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Introduction
The rapid industrialization and unplanned urbanization in recent 

times have accelerated the release of carbon dioxide into the atmosphere. 
The concentration of the gas has increased from pre-industrial levels of 
about 280 ppm (parts per million) to nearly 383 ppm [1,2]. The rate 
of current and projected increases in atmospheric carbon dioxide is 
more than 100 times faster than has occurred over the last 650,000 
years [3-5]. To date, oceans have absorbed proximately 525 billion 
tonnes of carbon dioxide from the atmosphere, or about 1/3rd of the 
anthropogenic carbon emissions released during this period [6]. Such 
absorption of atmospheric carbon dioxide by the ocean and estuarine 
waters leads to a decrease of pH via a series of chemical reactions:

   CO2 (atmos)        CO2 (aq)     (1)

   CO2 (aq) + H2O      H2CO3    (2)

   H2CO3         H
+ + HCO3-   (3)

   HCO3-        H+ + CO3
2-      (4)

The entire mechanism leads to an initial increase in dissolved 
carbon dioxide (reaction 1). The dissolved carbon dioxide reacts with 
water to form carbonic acid (reaction 2). Some of the carbonic acid 
quickly dissociates into a hydrogen ion and a bicarbonate ion (reaction 
3). A fraction of the bicarbonate ion can then dissociate further into 
a hydrogen ion and a carbonate ion (reaction 4). These reactions are 
rapid and reversible, and the basic thermodynamics of these reactions 
in seawater are well known [7] such that, at a pH of 8.10, approximately 
90% of the carbon is in the form of bicarbonate ion, 9% in the form 
of carbonate ion, and only about 1% of the carbon is in the form of 
dissolved carbon dioxide [8]. The dissolved carbon dioxide is the root 
cause of reduction of aquatic pH.

It is now well established that the average pH of the world ocean 
surface waters has already fallen by about 0.1 units from an average 
value of about 8.21 to 8.10 since the beginning of the industrial 
revolution [9] (http://mcbi.marineconservation.org/publications/pub_

pdfs/feely_etal_2008_pices.pdf). The estuaries of Sundarban mangrove 
ecosystem at the apex of Bay of Bengal are no exception to this rule. 
On this background the present study was conducted to evaluate the 
alteration of pH in six stations of Indian Sundarbans with varying 
magnitude of mangrove vegetation pool and salinity over a period of 30 
years (1984 – 2013). Another important aim of the study is to analyses 
the role of mangrove vegetation in regulating the trend of acidification 
in the present geographical locale.

Materials and Methods
Study site

The mighty River Ganga emerges from a glacier at Gangotri, about 
7,010 m above mean sea level in the Himalayas and flows down to the 
Bay of Bengal covering a distance of 2,525 km. At the apex of Bay of 
Bengal a delta has been formed which is recognized as one of the most 
diversified and productive ecosystems of the tropics and is referred 
to as the Indian Sundarbans [10]. The deltaic complex has an area of 
9,630 sq. km and houses about 102 islands [11]. Six sampling sites were 
selected in the western sector of Indian Sundarbans (Table 1, Figure 1). 

Aquatic pH

The sampling strategy aimed to study temporal and spatial variability 
of surface water pH in the estuarine waters of Sundarbans. Accordingly, 
systematic sampling was carried out in June (pre-monsoon season) for 
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30 consecutive years (1984-2013) during high tide period in six selected 
stations. The pH of the surface water was measured with a portable pH 
meter (Model BST-BT65; sensitivity = ± 0.01). Twenty five readings 
were recorded from each site and the mean value was considered for 
statistical analyses.

Mangrove vegetation mapping through remote sensing

AwiFS data for June 2010 from IRS P6 satellite was requisitioned 
from NRSC Hyderabad for the scene (Row 55, path 107) with the 
primary objective of carrying out rapid assessment of mangrove pool. 
The Digital data were registered with Geo-referenced vector coverage 
data, encompassing the Sundarban Reserved Forest, using ARCINFO 
GIS software. The geo-referencing was done using Polyconic projection 
with Datum Modified Everest, Central Meridian –88° and Origin of 
Projection –24°. In the next stage, unsupervised classification using 
ERDAS Imagine Image Processing Software was carried out. The 
algorithm adopted was “Initializing the Means” along Diagonal Axis, 
Standard Deviation = 2 and Convergence threshold of 0.980. Number 
of classes was fixed at 20, based on the extent and diversity of mangrove 
forests in the Indian Sundarbans. Attributes of the classified images 
were then grouped into different classes like Dense Mangrove, Open 
Mangrove, Mudflat/ Tidal creeks and water with variable sediment load 
(Figure 1). The classifications were subsequently confirmed through 
ground truth verification and earlier reference maps. The classification 
was followed by the extraction of the forest area enclosing the sampling 
stations. Area of mangroves around each station was calculated to 

Figure 1: Location of sampling stations in Indian Sundarbans; the red colour 
indicates the mangrove vegetation.

evaluate the mangrove pool (comprising of dominant mangrove 
species) in tons. Five dominant species were selected as per the order 
of relative abundance of each mangrove species in the sampling plots.

Salinity

The surface water salinity in the selected stations were compiled 
from published and unpublished data on salinity profile of the region 
[12-14] to deliver conservative, first order estimates of salinity in and 
around the selected stations. 

Mangrove vegetation pool

The estimation was carried out by the researcher from 02.06.2010 
to 18.06.2010 during the low tide period. In each station, selected forest 
patches were ~12 years old. 15 sample plots (10m × 10m) at an interval 
of 100 m were established (in the river bank) through random sampling 
in the various qualitatively classified biomass levels for each station. The 
mean (of 15 sample plots) relative abundance of each mangrove species 
was evaluated for the order of dominance in the study area.

Above Ground Biomass (AGB) of individual trees of the species 
in each plot was estimated and the average values of 15 plots from 
each station were finally converted into biomass (tons per ha). AGB 
is the sum total of stem, branch and leaves of the tree. The biomass of 
above ground structures were estimated as per the standard procedures 
outlined for stem [15-17].

The mangrove pool (in tons) was finally estimated by the product of 
forest area (assessed from AwiFS data retrieved through IRS P6 satellite) 
around the selected station (in ha) and total biomass of dominant 
mangrove species (in tons per ha).

Statistical analysis

To assess whether surface water pH varied significantly between 
years and stations, analysis of variance (ANOVA) was performed 
considering the data collected for 30 years. It is to be noted that every 
data point of pH for each station is the mean of 25 readings. Possibilities 
less than 0.05 (p < 0.05) were considered statistically significant.

 The inter-relationships between aquatic salinity, mangrove pool 
and percentage of decrease of aquatic pH were assessed by correlation 
coefficient (r) values considering the magnitude of mangrove pool for 
the year 2010 and average salinity of 24 years obtained as secondary 
data from [12-14]. All statistical calculations were performed with SPSS 
9.0 for Windows.

Results and Discussion
Table 2 presents the percentage of pH reduction in the surface 

water of selected stations (Figures 2-7). The table shows that in all the 
selected stations the pH has decreased within the range 0.24% (at Stn. 
4) to 1.44% (at Stn. 5) over a period of 30 years. The rate of decrease 
per decade ranges from 0.007 (at Stn. 4) to 0.048 (at Stn. 5). These 
values are close to the observations recorded in several oceans and 
estuaries [18-26] (Table 3). Compared with the global data (since 1980) 
on pH fall [21], surface water of Indian Sundarbans has been acidified 
almost twice as rapidly in some station like Harinbari (Stn. 5). This 

Table 1: Sampling stations with coordinates in western Indian Sundarbans.

Sampling stations Latitude Longitude
Chemaguri (Stn. 1) 21º38'54.86"N 88º09'46.64"E
Saptamukhi (Stn. 2) 21º40'27.78"N 88º22'59.30"E

Jambu Island (Stn. 3) 21º35'22.55"N 88º10'29.25"E
Lothian Island (Stn. 4) 21º38'21.20"N 88º20'29.32"E

Harinbari (Stn. 5) 21º38'54.86"N 88º09'46.64"E
Prentice Island (Stn. 6) 21º42'47.88"N 88º17'55.05"E

Table 3: ANOVA results showing spatio-temporal variation of aquatic pH.

Variable Fcal Fcrit(p<0.05)
Aquatic pH

82.4863
12.0821

2.2766
1.5458Between Stations

Between Years
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may be attributed to the location of the station proximal to the port-
cum-industrial complex of Haldia (marked in Figure 1) that releases 
substantial untreated waste water and sewage in to the estuary [27-29]. 
The pH fall was not sharp as much in other stations. In the present 
study area intense industrial activities in the upstream zone, rapid 
urbanization, mushrooming of shrimp culture activities since 1990 
etc. have increased the concentration of atmospheric carbon dioxide in 
recent times [2,11]. The rate of increase is, however, not rapid mainly 
because of the uptake of the gas by the estuarine water and halophytes 

[2,13,14,17]. Upon dissolution in the estuarine water, carbon dioxide 
forms a weak acid that reacts with carbonate anions and water to form 
bicarbonate. During this process the aquatic pH falls reflecting a strong 
signal of climate change.

An interesting observation in the present study is the significant 
spatio-temporal variation of pH in the study area (Table 4). This 
may be effect of intrusion of saline water from Bay of Bengal which 
is a characteristic feature of the area because of the semi-diurnal tides 
[11,30]. The Bay of Bengal has an average pH of 8.34 [11]. The stations 

Table 2: Mangrove pool (tonnes), % pH reduction and surface water salinity (psu) in the western Indian Sundarbans.

Station Total biomass of dominant 
species (tonnes/ha)

Forest Area (ha)
Date type: Primary

Mangrove pool 
(tonnes)

Date type: Primary

% pH
 reduction

Date type: Primary

Salinity (psu)
Date type: Secondary

Chemaguri
(Stn. 1)

S. apetala 
A. alba 

E.agallocha
A. officinalis 
A. marina 

69.54
57.19
21.70
59.44
52.65
260.52

403 104989.56 1.08 14.79

Saptamukhi
(Stn. 2)

S. apetala
A. alba 

E.agallocha 
A. officinalis
A. marina

49.43
59.33
27.52
60.86
55.61
252.75

71 17945.25 0.84 29.44

Jambu Island
(Stn. 3)

S. apetala
A. alba

E.agallocha 
A. officinalis
A. marina

52.19
61.21
27.89
61.87
58.77
261.93

413 108177.09 0.48 29.54

Lothian Island
(Stn. 4)

S. apetala
A. alba

E.agallocha
A. officinalis
A. marina

60.68
50.03
27.26
56.63
45.32
239.92

3359 805891.28 0.24 29.10

Harinbari
(Stn. 5)

S. apetala 
A. alba 

E.agallocha
A. officinalis
A. marina

53.11
49.88
27.06
50.38
43.89
224.32

115 25796.80 1.44 11.96

Prentice Island
(Stn. 6)

S. apetala 
A. alba

E.agallocha
A. officinalis
A. marina

60.20
44.29
23.42
46.76
41.22
215.89

1364 294473.96 0.36 22.79

Figure 2: Temporal variation of aquatic pHFigure. Figure 3: Temporal variation of aquatic at station 1 pH at station 2.
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proximal to the Bay of Bengal (like Stns. 3, 4 and 6) thus exhibit a small 
deviation of pH compared to those that are located in the upstream 
region (like Stns. 1, 2 and 5). The sudden rise of pH irrespective of 

stations during 2009 was the effect of AILA, a super cyclone that passed 
across the Gangetic delta with a speed of 110 km/hr during 25th May 
2009. This super cyclone caused significant rise of surface water salinity 
and pH in the estuaries of the Indian Sundarbans [17]. The impact of 
salinity on pH fall is also confirmed statistically through correlation 
coefficient value between the two variables (r = - 0.7949; p < 0.01), 
which clearly reflects a positive influence of seawater mixing on aquatic 
pH of the study area. The rate of decrease of pH per decade in the 
present area is Harinbari (Stn. 5) > Chemaguri (Stn. 1) > Saptamikhi 
(Stn. 2) > Jambu Island (Stn. 3) > Prentice Island (Stn. 6) > Lothian 
Island (Stn. 4). 

The magnitude of the mangrove vegetation pool also exerts a 
regulatory role on the pH of the estuarine water as these halophytes 
absorb carbon dioxide for photosynthesis. The dominant species 
in the present study area are Sonneratia apetala, Avicennia alba, 
Avicennia officinalis, Avicennia marina and Excoecaria agallocha. These 
halophytes absorb carbon dioxide from the atmosphere and the water 
column and store it as carbon in their vegetative and reproductive 
parts. The principal carbon-fixing enzyme in plants is Ribulose-1,5- 
biphosphate carboxylase oxygenase (RuBisCO). The higher pH values 
or the reduced rate of pH decrease in the estuarine regions are thus 
the effect of mixing of seawater with estuarine waters and mangrove 
photosynthetic activity, which utilize carbon dioxide, thereby shifting 
the equilibrium towards highly alkaline [31].

The six stations selected in the study area have different magnitude 

Figure 4: Temporal variation of aquatic pH. Figure 6: Temporal variation of aquatic pHFigure.

Figure 5: Temporal variation of aquatic at station 3 pH at station 4. Figure 7: Temporal variation of aquatic.

Table 4: Reduction of surface water pH in different stations around the world.

Location Source Rate of decrease in pH

Ulleung Basin East/Japan Sea (Kim et al., 2013) 0.04 pH units/decade 
since 1958

ALOHA (22◦45’N, 158◦00’W)
(Doney et al., 2012; 
http://hahara.soest.

hawaii.edu)

0.02 pH units/decade 
since 1989

BATS (31◦40’N, 64◦10’W), ES-
TOC (29◦10’N, 15◦30’W) (IPCC 2007) 0.02 pH units since 

1980
North Atlantic Ocean near 
Bermuda (Bates et al., 2012) 0.05 pH units since 

1983 till 2011
Ishikawa coast, along the sea of 
Japan

(Agabola et al., 
2013)

0.23 pH units since 
1984 till 2009

Black Sea (Polonsky, 2012)
0.4 pH units/decade in 

1960 and between 1980 
and 2000

Puget sound estuary, in northwest 
Washington State that is 
connected to the Pacific Ocean 
at its northern end by the Strait of 
Juan de Fuca 

(Feely et al., 2010) 0.05 pH units in 2008

Bay of Bengal off Bangladesh (Rashid et al., 
2013)

0.2 pH units since 1994 
till 2012

Western sector of Indian
Sundarbans This study 0.024 pH units since 

1984

http://dx.doi.org/10.4172/2155-9910.S11-003


Citation: HK Jana, Zaman S, Pramanick P, Mukhopadhyay N, Bose R, et al. (2014) Signal of Climate Change through Decadal Variation of Aquatic 
pH in Indian Sundarbans. J Marine Sci Res Development S11: 003. doi: 10.4172/2155-9910.S11-003

Page 5 of 5

J Marine Sci Res Development                             Climate Change                 ISSN:2155-9910 JMSRD an open access journal

of mangrove pool. The order is Lothian Island (Stn. 4) > Prentice Island 
(Stn. 6) > Jambu Island (Stn. 3) > Chemaguri (Stn. 1) > Harinbari 
(Stn. 5) > Saptamukhi (Stn. 2) (Table 2). Correlation coefficient value 
(r = - 0.6978; p<0.01) between percent of decrease of aquatic pH and 
magnitude of mangrove pool depicts the positive influence of mangrove 
vegetation in increasing the pH of the ambient water. The overall result 
of the study suggests that the pH of the estuarine water in Sundarbans 
is regulated by the synergistic effect of the halophytes and magnitude of 
mixing of sea water from Bay of Bengal. Thus conservation of coastal 
vegetation and mangrove afforestation must be given priority to prevent 
the rapid fall of pH, which otherwise may pose deleterious effects on 
the molluscan community of the Sundarban estuary and subsequently 
lead to an ecological imbalance. 
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