Wetlands (2016) 36:1033-1045
DOI 10.1007/s13157-016-0819-7

CrossMark

@

ORIGINAL RESEARCH

Blue Carbon Stock of the Bangladesh Sundarban

ﬁ!

14
O
0

m

—

<

v,

mii
=\

o=
r—nl'ﬂ

_{
ar
4>
0wz
n0
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Abstract The total blue carbon stock of the Bangladesh
Sundarban mangroves was evaluated and the probable future
status after a century was predicted based on the recent trend
of changes in the last 30 years and implementing a hybrid
model of Markov Chain and Cellular automata. At present
36.24 Tg C and 54.95 Tg C are stored in the above-ground
and below-ground compartments respectively resulting in to-
tal blue carbon stock 0f 91.19 Tg C. According to the predic-
tion 15.88 Tg C would be lost from this region by the year
2115. The low saline species composition classes dominated
mainly by Heritiera spp. accounts for the major portion of the
carbon sock at present (45.60 Tg C), while the highly saline
regions stores only 14.90 Tg C. The prediction shows that
after a hundred years almost 22.42 Tg C would be lost from
the low saline regions accompanied by an increase of 8.20 Tg
C in the high saline regions dominated mainly by Excoecaria
sp. and Avicennia spp. The net carbon loss would be due to
both mangrove area loss (~ 510 km?) and change in species
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composition leading to 58.28 Tg of potential CO, emission
within the year 2115.

Keywords Blue carbon - Mangroves - Sundarban -
Bangladesh - Markov chain - Cellular automata

Introduction

The ever-increasing greenhouse gas emission (especially
CO,) due to anthropogenic activities is one of the major chal-
lenges the world is facing today (IPCC 2013). Deforestation
and land use change is recognized as the second largest source
of CO, to the atmosphere after fossil fuel combustion, which
accounts for 12-20 % of the total anthropogenic emissions
(van der Werf et al. 2009). As a consequence, mitigation pro-
grams like UNFCCC’s ‘Reducing Emissions from
Deforestation and Forest Degradation’ (REDD+) have been
proposed internationally to secure the carbon locked in natural
forest ecosystems and prevent their emission (Donato et al.
2011). In this regard, one of the most important sinks in the
global carbon pool, i.e. the organic carbon buried in the man-
groves and inter-tidal marshes (commonly referred to as ‘blue
carbon’) has considerably attracted the attention of the present
day environmental scientists owing to their promising carbon
sequestration potential (McLeod et al. 2011; Hopkinson et al.
2012). This ‘blue carbon’ can be released to the atmosphere
when these coastal ecosystems are converted or degraded.
Disturbance or exposure of this organic carbon stock leads
to its conversion to species like CO,, HCO5 ™, or CO;* which
in turn affects the ocean-atmosphere equilibrium by either
directly injecting CO, to the atmosphere by means of ocean
to atmosphere gas exchange or by reducing the capability of
oceans to absorb atmospheric CO, (Pendleton et al. 2012).
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Amongst the several coastal ecosystems, mangroves are
one of the most productive and bio-diverse ecosystems along
estuaries, sea coasts and river mouths in the tropical and sub-
tropical intertidal zones. However, the mangroves at the same
time are also one of the most highly threatened ecosystems
(Hutchison et al. 2014). Almost one-third of world’s man-
groves have been lost in the past 50 years mainly due to
conversion to aquaculture and agricultural fields (Alongi
2002) and this has led many scientists to believe that the entire
mangrove community might become extinct by the end of the
twenty-first century (Duke et al. 2007). Though the rate of
mangrove disappearance seems to have declined in the recent
past due to an increase in awareness of the value of mangrove
ecosystems (FAO 2007), it is still substantially high enough to
be a serious threat to the ecosystem (Kauffman et al. 2014).
Due to such a high rate of mangrove loss, the global emissions
from mangrove degradation have been estimated to be 0.12 Pg
C yr.”! which accounts for almost 10 % of total carbon emis-
sions from deforestation (Donato et al. 2011). Hence, under-
standing the spatial dynamics of forest biomass and carbon
content is extremely essential in order to develop policies for
REDD and similar mitigation efforts (Grabowski and
Chazdon 2012).

In view of the importance of carbon content in mangrove
ecosystems, the present study was framed on the Bangladesh
Sundarban. Several initiatives [like Mitra et al. (2011) and Ray
et al. (2011)] were taken to characterize the standing stock of
biomass and carbon content in the Indian Sundarban as well.
Mukhopadhyay et al. (2015) recently carried out an assess-
ment to characterize the changes in mangrove species assem-
blages in the Bangladesh Sundarban and predicted the future
scenario of species composition. The present study is framed
to take the endeavour one step further by assessing the total
blue carbon stock of the Bangladesh Sundarban in the year
2115. Based on the changes in species composition that took
place in the last two decades and quantifying the present car-
bon content in the live above-ground and below-ground man-
groves along with the soil organic carbon (from the study of
Rahman et al. 2015), the future carbon content is predicted by
adopting a hybrid methodology of Markov Chain and Cellular
Automata modelling.

Materials and Methods
Study Area

The Sundarban, a UNESCO World Heritage Site, is the largest
single chunk of tidal halophytic mangrove forest of the world
(it comprises 3 % of the global mangrove area) which covers
approximately an area of 10,000 km?, out of which 60 % is
situated in Bangladesh and the rest belongs to India. The pres-
ent study area under investigation, i.e. Bangladesh Sundarban
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lies between the latitudes 21°30" N - 22°30" N and longitudes
89°07' E - 89°55' E (Fig. 1).

Data Used and Analytical Protocol

In order to estimate the changes in the species assemblage and
future prediction, existing mangrove zonation data for the
years 1985 and 1995 were used in the present study. These
datasets were prepared by the Bangladesh Forest Department
(BFD) by combining exhaustive traditional survey methods
with satellite image analysis (Fig. 2). In the recent past,
Rahman et al. (2015) carried out a comprehensive assessment
of carbon stock throughout the Bangladesh Sundarban by
means of a systematic grid sampling method. In this study,
the data set prepared by Rahman et al. (2015) has been used
(where estimated carbon content in the above-ground, below-
ground and total blue carbon content in the unit of Mg ha™ is
provided for the respective species composition classes); how-
ever, they derived the total carbon content of the above and
below-ground parts of the mangrove trees by multiplying the
dry biomass by a factor of 0.5 (based on the assumption that
forest biomass roughly contains half carbon by mass accord-
ing to Gifford (2000)). In order to increase the level of accu-
racy, the exact carbon concentration in the biomass of the
respective species were measured by us to derive the present
total carbon stock. The measurement of the above-ground,
below-ground and the total blue carbon content of the respec-
tive species composition classes for the year 2015 were ac-
cordingly revised. In order to effectively merge the carbon
content data (by Rahman et al. 2015) and the species compo-
sition zonation (developed by BFD), the mangrove forest of
Bangladesh Sundarban was broadly classified into 9 species
composition classes (Chaffey et al. 1985; Iftekhar and Saenger
2008; Rahman et al. 2015) (Table 1).

With the aid of a geographical information system (GIS)
framework the spatial distribution of the respective species
composition classes were mapped and the area covered by
these classes was measured. Upon multiplying the carbon
content data in unit area with the actual area covered by the
respective classes, the estimates of total carbon content was
derived and their future values were predicted by the Markov-
CA model. Earlier studies considered ten species (Chaffey
et al. 1985; Iftekhar and Saenger 2008; Rahman et al. 2015),
however, the class of ‘non tree vegetation” was deliberately
excluded from this study. The class of ‘non tree vegetation’ is
diffusely distributed throughout the forest, their spatial vari-
ability is not known and their carbon content is negligible
when compared to the other mangrove species. Moreover,
our aim was to derive an estimate of total carbon stock of
the respective species composition according to their areal
coverage and since the ‘non-tree vegetation’ class could not
be assigned any particular magnitude in the GIS framework
due to its diffused distribution, it was opted out altogether.
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Fig. 1 Study area, Bangladesh Sundarban with the field verification points (A to H)

Carbon Concentration Analysis

Standard borers (Haglof, Sweden AB) were used to collect
biomass samples from the above-ground stem and trunks as
well as below-ground roots of live trees of the respective ge-
nus in the sampling sites mentioned in Fig. 1. The samples
were oven dried for 72 h at 85 °C (until a constant weight was
achieved) to obtain the dry weight. 10 replicates of each spe-
cies were taken in specific quantities and composite samples
were prepared for each species from the above mentioned two
plant parts. The carbon concentration of the respective plant
parts were measured by a CHN analyzer (Perkin Elmer 2400
Series II CHNS/O Elemental Analyzer). See supplementary
material Table S1.

Future Prediction and Quantitative Model Development

All the data of mangrove zonation, spatial biomass distribu-
tion and carbon content were converted into a geospatial

format. In order to predict the future state of carbon stock in
the Bangladesh Sundarban, the Markov Chain model in com-
bination with Cellular Automata (CA) were used. Both
Cellular Automata and the Markov Chain model have great
advantages in studies related to land use changes (Courage
etal. 2009). In the present study, each of the mangrove species
assemblages was considered as one land use class and the total
Bangladesh Sundarban forest was classified into 9 classes.
Implementing the Markov-CA model upon a GIS dataset is
believed to be a suitable approach to model the temporal and
spatial change of land use (Myint and Wang 2006). In the
Markov-CA model, the Markov Chain process helps us ana-
lyze the temporal change between the land use types based on
transition matrices (Lopeza et al. 2001); whereas the CA mod-
el controls spatial pattern change through local rules consid-
ering neighbourhood configuration and transition potential
maps (Clarke et al. 1994). The GIS environment was used to
define the initial conditions, to parameterize the Markov-CA
model, to calculate transition matrixes, and to determine the

@ Springer
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Fig. 2. A map showing the
distribution of all the nine species
composition types for the years
(a) 1985 (b) 1995. SC denotes
‘species composition’. Refer to
Table 1 for the abbreviations of
SC1 to SC9
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neighbourhood rules (Weng 2002; Aitkenhead and Aalders
2009). Based on the species composition datasets of the year
1985 and 1995, the spatial variability of the species composi-
tion in the year 2015 was projected. The carbon content
dataset of the respective classes for the year 2015 was fused
with this projected data. Finally, based on this merged output,
the carbon content of the Bangladesh Sundarban for the year
2035 (after 20 years), 2065 (i.e. 50 years from now) and the
year 2115 (i.e. a century from now) was predicted.

Details of Cellular Automata and Markov Chain
Modelling

See Supplementary material (Annexure 1).

Validation of the Model

In order to validate the quantitative model, the spatial extent of
mangrove species zones were predicted for the year 2015 based
on the existing datasets of the years 1985 and 1995. The pre-
diction carried out for the year 2015 was validated against the
results of a field survey carried out in 2015 by using Pearson
correlation. Special care was taken to cover at least five spots
belonging to each species composition class considered in this
study. A total of 67 spots were checked and correlated and the
ground truthing was carried out especially in those areas where
the predicted model output for the year 2015 showed an ab-
sence or regeneration of a particular species composition class.
Transition probability metrics have been modified for few
known classes to increase the accuracy of the model.

Table 1 Major species

composition (SC) types Code Species composition type Distribution in Saline zone Area (in km?)*
considered for this study in the
Bang]adesh Sundarban a]ong SC1 Heritiera dominated FR 602.4
with their distribution pattern in SC2 Heritiera dominated + Excoecaria FR, MO, ST 931.3
different salinity zones and area SC3 Mixed Bruguiera, Heritiera and Xylocarpus FR, ST 81.5
covered at present (in the year . . . ] .
2015) SC4 Mixed Avicennia, Bruguiera, Excoecaria, FR, MO, ST 192.9
Sonneratia and Xylocarpus
SCs Excoecaria dominated MO 204.6
SC6 Excoecaria dominated + Heritiera MO, ST 778.6
SC7 Ceriops dominated + Excoecaria MO, ST 480.2
SC8 Ceriops dominated ST 69.5
SC9 Excoecaria dominated + Ceriops MO, ST 318.2

FR - fresh water zone, MO - moderate saline zone, and ST- strong saline zone
Source (Chaffey et al. 1985; Iftekhar and Saenger 2008; Rahman et al. 2015)
*Area estimated from the present study

@ Springer
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Assumptions Made while Assessing the Future

The predictive modelling in the present study was carried out
taking into account the following assumptions. Firstly, it was
assumed that the trend of responsible environmental factors
that has driven the changes in species composition and/or
carbon content in the live biomass in the recent past would
remain the same in the near future. Secondly, it was presumed
that the infrastructure of the forest and the biomass content of
the trees in terms of age group, along with the height and
stature of the trees of respective species would remain un-
changed during the following century. Or in other words, it
was assumed that the natural cycle of the forest system would
not be substantially impacted by any anthropogenic interfer-
ence like felling of trees of any particular age group, artificial
plantations of selected species and so forth. Lastly, it was
supposed that no unprecedented cataclysmic event would
happen in the coming hundred years as their impact on the
forest dynamics was not accounted in the modelling
adopted for this study.

Limitations of the Study

The acceleration rate of the rising sea level was not taken into
account in this study. Moreover, the short term sudden impacts
of events like tsunami, storm surge and cyclonic disasters
were not taken into consideration while running the present
CA-Markov model. The entire evaluation was carried out
based on the observed changes of the last thirty years and
assuming that it will continue to do so in the ‘business as
usual’ mode.

Statistical Analysis

One sample Kolmogorov-Smirnov test (K-S test) along
with Shapiro-Wilk test was performed to verify whether
the data of measured carbon content of the respective
species is normally distributed. An independent two-
sample Student’s ¢-test was performed to check the signif-
icance of the differences in mean between the above-
ground and below-ground (measured) carbon content of
the respective species. A one-way ANOVA was used to
check the significance of the differences in mean carbon
content among the seven genera (separately in both the
above-ground and below-ground compartments).

Results
Inter-Genus Carbon Concentration Variation

The seven dominant genera found to thrive in the Sundarban
are namely Avicennia (comprising of three species: Avicennia

alba, Avicennia marina and Avicennia officinalis), Bruguiera
(comprising of four species: Bruguiera cylindrica, Bruguiera
sexangula, Bruguiera gymnorrhiza and Bruguiera
parviflora), Ceriops (comprising of two species: Ceriops
decandra and Ceriops tagal), Excoecaria (only one species:
Excoecaria agallocha), Heritiera (comprising of two species:
Heritiera fomes and Heritiera littoralis), Sonneratia (compris-
ing of three species Sonneratia apetala, Sonneratia caseolaris
and Sonneratia griffithii) and Xylocarpus (comprising of two
species Xylocarpus granatum and Xylocarpus mekongensis).
All the above-ground and below-ground carbon concentration
data of the respective replicates were normally distributed ac-
cording to the results of both K-S test and Shapiro-Wilk test
(p > 0.05). The mean carbon percentage was significantly
different among the various genera (in both above-ground
and below-ground compartments) (one-way-ANOVA,
p < 0.05). In the above-ground parts, Excoecaria sp.
(54.8 %) had the highest proportion of carbon followed by
Ceriops spp. (53.6 %) and Sonneratia spp. (52.7 %).
Whereas in the below-ground roots the highest carbon per-
centage was observed in Excoecaria sp. (52.6 %) followed
by Heritiera sp. (52.4 %), Sonneratia spp. (49.2 %) and
Xylocarpus spp. (48.5 %). Taking into account all the genera,
the percentage of carbon in the above-ground compartment
(51.8 %) was more than that in the below-ground root systems
(48.9 %). The difference in mean carbon concentration be-
tween above-ground and below-ground compartments was
found to be statistically significant for all the genera (¢ varied
from 4.71 to 28.60, p < 0.01). Apart from the genus Heritiera,
all the other genera showed a higher carbon proportion in the
above-ground section compared to the below-ground root sys-
tem. In case of Heritiera spp. the below-ground carbon con-
centration was 2.3 % more than the above-ground. The max-
imum difference between above- and below-ground carbon
concentrations was observed in Ceriops spp. (7.1 %), whereas
the least difference was found in Excoecaria spp. (2.2 %).
Among the seven dominant genera, except Excoecaria,
the rest of the genera have two to three species. It is worth
mentioning that the magnitude of carbon concentration
did not exhibit any statistically significant intra-genus var-
iability for those genera.

Present State of above-Ground, below-Ground and Total
Blue Carbon Content

The above-ground, below-ground and total blue carbon stock
(per unit hectare) of the nine species composition classes re-
ported by Rahman et al. (2015) were revised by incorporating
the data of measured carbon concentration and shown in
Fig. 3. Comprising the 9 species composition classes an aver-
age increase in the carbon content of 3.2 Mg ha ' and
0.7 Mg ha' in the aboveground and belowground compart-
ments were observed compared to that given in Rahman et al.

@ Springer
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Fig. 3 The revised estimates of (a) above-ground, (b) below-ground and
(c) blue carbon content per unit area in the respective species composition
classes (principal source of data: Rahman et al. 2015). SC denotes
‘species composition’. Refer to Table 1 for the abbreviations of
SC1 to SC9

(2015). Among the species composition types, SC1 (i.e.
Heritiera dominated class) showed significantly higher
(p < 0.05) above-ground carbon stock (153.4 Mg ha ') than
other vegetation types, followed by SC5 (i.e. Excoecaria
dominated class — 114.3 Mg ha ') and SC2 (i.e. Heritiera
dominated + Excoecaria class — 105.6 Mg ha '). The lowest
above-ground carbon stock of 55.3 Mg ha™' was found in SC7
(i.e. Ceriops dominated + Excoecaria class). Like above-
ground carbon stock, highest below-ground carbon stock
was also found in SC1 (189.6 Mg ha ') leading to the highest
blue carbon stock of 343.0 Mg ha '. The second and third
highest below-ground carbon stock was found in SC2 (i.e.
Heritiera dominated + Excoecaria class — 162.1 Mg ha™")
and SC3 (i.e. Mixed Bruguiera, Heritiera and Xylocarpus
class — 154.7 Mg ha™ ") respectively. The lowest below-
ground carbon stock was found in SC8 (i.e. Ceriops dominat-
ed class — 90.8 Mg haﬁl). After SC1, SC2 had the second
highest blue carbon stock (267.7 Mg haﬁl). SC3, SC4, SC5
and SC6 had fairly similar blue carbon stock ranging between
234.1 Mg ha '(SC3) and 238.4 Mg ha ' (SC5). SC7 and SC8

@ Springer

had a blue carbon content of 189.1 Mg ha ' and

186.1 Mg ha ' respectively. SC9 had the lowest blue carbon
stock of 172.1 Mg ha .

Based on the GIS analysis, it can be seen that the maximum
area of the Bangladesh Sundarban forest is at present covered
by the class SC2 (931.3 km?), followed by SC6 (778.6 km?),
SC1 (602.4 km?) and SC7 (480.2 km?) respectively (Fig. 4).
The smallest area is covered by SC8 (69.5 km?) followed by
SC3 (81.5 km?). The estimates of total carbon stored in the
above-ground and below-ground of all the SCs were comput-
ed (Fig. 5) upon multiplying the area covered by the individ-
ual species composition classes with their respective carbon
content (per unit area). Owing to a substantially large area
covered, SC2 showed the highest total above-ground, total
below-ground and total blue carbon stock of 9.84 Tg, 15.10
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Fig.4 The figure showing the (a) the trend of change in area covered by
respective species composition classes during 1985 to 2015 (b) the
predicted change in area covered by respective species composition
classes during 2035 to 20,115 and (c) the present (1985 to 2015) and
predicted (2035 to 2115) change of total mangrove forest area in the
Bangladesh Sundarban. SC denotes ‘species composition’. Refer to
Table 1 for the abbreviations of SC1 to SC9
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Fig. 5 Present (2015) along with
the predicted total carbon content
in the above-ground (denoted by
AGC), below-ground (BGC) and
total blue carbon (TBC) in the
respective species composition
classes for the years 2035, 2065
and 2115. The total value of
carbon content in the respective
categories is given within
parentheses. All the magnitudes
are expressed in Tg (10'* g). SC
denotes ‘species composition’.
Refer to Table 1 for the
abbreviations of SC1 to SC9

mSC1 mSC2 mSC3 mSC4 mSC5 mSCé

Tg and 24.93 Tg respectively. SC1 and SC6 had the second
and third highest total above-ground, total below-ground and
total blue carbon stock of 9.24 Tg, 11.42 Tg, 20.66 Tg and
7.26 Tg, 11.14 Tg, 18.41 Tg respectively. The lowest total
above-ground carbon stock was found in SC3 (0.65 Tg),
whereas the lowest total below-ground carbon stock was
found in SC8 (0.63 Tg). SC8 also showed the lowest
total blue carbon stock of 1.29 Tg. Summing up the
estimates of the respective species composition classes
it can be seen that 36.24 Tg C is locked at present in
the above-ground compartments of the Bangladesh
Sundarban mangrove forest and 54.95 Tg C is stored in
the below-ground compartments, leading to a total blue
carbon stock of 91.19 Tg C in the entire terrestrial com-
partment of the forest.

Quantitative Model Validation

The performance of hybrid model of Markov Chain and
Cellular Automata was assessed against 2015 field observa-
tions. Ground-truthing was done in selected areas within the
coverage of the nine classes and this additional data was used

SC9

SC7 = SC8

to enhance the accuracy of the model (88.7 %). Predictions of
area change derived from the present model were strongly
correlated with observed change over the same period. In or-
der to enhance the degree of accuracy, especially for the
planted mangroves and built-up areas, the transition probabil-
ity table was modified, assuming that these classes will not
change significantly with time.

Predictive Model Output

Based on the spatial datasets for the years 1985, 1995 and
2015 (Fig. 2), the mangrove species composition prediction
was done for the years 2035, 2065 and 2115 (Fig. 6). The
model showed that the spatial distribution of the nine species
composition classes will change significantly and the total
forest cover area will decrease substantially in the future.
Among the nine species composition classes, the area covered
by SC1, SC2, SC7, SC8 and SC9 are predicted to decrease in
the years to follow, while SC3, SC4, SC5 and SC6 are expect-
ed to increase their expanse throughout the forest of
Bangladesh Sundarban. Almost 510 km? of net forest area
loss is predicted to take place by the end of the year 2115

@ Springer
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(from 3659.2 km? at present to 3147.8 km?> by the end of
2115). The two main species composition classes namely
SC2 and SC1, which have the highest stock of carbon, are
expected to suffer from area loss and their total carbon content
would decrease from 24.93 Tg and 20.66 Tg (in the year
2015) to 14.47 Tg and 8.72 Tg respectively (in the year
2115). On the contrary, significant increase in the total
carbon stock is expected to take place in the classes
SC4 and SC6 from 4.55 Tg and 18.41 Tg (in the year
2015) to 11.83 Tg and 20.45 Tg respectively (in the year
2115). It is worth mentioning that according to the present
model, a century later (in the year 2115), the highest total
carbon stock in the above-ground (8.07 Tg), below-
ground (12.38 Tg) and total blue carbon (20.45 Tg) would
be stored by SC6 instead of SC2 at present (in the year
2015). The present analysis shows that within a hundred
years, SC1 (11.94 Tg) would undergo maximum total blue

Fig. 6. A map showing the
predicted distribution pattern of
all the nine species composition
types predicted for the years (a)
2015 (b) 2035 and (c) 2065 and
(d) 2115. SC denotes ‘species
composition’. Refer to Table 1 for
the abbreviations of SC1 to SC9

0 125 25

50 Kilometers

[ sc1 scz.  |sc3

@ Springer

carbon content loss, whereas, maximum gain would be
observed in SC4 (7.28 Tg). According to the model, on
the whole, the total above-ground carbon content of the
forest would decrease from 36.24 Tg (at present) to 33.54
Tg (by the year 2035), 32.03 Tg (by the year 2065) and
finally to 29.43 Tg (by the year 2115), i.e. a total above-
ground carbon loss of 6.81 Tg is expected to take place
within the coming hundred years. Similarly, total below-
ground carbon is expected to reduce from 54.95 Tg (at
present) to 51.11 Tg (by the year 2035), 49.30 Tg (by the
year 2065) and 45.88 (by the year 2115). Thus a 9.07 Tg
loss in the total below-ground carbon content of the forest
is expected to take place within a century. Combining the
two estimates a total blue carbon loss of 15.88 Tg is
projected by means of this model by the end of the year
2115 due to both mangrove area loss and change in
species composition.

0 12.5 25 50 Kilometers

+
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Fig. 7 Map showing different
salinity zones of Bangladesh
Sundarban (after Hoque et al.
2006)

Il Polyhaline Zone
Mesohaline Zone

Oligohaline Zone

Discussion

Contrast between above-Ground and below-Ground
Carbon Stock

The results of this study suggest significant differences
(p < 0.05) in total carbon stock between above-ground and
below-ground compartments of all the species composition
types. According to the present estimates, total below-
ground carbon stock is almost 1.5 times more than the total
above-ground stock. Rahman et al. (2015) observed that the
amount of soil carbon stock was almost similar to total above-
ground carbon stock in all the available species assemblages
of Bangladesh Sundarban. This implies that irrespective of
species composition types, mangroves are capable of storing
substantial quantities of organic carbon in their sediments
along with the root system (Donato et al. 2011) and together
with the carbon locked in the root systems, the total below-
ground carbon stock always wins the race against the above-
ground counterpart (Adame et al. 2013). Moreover, a high
root:shoot ratio is found to exist in almost all the dominant
species (Fujimoto 2004) which further facilitates these ecosys-
tems to lock larger quantities of carbon below the ground up to
great depths (Bouillon et al. 2003).

Distribution and Predicted Loss of Total Carbon
from Different Salinity Zones

The prediction showed that species composition classes dom-
inated by Heritiera sp. and Ceriops spp. would decrease with
time, while distribution of Excoecaria sp., Sonneratia spp.

and Bruguiera spp. dominated assemblages would increase
in the forest. In this regard, it is noteworthy that species like
Heritiera sp. is freshwater loving mangroves and prefers to
thrive in low saline regions. On the contrary, species like
Avicennia sp. and Bruguiera spp. are high salt tolerant species
and have the capability of thriving in moderate to high salinity
zones (Mukhopadhyay et al. 2015). It has been long recog-
nized by earlier workers that the species distribution or zona-
tion of mangroves are dependent on several controlling factors
(Tomlinson 1986; Naskar and Guha Bakshi 1987; Chaudhuri
and Choudhury 1994), out of which, salinity profile is one of
the most crucial factors (Ellison et al. 2000; Bhattacharjee
et al. 2013). The western part of the Sundarban is mainly
influenced by high salinity waters (Banerjee et al. 2012),
whereas on the eastern side of the Sundarban (especially on
the eastern end of the Bangladesh Sundarban) a lower salinity
region is known to exist (Islam and Gnauck 2008). The region
lying in has a moderate salinity range (Karim 1988). In this
regard, Karim (1988) and Hoque et al. (2006) demarcated
three different types of salinity zones in the Bangladesh
Sundarban, namely: oligohaline (low salinity zone),
mesohaline (medium salinity zone) and polyhaline (high sa-
linity zone) regions (Fig. 7). Previous studies indicate that
Heritiera prefers to grow in oligohaline regions, whereas
Ceriops, Sonneratia and Xylocarpusare generally found in
mesohaline regions and species like Avicennia and
Excoecaria grow in polyhaline regions (Giri et al. 2014;
Naskar and Guha Bakshi 1987; Bhattacharjee et al. 2013;
Clough 2013). However, some researchers observed that
Avicennia and Excoecaria can thrive over a wide salinity
range and Excoecaria was found to grow well even in low
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saline regions (Joshi and Ghose 2003). Based on these ob-
servations, the nine species composition classes are clas-
sified into three types depending on their salinity zona-
tions. SC1 and SC2 exclusively belong to ‘oligohaline’
category. Similarly SC3, SC6, SC7 and SC8 belong to
the ‘mesohaline’ category and finally SC4, SC5 and
SC9 are grouped under ‘polyhaline’ category. The
above-ground, below-ground and total blue carbon con-
tent in these three domains along with the predicted
change was computed (Fig. 8). It has been analyzed that
at present the total blue carbon stock in the oligohaline
class is 45.60 Tg followed by the mesohaline class (30.69
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35.00 1
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Fig. 8 Total carbon content in the (a) oligohaline, (b) mesohaline and (c)

polyhaline zones for the year 2015 and predicted for the years 2035, 2065
and 2115
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Tg) and it was least in the polyhaline class (14.90 Tg). In
this regard, it is worth mentioning that Mitra and Zaman
(2015) also observed that freshwater loving mangrove
species are capable of storing substantial amount of car-
bon compared to others. Based on the results of predictive
modelling it can be seen that 22.42 Tg of total blue car-
bon would be lost from the oligohaline class by the year
2115, while the mesohaline class would not be affected
much. On the contrary, total blue carbon content is ex-
pected to increase in the polyhaline class by a margin of
8.2 Tg. These results interpret that the low saline species
compositions would degrade in future and the abundance
of high saline species composition would increase in the
same time frame. The decrease in freshwater flow slowly
converts the soil character of a particular region into high
saline regions (Rahman et al. 2015). In case of man-
groves, the distribution of various species assemblages
can be explained by virtue of the salinity gradient (Ball
1998) and it also affects the growth, productivity and
competitive interactions among species (Sylla et al.
1996; Cardona and Botero 1998; Twilley and Chen
1998). Rahman et al. (2015) observed in the Sundarban
that plants show a tendency to become dwarfed with the
increase in salinity. Other studies also indicate that chron-
ic high salinity is unfavourable to mangroves (Selvam
et al. 1991). On the whole, mangroves flourish well in
low saline regions and their productivity as well as carbon
stock is found higher in these regions (Kathiresan and
Bingham 2001; Crooks et al. 2011). Our present analysis
shows that in future the expanse of low salinity preferred
species composition would decrease. Though an increase
of high salinity preferred class is also noted, the net result
would be loss in total blue carbon due to this conversion.
Comparative assessments of blue carbon stock in the pres-
ent study with other mangroves of the world are shown in
supplementary material (see Table S2 and Annexure 2).

Predicted Potential CO, Emission in the Forthcoming
Century

In order to estimate the effect of net forest loss upon the global
climate, ecosystem carbon losses are generally expressed as
potential CO, emissions or CO, equivalents (CO,e) - derived
by multiplying the lost carbon stocks by 3.67, the molecular
ratio of CO, (44 g) to C (12 g) (Kauffman et al. 2014).
According to the present estimates almost 58.28 Tg of poten-
tial CO, emission is predicted to take place within the year
2115. Upon dividing the predicted total potential emission
with the estimated net area loss of ~510 km?” during the same
time frame, CO, at a mean annual rate of 1121 Mg ha !is
estimated to be released into the atmosphere from the
Bangladesh Sundarban. Pendleton et al. (2012) estimated the
global blue carbon emissions and they observed a mean
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potential CO, emission rate of 0.24 Pg CO, yr. ' from the
global mangrove cover. However, their observed mean
amount of CO, release per unit area for global mangroves
(933 Mg CO, ha ') was quite less than our estimates predicted
for Bangladesh Sundarban for the next century (1121 Mg CO,
ha ). Due to conversion of mangrove lands to shrimp farm-
ing, Yee (2010) in Thailand estimated a potential CO, emis-
sion 330 Mg CO, haﬁl, whereas, Kauffman et al. (2014) ob-
served potential emissions of 2244 to 3799 Mg CO, ha .
However, it is of great significance to note that compared to
mangroves, estimates of potential CO, emissions due to con-
versions of tropical evergreen forests of the Amazon (538 Mg
CO, ha™") and the tropical dry forests of Mexico (230 Mg
CO, ha™!) to pastures are much less (Kauffman et al.
2003, 2009). In other words, the CO, emission arising
due to forest conversion and/or loss in a mangrove forest
could be five times higher than that in a tropical evergreen
forest (Kauffman et al. 2014).

By multiplying the emission with the recent estimate of the
global economic cost of new atmospheric carbon of $41 per
ton of CO, (2007 U.S. dollars) (USG 2010), Pendleton et al.
(2012) further estimated the cost of this carbon emission from
mangroves to the global economy (a mean of 9.8 billion US$
yr. 1. According to this approach (at the present rate) the cost
of predicted blue carbon loss from the Bangladesh Sundarban
in the forthcoming century would be equal to 2.26 billion US$
(though the social cost of carbon is expected to increase in
future, hence the estimated cost might turn out higher).
According to several schools of thoughts the social cost of
carbon (SCC) depends upon the gross domestic product
(GDP) of the particular country. In the Indian Sundarban,
Akhand et al. (2016) carried out a study and found that
Indian Sundarban lost ~64.29 million US$ worth blue be-
tween the years 1975 and 2013 only from the aboveground
compartments.

Combining the field measurements along with data from
the literature we quantified the present and predicted the future
above-ground, below-ground and total blue carbon stock for a
century from now in the Bangladesh Sundarban mangrove
forest. An estimated total blue carbon stock of 91.19 Tg (at
present) is predicted to be reduced to 75.31 Tg by the year
2115 resulting in a net loss of 15.88 Tg of blue carbon which is
equivalent to a potential CO, emission of 58.28 Tg. The major
portion of the entire carbon reservoir of this forest is found to
be locked in the lower saline regions followed by moderate
saline and the least in highly saline zones. The point of con-
cern is that over the passage of time the dominance of
freshwater-loving species is predicted to reduce and that of
high-salt-tolerant species to increase throughout the forest
leading to a substantial loss of blue carbon. These results
indicate that the mangroves of the Bangladesh Sundarban play
a crucial role in carbon sequestration and this huge carbon
reservoir is extremely significant from the perspective of

global mangroves. By anticipating the loss of carbon content
and changes in species assemblage in these types of studies,
the restoration, management and rehabilitation plan for the
future should be framed by competent authorities.
Thousands of local poor people are dependent on these man-
grove forests due to various forest produces like honey, bees-
wax, fish etc. For a substantial number of people, this forest
ecosystem acts as the only source of income, which implies
that their livelihood is exclusively dependent on the ecosys-
tem services provided by this forest. This type of study and the
outcomes would enable the policy makers to maintain the
natural performance of this mangrove ecosystem which in
turn would be beneficial to the global climate and this ap-
proach might be developed as a wealth-creating instrument
under a well-functioning, well-informed market mechanism.
However, the predictions carried out in the present study
reflect the projection of the present trend in the coming
years. In future predictive modelling should be also car-
ried out keeping in view the possible consequences of
various other factors like threat from sea level rise and
drastic changes in freshwater supply.
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