled
from locations with lower PTM concentration (L2,
L3, L5 and L6) and lower amount of pigment in the
plants grown at locations having higher ecological
risk and pollution load (L4, L8) reveals the PTM
induced stress aAecting chlorophyllase/d-aminolevulinic acid dehydratise activity and inCuencing
chlorophyll activation (Morsch et al. 2002), also
supported by the Bndings of Huang and Wang
(2010) and Cheng (2017).

Figure 4. Bioconcentration factor in A. alba and E. agallocha.
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Figure 5. (a) Chlorophyll content, (b) total phenolic content (mg GAE/g dry leaf ) and Cavonoid content (mg Quercetin/g dry
leaf) and (c) antioxidant activity of mangroves. AA: A. alba; EA: E. agallocha.
Table 4. Correlation coefBcients between mangrove biotic response and metal in mangroves.
Al
Chl a
Chl b
[Chl a/Chl b]T
Total Chl
Phenolics
Flavonoids
IC50
Reducing ability
Peroxidase
CAT
SOD

0.055
0.348
0.578
0.168
0.722*
0.628*
0.265
0.563
0.705*
0.883*
0.619

Cd
0.454
0.646*
0.625*
0.533
0.803*
0.628*
0.534
0.603
0.835*
0.625*
0.751*

Co
0.31
0.065
0.354
0.238
0.25
0.047
0.244
0.073
0.47
0.568
0.222

Cr
0.543
0.637*
0.524
0.593
0.692*
0.487
0.581
0.469
0.705*
0.588
0.569

Cu
0.690*
0.606
0.237
0.689*
0.273
0.177
0.468
0.237
0.127
0.136
0.062

Fe
0.315
0.595
0.722*
0.425
0.889*
0.711*
0.429
0.687*
0.918*
0.908*
0.815*

Mn

Ni

0.417
0.371
0.118
0.423
0.109
0.186
0.076
0.181
0.194
0.137
0.346

0.012
0.108
0.256
0.023
0.48
0.462
0.022
0.481
0.49
0.582
0.423

Pb
0.584
0.659*
0.463
0.627*
0.664*
0.556
0.504
0.583
0.641*
0.445
0.563

Zn
0.054
0.05
0.195
0.031
0.584
0.690*
0.181
0.662*
0.609
0.463
0.541

*Correlation is significant at the 0.01 level.

3.3.4.2 Total phenolics and Cavonoid content: Equilibrium between ROS and antioxidants
(enzymatic and non-enzymatic) play the major role
in quenching any oxidative injury resulting from

any biotic or abiotic source of stress. Polyphenols
and Cavonoids are those in the forefront of defense
mechanisms, which play the crucial role to combat
environmental stress induced free radicals (Li et al.
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3.3.4.4 Stress enzyme activity: ROS (H2O2 and
O2 ) produced due to any environmental stress on
plants can successfully be eradicated and modulated by antioxidant enzymes including peroxidase
(POD), catalase (CAT), super-oxide dismutase
(SOD) (Zhang et al. 2007; Doganlar and Atmaca

POD Unit/mg protein

(a)

700.00

600.00

AA
EA

500.00

400.00

300.00
L1

L2

L3

L4

L5

L6

L7

L8

15.00

CAT Unit/ mg protein

3.3.4.3 Reducing ability and free radical scavenging activity: Figure 5(c) represents reducing ability
of mangroves ranging from 1.52 (L3) to 3.97 (L8)
mg AAE/g dry leaf for A. alba and 1.44 (L3)–4.87
(L8) mg AAE/g dry leaf in E. agallocha. TP content expressed a significant positive correlation
(p \ 0.001) with reducing ability of respective
mangroves. The highest reducing ability in mangrove leaves were observed in the same location
(L8) having maximum phenolic content as also
reported in the study by Banerjee et al. (2008).
Table 4 represents the significant positive correlation (p \ 0.01) of PTMs Fe and Zn in plants with
their respective reducing ability. The free radical
scavenging properties was assessed using the
DPPH radical scavenging assay and expressed as
50% inhibition of DPPH radical (IC50). Interestingly, significant negative correlation was observed
between free radical scavenging properties and
corresponding reducing ability. A. alba and E.
agallocha mangroves grown in location L6 were
found to have lowest IC50 (0.27 and 0.23 mg/ml,
respectively). Moreover, free radical scavenging
activity of mangroves expressed significant correlation with PTMs like Cd, Cr, Mn and Pb.

800.00

13.00

(b)

11.00
9.00
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7.00
5.00
3.00
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L2

L3

L4
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600.00

(c)
SOD Unit/mg protein

2012; Dasgupta et al. 2015). In our study, total
phenol and Cavonoid content in A. alba and E.
agallocha varied along with the PTM concentration
in study locations. Maximum amount of total
phenol (TP) concentration and Cavonoids (TF)
content in A. alba has been observed in sampling
locations L4 and L8: TP: 44.27 (L4) and 49.44 mg
GAE/g dry leaf (L8), TF: 28.91 (L4) and 32.48 mg
Quercetin/g dry leaf (L8) as depicted in Bgure 5b.
The similar trend was also evident in case of E.
agallocha. Concentration of TP and TF were
observed to gradually increase with the PTM
content in both the mangroves, where significant
positive association (p \ 0.01) observed precisely
with metals like Al, Cd, Cr, Fe, Pb and Zn
(table 4). The results show their sensitivity
towards these metals and also matched with studies by Lavid et al. (2001) and Guangqiu et al.
(2007).

500.00

400.00

AA
300.00

EA

200.00

100.00
L1

L2

L3

L4

L5

L6

L7

L8

Figure 6. Enzymatic activity (a) peroxidase, (b) catalase,
(c) super-oxide-dismutase of mangroves. AA: A. alba; EA: E.
agallocha.

2011). Researchers have documented plants capable of producing excess level of ROS after experiencing toxicants and antioxidative system
enabling active detoxiBcation mechanism. Stress
enzyme levels in A. alba and E. agallocha grown in
eight different locations have been represented in
Bgure 6. Guaiacol peroxidase showed varied concentration in leaves of both the species, the highest
value was found at location L8 (748.89 POD unit/
mg protein) and lowest value at location L1 (348.09
POD unit/protein) for A. alba, whereas the same
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was 663.33 POD unit/mg protein (L4) and 414.44
POD unit/mg protein (L5) for E. agallocha
(Bgure 6a). Activation of CAT was much higher at
L4 (10.18 CAT unit/mg protein) comparing with
mangroves grown in other spots (Bgure 6b). Figure 6(c) represents the super-oxide dismutase values in leaves of A. alba and E. agallocha which was
lowest at L3 (198.18 and 242.22 SOD unit/mg
protein, respectively) and highest at L8 (397 and
495.56 SOD unit/mg protein, respectively). Significant positive correlation (p \ 0.01) has been
established between derived stress enzyme concentrations and PTMs like Al, Cd, Cr, Fe and Pb
(table 4). The increased activity of POD, CAT and
SOD were mostly observed in leaves sampled from
location L4 and L8, where probability of being
toxic was more than 49% as per mPELq classiBcation. This emphasized on the formation of ROS
in mangroves grown in these locations due to
excess PTM stress level (Harish and Murugan
2011) as also evident from sediment quality analysis, higher PLI and ecological risk where Cd concentration was of more concern.
On being exposed to potentially toxic metals at
higher concentration, plants are subjected to
exclusion or eAlux of metals into the xylem or
intracellular accumulation and sequestration
(Montarg
es-Pelletier et al. 2008). Metal homeostasis and/or metal-induced oxidative stress are
significant functions for metal tolerance in plants
in addition of eAlux of metal ligands from root into
xylem. Direct activation of reactive oxygen species
(ROS) by Fenton and Haber–Weiss reactions, or
indirect induction of oxidative stress, both can
(a)

occur upon PTM pollution (Halliwell 2006; Bakshi
et al. 2018). The photosynthesis and photorespiration processes also might get disturbed by
organellar ROS generation due to metal exposure
(Rodrıguez-Serrano et al. 2009). PTM toxicity in
plants interrupts the physiological and metabolic
processes by inactivation and denaturation of
enzymes, conformational modiBcations and disruption of membrane integrity, inhibition of photosynthesis, respiration, altered activities of several
enzymes and disruption in redox homeostasis.
Whereas PTMs lead to imbalance in redox homeostasis and oxidative damage, presence of certain
elements like phosphorus can improve plant resistance and the ability to cope up with ambient
environment by promoting growth and having
synergistic or antagonistic eAects on metal accumulation (Dai et al. 2017). This study clearly oAers
an insight to the variation in biochemical, antioxidantive activity and ecotoxicological response in
two mangrove plants in and around Indian Sundarban, which could be correlated to the level of
PTM stress. As very few researchers have documented such response in natural mangrove vegetation (MacFarlane 2002; Caregnato et al. 2008;
Bakshi et al. 2018), this study shows the potential
of using these ecotoxicological parameters as
potential real time biomarkers to estimate PTM
pollution in natural mangrove ecosystem.
3.4 Statistical analysis
All 10 PTMs in sediment and mangrove samples
had statistical significance at 95% conBdence
Component Matrixa
(b)
Component
1
2
3
Al
-0.628
0.203
-0.152
Cd
0.792
0.014
0.399
Co
0.691
-0.310
-0.207
Cr
0.817
0.442
-0.060
Cu
0.745
-0.526
0.286
Fe
0.725
-0.466
0.278
Mn
-0.798
-0.239
0.123
Ni
0.951
0.102
0.007
Pb
0.751
0.147
0.587
Zn
0.397
0.783
-0.086
OC
0.654
0.711
0.128
POD
-0.875
0.222
0.334
CAT
-0.743
-0.075
0.632
SOD
-0.752
0.447
0.358
Extraction Method: Principal Component Analysis.
a. 3 components extracted.

Figure 7. Principle component analysis: (a) component plot of factors 1, 2, 3, and (b) component matrix.
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interval as implied from one-way ANOVA. PTM
distribution throughout the study region along
with the ecotoxicological response against PTM
stress in A. alba and E. agallocha showed wide
variation (supplementary table S8). Factor analysis study has been performed in SPSS V16 to Bnd
out the interrelationship between major ecotoxicological parameters including organic content,
metal concentration and stress enzymate activity
(Bgure 7). Cumulative percentage of total variance
explained as 55.869% for 1st component 72.219%
for 2nd component and 82.297% for 3rd
component.

4. Conclusions
Present work conducted in greater Sundarban
area, has successfully compiled the ecotoxicological
response in two mangrove species naturally grown
in eight different locations contaminated with a
varied level of potentially toxic metals sourced
from both natural and anthropogenic origin. Here
an inclusive approach to measure ecotoxicological
parameters was followed considering distribution
of potentially toxic metals in the sediment system,
sediment quality status, ecological risk, bioconcentration in mangroves and their biochemical and
antioxidative response. Location L4 and L8 with
higher concentration of PTMs are typically characterized with higher enrichment factor, geo-accumulation index and contamination factor sourced
from anthropogenic origin and natural weathering
processes. The gradual deterioration in the estuarine health poses serious threat with reference to
sediment quality guidelines and ecological risk
category (Cd, Cu, Cr and Pb). The chlorophyll
content, antioxidative activity and stress enzymatic response in both the species A. alba and E.
agallocha having significant statistical correlation
with elevated PTM concentration in the polluted
study areas indicate towards the active detoxiBcation capability of mangroves (Zhang et al. 2007).
Elevated level of POD, CAT and SOD enzymes
also reveal their eDcient ROS scavenging activity.
Study on increasing human interferences leading to
toxic metal stress in sediment system and coping
up mechanisms of mangroves will also help to
frame eAective prediction, inspection, assessment
and management policies on this extremely sensitive region. Studies in natural and dynamic estuarine ecosystem facing constant and rapid changes
might have many limitations. Crossing those

barriers, our study explores the potential of
biomonitoring PTM pollution in mangrove habitats exploiting ecotoxicological biomarkers.
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