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Summary

With global climate change, the conservation of mangrove biodiversity and the evaluation of
ecosystem services (carbon sequestration) have become foci of concern. This thesis examined
the spatial distribution of biodiversity indicators and carbon storage in the Sundarbans
Reserved Forest (SRF), Bangladesh, the most diverse mangrove ecosystem worldwide, and
modelled their relationship by coupling remote sensing and ground-based data. Carbon storage
in the SRF varied by vegetation type and salinity zone. Stands dominated by Heritiera fomes
within the freshwater zone contained the largest carbon stock (Chapter three). Nine dominant
mangrove types with their average canopy height and five non-mangrove types in the
Sundarbans East Wildlife Sanctuary (SEWS), as pioneers of large-scale mangrove ecosystems,
were mapped with greater accuracy (89.33-89.89%) by combining high-resolution spatial
(WorldView?2) and vertical (TanDEM-X) imagery (Chapter four). Three dominant species
covered 50% of the SEWS: H. fomes (44.54%), Excoecaria agallocha (3.02%), and Sonneratia
apetala (1.41%). The finding of H. fomes as the dominant species in the SEWS (Chapter four)
challenged the previous conclusion that E. agallocha was the dominant species. Mangrove
species diversity (Shannon index) and canopy height positively influenced the aboveground
carbon stock in trunks. Therefore, mangrove stands with high species diversity had high carbon
storage (Chapter five). These findings can be used in the monitoring and evaluation of
mangrove vegetation and carbon stock changes and formulating policy for Reducing Emissions

from Deforestation and Forest Degradation and the Convention on Biological Diversity.



Chapter 1 General Introduction

Mangroves in changing climate

Mangroves refer to the forests found in sheltered coastal zones between the land and
sea, of tropical and subtropical countries (Ellison and Zouh, 2012). This unique forest
ecosystem has been found in around 120 countries and its total coverage is 83,495 km? which
represent about 0.1% of the Earth’s continental surface (Atwood et al., 2017; Hamilton and
Casey, 2016; Kauffman et al., 2014). A total of 70 mangrove species are found globally and
these mangrove plants develop specialized morphological and physiological mechanisms to
adapt in the adverse costal environment (Kathiresan and Bingham, 2001). Historically,
mangrove ecosystems provide various ecosystem services to communities with the economic
value estimated to the USD 4185 per hectare per year. But substantial spatial and temporal
variations in this value are expected (Friess, 2016). These ecosystem services can be
categorized as 4 terms: 1) provisioning services such as food, fuel wood, household materials,
sources of traditional and allopathic medicinal materials, and other non-timber forest products
(Friess, 2016; Uddin et al., 2013; Walters et al., 2008), 2) regulatory service such as providing
protection against tidal surge, tsunami and hurricanes. Mangroves capture and store
atmospheric carbon on the ground (Alongi, 2008; Cahoon, 2006; Donato et al., 2011,
Komiyama et al., 2008; Pendleton et al., 2012), 3) supportive service of providing breeding
ground for diverse flora and fauna both in land and waterbody (Kathiresan and Bingham,
2001), and 4) cultural services, for example, eco-tourism, worship, and educational research
(Friess, 2016; Uddin et al., 2013).

Despite these multiple ecosystem services, global mangrove forests have been
disappearing and degraded in the last half-century because of anthropogenic activities such as
urbanization, agricultural expansion, overharvesting, and upstream fresh water diversion as
well as climate changes (Giri et al., 2011; Iftekhar and Islam, 2004; Thomas et al., 2017). Rapid
sea-level rise caused by global warming in the twenty-first century has also been cited as a
primary threat to mangroves (Ellison, 2015). Due to the rapid rising of sea level, mangrove
ecosystem structure would change in terms of reduction of sedimentation rate, increased
salinity level, and land erosion which would cumulatively affect the vegetation structure and
forest health (dieback of tree, seaward to landward migration of species (Ellison, 2015; Ward
et al., 2016). This would result in reduction of forest productivity or complete loss of the
mangroves and thereby reduction of carbon sequestration or emission of CO, from mangrove
ecosystem (Ellison et al., 2005; Pendleton et al., 2012; Woodroffe et al., 2016). As the above-



mentioned causes alter mangrove ecosystem species composition, vegetation dynamics and
function, it is imperative to continue monitoring of the mangrove ecosystem for better
management.

Mangroves are one of the most productive ecosystems that can sequester atmospheric
carbon at a 4 to 7 times higher rate than other tropical forest ecosystems (Donato et al., 2011).
Carbon in this ecosystem is stored as aboveground biomass of plant parts (tree trunks, stems
and leaves), belowground root system biomass, and as soil organic carbon (Laffoley and
Grimsditch, 2009). The global average of mangrove carbon stocks are about 937 t C ha™ , most
of which are deposited in soil (Alongi, 2012; Atwood et al., 2017). So, if the mangrove forest
is altered to other land uses or changed by the climate change it will become a huge source of
greenhouse gases to atmosphere (Atwood et al., 2017). Given this large carbon reserve in the
mangroves, other ecosystem services it provides, and its vulnerability to anthropogenic and
natural disturbances, protection of mangrove through REDD+ (Reduce emission from
deforestation and Forest Degradation) could be a key to conserve the mangrove forest and

thereby to mitigate and adapt to the climate change (Herr et al., 2017).

Influence of mangrove zonation on carbon stock

Estimation of spatial distribution of the mangrove is now becoming a fundamental issue
for sustainable forest management and conversation of forest resources under the changing
global climate (Trettin et al., 2016). Mangrove stands are the part of dynamic coastal ecosystem
where different environmental attributes such as topography, climatic conditions, tidal
inundation, salinity, geomorphology affect the species distribution and composition (Cruz et
al., 2013; Fromard et al., 1998). In response to these factors, mangrove species show a
distinctive pattern of zones which leads to spatial variation of species composition, forest
structure and productivity and thereby affect their carbon stock capacity (Adame et al., 2013;
Ball, 2002; Cruz et al., 2013; Fromard et al., 1998; Twilley and Chen, 1998; Wang et al., 2014).
A recent study in Brazil shows that the distribution of Rhizophora mangle and Avicennia
germinans species across an inundation gradient reflects the combined effect of tidal
inundation frequency, availability of phosphorus in the sediments and the leaves, and
interstitial salinity (Cruz et al., 2013). In Rookery Bay, Florida, Twilley and Chen (1998),
found that there was a prominent tradeoff between salinity and distribution of species, and their

productivity and growth of mangrove forests. In Bangladesh, Karim and Karim (1993)



investigated two prominent species, Heritiera forms and Avicennia marina and found that they
produced higher biomass at low saline condition than at high saline condition.

Carbon stocks in mangrove ecosystem vary depending on species composition,
structure and salinity. In Maxico, Adame et al. (2013), found that higher carbon stocks were
associated with law saline areas which is dominant by Laguncularia racemosa compared to
high saline areas where dwarf mangrove was dominant. In Indian Sundarbans, Mitra et al.,
(2011), conducted a study on biomass carbon stocks for the three-dominant species,
(Sonneratia apetala, Avicennia alba and Excoecaria agallocha). They found that S. apetala
contained higher level of carbon than other two species. They also inferred that the variation
of carbon stocks among the three species was due to the salinity gradient. Even the same species
had different carbon stocks depending on the spatial position in Indian Sundarbans (Mitra et
al., (2011). The spatial variation in distribution of species, vegetation biomass, and soil organic
carbon (SOC) stocks were also found in estuary mangrove in Yingluo Bay, South China
(Wang et al., 2014). In that study, they found that both biomass- and soil organic -carbon
varied due to topographic variation from upstream to downstream (Wang et al., 2014). SOC
stock in mangrove ecosystem, is also influenced by aboveground vegetation, salinity, and
tidal elevation (Wang et al., 2014). In Indonesian mangrove forests, Murdiyarso et al. (2010),
also found that soil carbon stocks were in association with higher stature of aboveground
vegetation. Though a clear zonation exists in Sundarbans Reserved Forest (SRF) with regard
to vegetation types and salinity gradient, its effect on carbon stock is still unexplored
(Iftekhar and Saenger, 2008).

Remote sensing of mangrove vegetation and structure

Remote sensing is an important method to monitor the earth’s surface (Heumann, 2011,
Kuenzer et al., 2011). Regular monitoring of tree species, their spatial information on the
distribution, composition etc. are the key forest management components for valuation of forest
reservation outcome as it has some special targets on protection and conservation of certain
inhabiting tree or animal species or to monitor health status of individual trees (Heumann,
2011; Kuenzer et al., 2011; O’Connor et al., 2015; Pereira et al., 2013; Petrou et al., 2015). In
inaccessible areas where field surveying is difficult such in many mangrove ecosystems,
remote sensing can be a surrogate to field inventory (Kamal and Phinn, 2011). The recent
development of both active (LIDAR and SAR) and passive (high resolution imagery e.g.,
WorldView, Quickbir) remote sensing and analysis methods, can allow description of



vegetation structures such as canopy architecture, height and spacing of individual trees by
three dimensional profiles, with a potential to estimate tree species and composition, forest
canopy structure and forest cover change at a fine scale with large areas (Fatoyinbo et al., 2018;
Heenkenda et al., 2014; Yu et al., 2015; Zhu et al., 2015). As such remote sensing technique is
used in global conservation and mitigation actions such as Conservation Biological Diversity
(CBD) and REDD+ (O’Connor et al., 2015; Fatoyinbo, 2015). For these types of policy
implementation, very high-resolution imagery (under 10 m resolution) provided by commercial
satellites like WordView2 (WV2) & 3, Quickbird, and IKONOS have the potential to detect
species compositions and fine scale analysis of deforestation or forest cover changes.

Over the last few decades, both multispectral and radar image have been used in
mapping regional and global mangrove coverage, measuring mangrove forest composition and
structure at local scale, and other biophysical properties at varying spatial resolutions (1 to 30
m; Fatoyinbo et al., 2018; Giri et al., 2008; Giri, 2016; Heumann, 2011; Kamal and Phinn,
2011; Kuenzer et al., 2011, 2014; Lagomasino et al., 2016; Lee et al., 2015; Lee and Fatoyinbo,
2015). However, application of the very high resolution optical imagery (under 10 m
resolution) in mangrove species mapping is few. Recently, several studies have identified
mangrove species groups using high resolution images following different classification
methods. For example, in an artificially restored mangrove in China, Zhu et al. (2015a)
separated two mangrove species and other vegetation types using WV2 images. Kamal et al.
(2015) identified three Avicennia species in Moreton Bay, Queensland Australia. For another
region in Australia, five mangrove species were identified in the Northern Territory, using
WV2 image (Heenkenda et al., 2014). Neukemans et al. (2008), used Quickbird images for
mapping four mangrove species in Gazi Bay mangrove, Kenya. While in another study in
Caribbean coast of Panama, Wang et al. (2004), evaluated the performance of IKONOS and
Quickbird images in varying combinations for identifying three mangrove Rhizophora mangle,
A. germinans, and L. racemose.

The above-mentioned studies based on high resolution imagery were applied in
relatively small areas and mostly in restored mangroves and can identify limited number of
species in low accuracy. Furthermore, these studies used only optical images and would not
attempt their results to relate to some ecological theories such as zonation which is common in
almost all mangrove forest globally, either in macro or microscale. However, it has been
suggested that inclusion of canopy height layer in vegetation classification that can be derived
from active sensor like radar or LIDAR, can improve the overall classification accuracy (van

Ewijk et al., 2014) because only optical image-based vegetation index may suffer from



saturation effect and thereby reduce the overall classification accuracy (van Ewijk etal., 2014).
Application of the radar and LiDAR-based imagery have also been used in mangrove canopy
height measurement recently, for calculating aboveground biomass but its application in
species mapping in combination with high resolution optical image is limited (Fatoyinbo et al.,
2018; Fatoyinbo and Simard, 2013; Lagomasino et al., 2015; Lee et al., 2015; Lee and
Fatoyinbo, 2015). Therefore, application of high resolution optical image such as WorldView?2
(WV2) in combination with a radar image such as TanDEM-X (TDX) in classification of
species or species composition is needed to extend in natural mangrove ecosystems at large
scale for supporting target achievement of environmental policies and sustainable forest

management.

Links between carbon and biodiversity

In recent years, scientists have initiated discussions in community ecology on
biodiversity and functional diversity whether the latter is the main driver of ecosystem
functions or services such as carbon sequestration (Cavanaugh et al., 2014; Mensah et al., 2016;
Ruiz-Jaen and Potvin, 2011; Tilman et al., 2014). This emerging research field in community
ecology, is now a center of interest in the ecosystems based global climate change mitigation
approaches in formulating polices such as in REDD+ and CBD (Murray et al., 2015; Phelps et
al., 2012). REDD+ requires a proposed project to have dual roles: climate change mitigation
and biodiversity conservation. However, possible concern has been raised in REDD+ activities
with high carbon areas (natural forests) might be of potential risk of biodiversity loss from
adjacent areas of high biodiversity with low carbon because of land use pressure (Harrison and
Paoli, 2012; Murray et al., 2015) and allocation of REDD+ financial support away from high
biodiversity areas with low carbon stocks (Murray et al., 2015; Phelps et al., 2012).

Two theories have been established regarding the relationship between greater diversity
and greater ecosystem productivity (Tilman et al., 2014). First one is selection effect which is
based on the hypothesis that greater productivity is the result of frequent abundance of one or
several dominant species, while the other is niche-complementary effect which reveals that
greater productivity in a community is contributed by different species that share the same
resources (Cavanaugh et al., 2014; Mensah et al., 2016; Ruiz-Jaen and Potvin, 2011; Tilman et
al., 2014). Scientists have supported either one of these two hypothesizes or both by relating
either species richness as diversity or functional diversity or all of them to biomass or carbon

stocks in natural forested ecosystems (tropical, temperate and arid) and in managed landscapes



such different type of agroforestry systems (Homegargen, roadside plantation, cacao
agroforests) (Cavanaugh et al., 2014; Kessler et al., 2012; Mensah et al., 2016; Rahman et al.,
2015; Rahman et al., 2017; Ruiz-Jaen and Potvin, 2011)

In the forested ecosystems, studies on biodiversity and carbon relationship found
positive, negative, or no relationship (Cavanaugh et al., 2014; Islam et al., 2015; Kessler et al.,
2012; Kirby and Potvin, 2007; Martinez-Sanchez and Cabrales, 2012; Mensah et al., 2016;
Ruiz-Jaen and Potvin, 2011; Sharma et al., 2010; Zhang et al., 2011). Thus, these have led to
dispute among ecologists. For example, Sharma, et al. (2010) found that tree diversity is
negatively correlated with total carbon density. Kibry and Potvin, (2007) stated that tree
diversity has no significant relationship to both aboveground and belowground soil carbon
accumulation. However, Sanchez and Cabreles, (2012) found significant positive relationship
between species richness and diversity with aboveground carbon mass in Maxican tropical
forest. In Subalpine coniferous forest in China, Zhang, et al., (2011) found no significant
relationship between the species richness and aboveground carbon storage, but they found a
significant negative relationship between diversity and aboveground carbon storage. Ruiz-Jean
and Potvin (2010) found positive relationship between species richness and carbon storage in
Neotropical Forest in Panama where species richness can explain 19% variation in carbon
storage. In different agroforestry systems, positive correlation was also observed between
species richness and aboveground carbon storage: in Indonesian cacao agroforestry systems
(Kessler et al., 2012), and in homegarden agroforestry system in Srilanka (Mattsson et al.,
2015). Similarly, in Bangladesh, Islam et al.(2015) found a positive relation between species
richness and SOC content. While the above mentioned studies focus on local vegetation, a
regional study covering temperate and boreal forests across Canada found a positive
relationship between species diversity and aboveground biomass (Zhang et al., 2017). In the
global context which cover tropical forests of Americas, Africa and Asia, a positive relationship
was also reported between taxonomic richness and aboveground carbon storage (Cavanaugh et
al., 2014). All the above-mentioned reports reveal that the relationship between diversity (in
most case species richness) and carbon storage have been widely studied in many forested
ecosystems. However, in the mangrove ecosystems only one study in a restored mangrove
plantation is available (Kirui et al., 2012), thus it is imperative to investigate this functional
relationship in natural mangrove forests as this is one of the most carbon-dense forests in the

world.
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Research gaps in Sundarbans Reserved Forest, Bangladesh

The Sundarbans Reserved Forest is the world largest mangrove ecosystem (5% of
global mangrove 83495 km?) playing an important role in providing multiple ecosystem
services to adjacent communities and saving their lives and properties from tidal surge and
cyclone. This forest is a biodiversity hot spot and environmentally it has a global role of
mitigating climate change through carbon sequestration. Among the 70 true mangrove species
globally, 24 are found in SRF along with 70 other mangrove associates (M. S. Rahman et al.,
2015). Itis also a home of some endangered species including large population of tigers (Royal
Bangle Tiger) and Ganges and Irrawaddy dolphins. Because of its high biodiversity,
socioeconomic, and ecological value, this forest was declared a Ramsar Wetlands Site in 1992
and UNESCO world Heritage Site in 1997 (three wildlife sanctuary which cover 52% of the
total area of SRF). It contains heterogeneous ecosystems in terms of large area of forest cover
(Iftekhar et al 2008), salinity zone (Wahid et al. 2007), dominant mangrove types (Iftekhar et
al 2008) and stand structure (basal area, mean tree height, canopy cover etc.), which might
influence the above- and below-ground carbon stock and would be of great interest to

mangrove ecologists.

In SRF, application of remote sensing in estimating distribution and canopy structure
of mangrove species is limited. Several studies in historical forest cover change and vegetation
change (mainly mangrove and non-mangrove) have been conducted in SRF which are mainly
based on Landsat and radar imagery (Blasco et al., 2001; Cornforth et al., 2013; Emch and
Peterson, 2006; Ghosh et al., 2016; Giri et al., 2008; Giri and Shrestha, 1996; Hamilton and
Casey, 2016; Islam et al., 1997; Mondal and Debnath, 2017; Thomas et al., 2017b). These
previous studies have spatial limitation in terms of image resolution. Details of the vegetation
type of SRF have been updated using Aerial photography with manual digitization and in situ
forest inventory data. The latest detailed vegetation map of the SRF was developed by manual
digitization of aerial photos and published by Bangladesh Forest Department in the same year
when the three protected areas were declared as World Heritage site, almost in 1997. Since
then, the SRF experienced several strong cyclones such as “Sidr” in 2007 and “Aila” in 2009
which caused severe damage in SRF forest structure. Additionally, successional change and
forest dynamics may have changed the species composition. Therefore, a detailed species map
for SRF is necessary for forest management and policy support. On the other hand, as in SRF
huge amount of carbon is stored and this forest is a proposed REDD+ site, the unveiling the

11



relationships between carbon storage and tree diversity would add value of the SRF ecosystems

substantially with regard to payment of ecosystem service and scientific advancement.

Aim and structure of the present study

The present study was based on three main objectives. Firstly, | studied the horizontal
variations of carbon stock in SRF (Chapter 3) as this mangrove forest is a heterogeneous
ecosystem where species zonation is prominent. Secondly, | evaluated the high resolution
optical (WV2) and active imagery (TDX) in vegetation and forest canopy mapping (chapter 4)
because both forest parameters are important in ecosystem services assessment such as
biodiversity and carbon stock. Finally, I investigated relationships among biodiversity, forest
structure and carbon storage (Chapter 5), as it is important in the ecosystem-based climate
change mitigation and adaptation standpoint. Finally, | discussed the main findings from my
three main chapters and presented its implications to forest management, global environmental

policy support and prospective research directions (Chapter 6).
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Chapter 2 Study area: Sundarbans Reserved Forest Bangladesh

Sundarbans Reserved Forest

Name and Position

The Sundarbans (literally Sundar means “Beautiful” and Bans means “Forests”). It is
the world’s largest contiguous mangrove ecosystem (10017 km?) shared between Bangladesh
(62%) and India (38%) and biologically most diverse mangrove forest which was declared a
Reserve Forest in 1878 (MOEF, 2010; Rahman et al., 2015). The Bangladesh part of
Sundarbans called Sundarbans Reserved Forest (SRF), lies between 21°30" N and 22°30" N
and 89° 00" E and 89°55" E (Fig. 2.1). The total area of SRF is 6,017 km?; in which; mangrove
forests occupy about 69% and the rest is water bodies such as rivers, small streams, and canals.
The mangrove extent in SRF accounts for 5 % of global mangrove forests (83495 km?)
(Hamilton and Casey, 2016). It accounts for 4.07% of total area of Bangladesh and 40% of the
total forest coverage managed by the Forest Department (FD, 2011). This forest is covered
under three southern Administrative districts: Satkhira, Khulna and Bagerhat, where around
its periphery there are 2268 villages and 17 Upazilas (subdistricts) (Roy et al., 2012). The
eastern boundary of SRF is demarcated by Baleswar River while the western boundary is
defined by the Harinbhanga—Raimangal-Kalindi river system (Wahid et al., 2007). The
Northern boundary of SRF is defined by small river and canal. The Bay of Bengal is to the
south of SRF. So, the whole boundary of SRF is defined by water systems. Because of its
multiple ecosystem services and biodiversity value, it is likely to influence regional and global
environments under the changing climate (Iftekhar and Saenger 2008; Rahman et al. 2015).
This forest was declared as Ramsar Wetlands Sites in 1992 and UNESCO world Heritage Site
in 1997 (MOEF, 2010).

Climatic condition

The Sundarbans is located south of the Tropic of Cancer. The four main seasons are
pre-monsoon (March-May), monsoon (June-September), post-monsoon (October-November)
and the dry winter season (December-January) (Iftekhar and Islam, 2004). In this study, I used
climatic data of Bangladesh Meteorological Department, over a 20-year period (1991-2010).
There are five weather stations around SRF (Table 2.1). The mean annual rainfall is 2408.50
mm, least at Satkhira (1,749.10 mm) and highest at Khepupara, (2888.4 mm) (Table 2.1).
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Again, the rainfall and potential evapotranspiration data of five weather stations around SRF
reveal that the wet season includes seven months, February and May to October. During these
months rainfall was greater than potential evapotranspiration (Fig.2.2). The mean annual
relative humidity over the 20-year period was 82.30%. The relative humidity was found lower
in March and higher in July (Table 2.1; Fig. 2.3). The climate of SRF characterized by a long-

wet period with very short dry period.

Topography, geology and soil

The SRF is a flat ecosystem, the range of elevation is about 0.9 to 2.11 from the mean
sea level (Iftekhar and Islam, 2004). This forest is inundated by sea water two times in a day
where the average time difference between the tidal periods is 12 hours, 25 minutes (Chaffey
et al., 1985). The maximum tidal height of successive high and low water varies depending on
the location and the mean tidal height is about 4 m (Chaffey et al., 1985). During the high
spring tides, almost whole of SRF is flooded by sea water (Siddigi, 2001). The geological
formation of the Sundarbans is of comparatively recent origin of which evidence show that it
came into existence about 4,000 years ago (Iftekhar and Islam, 2004). Gopal and gosh, (2006)
stated that during the 16th century, the Ganga changed its course to shift eastwards and joined
the Brahmaputra, which later in the mid-18th century, moved together eastwards to empty into
the River Meghna. Thus, the Ganga-Brahmaputra-Meghna river system originated from the
Himalayas carried huge amounts of sediments with freshwater into the SRF. Pedologically the
soil of SRF is very young, and poorly drained, uncured sediments which have no specific
horizon (Iftekhar and Islam, 2004; Siddiqi, 2001). The mineral composition of SRF soil is
heterogeneous in nature. The mineral content of the soil in SRF was found higher from east to
west wards (Iftekhar and Islam, 2004). The soil pH of SRF varies from 6.8 to 8.4, but across
the SRF soil, it is mainly alkaline (pH range between 7.0 and 8.0; MOEF, 2010). Although the
Sundarbans soil is in general medium textured, sandy loam, silt loam or clay loam, the grain
size distribution is highly variable where silt loam is the dominant textural class (Chaffey et
al., 1985). In SRF, the soil contains metals of high alkalinity. The Cation Exchange Capacity
in the soil is high which varies between 12-23 meg/100 g (Siddiqi, 2001). The range of Na and
Cl content in oven dried soil in SRF, are 5.7-29.8 meqg/ 100 g and 5.7-23.2 meq/100 g,
respectively (Siddigi, 2001). The organic matter content varies between 4% and 10% in oven

dry soil which appears lower than other mangrove soils in the Indo Pacific region (Rahman et
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al., 2015; Siddiqi, 2001). The three distinct salinity zones in SRF, was defined depending on
the soil salinity (See, Hydrology and salinity section for details; Fig. 2.4; Siddigi, 2001).

Hydrology and salinity

In SRF, the hydrological system is complex. Ganga Brahmaputra and Meghna
originated from the Himalayas are the main source of freshwater (Wahid et al., 2007). Inside
SRF, there are about 450 rivers and canals .Huge amount of freshwater is carried annually by
the Baleshwar River in the eastern part of SRF, and most of the discharged water comes from
the Brahmaputra and Meghna rivers (MOEF, 2010). However, through Sibsha and Passur
rivers the amount of water discharge into SRF, which mainly comes from the Gange river
through the Goari river system, is reduced from 4000 to 8880 m3s in the monsoon period to
0.00 to 170 m3s ™t in dry period due to Farakka Barrage (Aziz and Paul, 2015). While in the
western side, the main water source is inland water. For this reason, the freshwater flow is
limited compared to the middle and eastern parts of the SRF. Being its position in the transition
between freshwater from upstream flow and the saline water of the Bay of Bengal, the level of
salinity forms a gradient in the SRF (Wahid et al., 2007). Therefore, in SRF, the level of
salinity increase from east to west and inland to coast (Wahid et al., 2007). Based on salinity,
the SRF is divided into three zones, freshwater (salinity < 5%), moderate saline zone (salinity
5%- 18%) and strong saline zone (salinity 5%- 18%) (Fig. 2.4) (Siddigi, 2001). During the

monsoon time salinity is close to zero while the highest salinity is observed from April to May.

Biological resources

Flora
The floral diversity of SRF is high. It is a home of 528 species of vascular plants which
belong to 356 genera and 111 families, where 24 species are true mangroves and 70 species
are mangrove associates (Rahman et al., 2015). There are 10 dominant vegetation types in SRF
which are composed of varying proportions of H. fomes, Excoecaria agallocha, Ceriops

decandera and other species (see Chapter 3, for details).

Fauna
The vertebrate diversity of SRF is also very high. A total recorded number of 1135

species are present, including 315 species of birds (including 84 migratory), 289 terrestrial
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species of which 49 species are mammals, including a large population of tigers (Bangle Tiger)
and 678 aquatic species including Ganges and Irrawaddy dolphins and saltwater crocodiles
which constitute about 35% of the total fauna of Bangladesh (Aziz et al., 2017; MOEF, 2010).

Administrative and forest management

The SRF is a state-owned forest being declared a reserved forest in 1878 under the 1876
Forest Act. during the British colonial period (MOEF, 2010). Bangladesh Forest Department
(BFD) is the sole management body of SRF (MOEF, 2010). However, recently Co-
Management activities have been adopted in SRF (MOEF, 2010) . Under the Khulna Circle of
BFD, headed by the Conservator of Forest, the SRF has been managed by two divisions:
Sundarbans East Division (SED) and Sundarbans West Division (SWD) (the Divisional Forest
Officer is in charge of forest management) (Fig. 2.1; shapefile source: Center for
Environmental and Geographic Information Services, Bangladesh). Additionally, there is
another Divisional Forest officer who is in charge of Working Plan Division (BFD, 2018a).
Four range offices under two divisions (Sharankhola and Bagherhat under SED, and Khulna
and Satkhira under WSD) are headed by four Assistant Conservator of Forests (BFD, 2018a).

In terms of management, the SRF is divided into 8 blocks which consist of 55
compartments (small forest management unit) which are classified according to stand structure
and species composition (MOEF, 2010). From the conservation and environmental point of
view, SRF has three zones: Ecologically Critical Areas (10 Km buffer around its periphery),
Reserved Forest (48 % of total areas) and Protected areas (six wildlife sanctuaries, among
which 3 are only water body for protecting Irrawaddy Dolphin) (BFD, 2018b; MOEF, 2010)
(Fig. 2.4). Under the co-management approach, there are co-management committees (CMCs)
and more than 200 village conservation forums in SRF (MOEF, 2010; Rahman et al., 2017b).

Sundarbans Reserved Forest under different management regimes

Sundarbans has long management history (Table 2.3). Before the Gupta Dynasty (320-
415 AD) period, Sundarbans was managed by sustainable manner by local king or empire
(Pandit, 2013). During Gupta Dynasty it became deteriorated as forest clearings started for
agriculture (Pandit, 2013). Massive forest clearing started from Delhi Sultanate 1204 to Mughal
period which continued until 1876 of British Colonial period, when Forest Act was formulated
to declare reservation of the Sundarbans (Eaton, 1990; MOEF, 2010; Pandit, 2013). In 1878
part of these forests was declared as reserved forest (MOEF, 2010; Pandit, 2013). After that,
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the Sundarbans has been managed in scientific manner under the clear prescriptions through
forest management plans (MOEF, 2010; Pandit, 2013). The colonial government had a clear
objective of making more revenue by timber exportation (MOEF, 2010; Pandit, 2013). Though
the forest was managed by following the management plan prescription, it degraded gradually.
This was found in successive forest inventory reports (MOEF, 2010; Pandit, 2013). After
partition of the Indian Subcontinent, the Sundarbans was shared between the two-new born
countries, India and Pakistan (MOEF, 2010; Pandit, 2013). Name of Pakistan part of
Sundarbans was changed to Sundarbans Reserved Forest (MOEF, 2010). In the Pakistan
period, several wood-based industries were established in Khulna region, in which raw
materials were collected from SRF. This trend continued even after the Independence of
Bangladesh in 1971 (MOEF, 2010). Though the management plan prescription was in effect,
the SRF became degraded due to over exploitation (MOEF, 2010). In this context, the
Bangladesh government declared a moratorium on the harvest of timber from the natural forests
in 1989 (except, for fuel wood, NTFPs and Excoecaria agallocha) (MOEF, 2010).

After two devastating cyclones in 2007 (Sidr) and 2009 (Aila) damaging the SRF
severely, all kinds of forest products extraction was banned except for some NTFPs (Honey,
fish, crabs, shell and nypa palm leaves; MOEF, 2010). So, SRF is now managed solely for
climate change mitigation and revenue collection from NTFPs and tourism. Outcome of these
conservation activities that was adopted after 1989, has a positive effect. The difference of the
last two successive forest inventory reports shows that overstory stocking (DBH > 15; density,
basal area) of the major tree species increased over the 13 year period (1997-2010) and thereby

increased carbon accumulation in SRF (Ahmed and Igbal, 2011).

Resources values of the forest

The SRF provides a multiple ecosystem services to local communities, national
economy and to global climate change mitigation. Accurate economic evolution of these
ecosystem services is not possible. However, some provisioning such as timber (broken or
confiscated timer as commercial timber harvest is officially banned in Bangladesh), fuel wood,
fish, thatching materials, honey and waxes, and cultural services such as tourism can be
guantifiable. From these two ecosystem services, BFD receives large revenue each year. In a
study of ecosystem services evaluation in SRF, Uddin et al. (Uddin et al., 2013) found that over
a 10-year period (2001-2010) the provisioning and tourism services provide on an average
USD 744,000 and USD 42,000 per year™, respectively. Another quantifiable service is carbon
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sequestration per year which can be credited. The last forest carbon inventory (BFD, 2010)
report showed that over the 13-year period (1997-2010), overstory trees (DBH > 15 cm) of the
SRF have been sequestering atmospheric carbon at a rate of 4.8 Mega tons CO; equivalent per
year which can earn USD 72 million per year (@USD 15 per ton CO2) (Tvinnereim and Rgine
2010). If all the carbon pools (prescribed by IPCC) are considered the credited amount would
be much more. Thus, SRF has a high potential in contributing national economy through the

prospective REDD+ project.

Natural and anthropogenic threats to SRF

Being of its geographic position, the SRF is vulnerable to natural calamity as well as
anthropogenic disturbance. Each year several tidal surge and cyclones pass over SRF which
damage forest vegetation seriously and cause land erosion. For example, in the first decade of
the 21th Century, SRF experienced two server cyclones: Sidr, which hit the area on 11
November 2007, caused massive destruction of forest canopy, breakage and uprooting of trees,
increased salinity in the forests’ upland areas and in artificial ponds (providing fresh water to
wildlife especially deer and tigers). This also raised the death toll of wildlife. Aila, of which
land fall was on 15 May 2009, also affected forest vegetation severely and increased salinity
inside the SRF (Hugq et al., 2015). Another, serious threat is sea level rise which also increase
salinity. One island in the transboundary between Bangladesh and India, already submerged
due to rise in sea water. It has been predicted that, if the ongoing sea level rise continues from
its baseline (2000 for SRF) and increase up to the minimum prediction level (28 cm at the end
of 21 century), 96 % SRF will experience a long term waterlogged condition which causes
habitat loss and biodiversity decline (Loucks et al., 2010).

Hydrological condition at SRF is determined by the interplay between salinity of sea
water and fresh water from upstream rivers where fresh water reduces salinity of the sea water,
a natural process (Wahid et al., 2007). However, due to several human activities after 1950 in
the vicinity of SRF (Polder making and shrimp farming) and the dam construction in the
upstream rivers (and Farakka Barrage at the Indian part of Ganges river), the natural water flow
has been interrupted (Rahman and Rahaman, 2017; Wahid et al., 2007). These anthropogenic
actives resulted increase in salinity, siltation at river beds and small creaks and channels inside
the SRF which had negative effects on forest health; (salinity is one of the causes of top dying
of H. fomes) (Rahman and Rahaman, 2017). Illegal logging and poaching also caused forest

and biodiversity loss. For example, fishermen cut huge numbers of young H. fomes trees. Forest
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Department confiscates mature logs of H. fomes and other species each year; the tiger
population is declining seriously in SRF (Aziz et al., 2017; MOEF, 2010).

19



Table and Figure

Table 2.1 Mean total annual rainfall, mean annual temperature and mean annual humidity over
a 20 years period (1990-2010) in SRF.

Annual mean climate parameters

Weather Station - —
Rainfall (mm) Temperature ('C) Humidity (%)

Satkhira 1915.50 26.54 80.15
Khulna 1838.72 26.66 81.36
Mongla 2146.05 26.79 82.12
Patuakhali 2839.40 26.38 85.27
Khepupara 3302.85 26.58 82.60
Mean 2408.50 26.59 82.30
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Table: Summary of different management periods at Sundarbans Reserved Forest (Eaton, 1990; MOEF,
2010; Pandit, 2013)

-Climate change
mitigation

Tenure ship | Period Management Objective Impact on ecosystem
Delhi 1204-1575 | Clearing forest land Rice production Forest and biodiversity
Sultanate Bagerhat and Khulna loss
Mughal (1575- Clear forest land Rice production Forest and biodiversity
Empire 1765) Barisal and Patuakhali area Revenue collection | loss
British (1765- Lear forest for cultivation Rice production Forest and biodiversity
colonial 1854) Revenue collection | loss
1855-1875 | -Forest Act. 1855 Export timber for Degradation of Forest
-Land clearing (though suspension forest revenue generation
clearing.
-Complete map of Sundarbans
1876 -Forest Act 1876 Timber export Degradation of Forest
-Reserved Forest revenue generation
-Forest Management Division in 1879
1876-1947 | -Some part declared Reserved forest (1876- | Timber export Degradation of Forest
78) revenue generation
-Scientific Management
Pakistan 1947-1971 | -Wildlife survey Raw Material Degradation of Forest
-Scientific Management Supply to Wood
based Industry
Bangladesh 1971-1988 | Scientific Management Raw Material Degradation of Forest
Supply to Wood
based Industry
1989-2009 | -Conservative management - Raw Material - Degradation of Forest
-Ban on commercial timber extract (Except, | Supply to Wood -Forest recovering
E. agallocha) based Industry
-Recovery of forest
naturally
2009-date Fully conserved except (NTFPs) -Conservation -Forest stand recovering

-Improve Forest quality
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Figure 2.2 Mean climatic parameters in Sundarbans Reserved Forest over a 20-year period (1990-
2010) where primary Y axis representing mean monthly total rainfall and potential
evapotranspiration while secondary Y axis representing monthly daily average temperature
(MDT=Mean Daily Temperature) (MMTR= Mean monthly total rainfall, PET= Potential
Evapotranspiration).
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Chapter 3 Spatial variations of carbon stock among vegetation types and salinity zones in

Sundarbans Reserved Forest

Introduction

The World today is facing major challenges caused by increasing atmospheric CO>
concentration that resulted in global warming (Stocker et al., 2013). Global warming is believed
to be mostly due to man-made emissions of greenhouse gases (mainly CO>) (Stocker et al., 2013).
Combustion of fossil fuel and deforestation are two main sources of CO2 emission to the
atmosphere  (Detwiler and Hall, 1988; Woodwell et al., 1983). It has been predicted that
atmospheric CO2 will range between 467 and 555 ppm by the year 2050, which was 278 ppm in
1750 and 390 ppm in 2011, and that the average global temperature will increase by 2-4.2°C by
the year 2050 (Anderson and Bows, 2011; Pachauri and Reisinger, 2007; Stocker et al., 2013). The
global warming of this magnitude could significantly alter the earth's climate, land use, and major
vegetation zones and perhaps more importantly melting of polar ice to raise sea level by 5 m
causing severe loss of life and property (Detwiler and Hall, 1988; IUFRO, 2009), especially in the
developing countries. Bangladesh is among the most vulnerable countries affected by the global
warming.

Forests play an important role in mitigating global climate change through sequestering
atmospheric carbon (Adame et al., 2013; Donato et al., 2011). Mangroves are particularly efficient
sinks, sequestering four times more carbon per unit ground area compared with other terrestrial
forests in the tropics (Donato et al., 2011; Khan et al., 2007). However, deforestation of the
mangroves, which was widespread in the last few decades (Giri et al., 2011), may render them
significant sources of atmospheric carbon (Donato et al., 2011) and policy makers are looking at
new ways to save this unique ecosystem through different mitigation approaches such as
‘Reducing emissions from deforestation and forest degradation (REDD+)’. So, to participate in
UNFCCC’s mitigation programs (e.g., REDD+) and thereby generate economic benefit for the
country, it is imperative to make a baseline assessment of the ecosystem carbon stock (Adame et
al., 2013).

In mangrove forests carbon sequestration (Bouillon et al., 2008; Khan et al., 2007) and

organic carbon dynamics (Kristensen et al., 2008; Machiwa and Hallberg, 2002) have been studied
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much. Carbon stock in mangrove ecosystems varies with species (Laffoley and Grimsditch, 2009),
vegetation type (Adame et al., 2013; Cerdn-Breton et al., 2011; Diloksumpun et al., 2011; Laffoley
and Grimsditch, 2009; Mitra et al., 2011), and salinity (Adame et al., 2013a). However, less
attention has been paid on the spatial variation of carbon stock among different vegetation types
and variation in the above- and belowground carbon.

The Sundarbans is the largest single tract of mangrove forest in the world (6017 km? in
Bangladesh and 4000 km? in India). It isa RAMSAR SITE having three wildlife sanctuaries which
are designated as World Heritage by UNESCO in 1997. The forest is, nationally and
internationally, of great conservation significance for its environmental services and biodiversity
(Iftekhar and Saenger, 2008; Seidensticker and Hai, 1983). To aid in conservation of the forest and
to benefit from various global initiatives (e.g., carbon trading), an assessment of the carbon
sequestration (above- and below-ground) in Sundarbans is immensely important. Moreover,
heterogeneity of the mangrove forest in terms of spatial variation of the forest cover, salinity zone
(Wahid et al., 2007), dominant mangrove types and vegetation functional attributes (basal area,
mean tree height, canopy cover etc.), which might influence the aboveground and belowground
carbon stock would be of great interest to mangrove ecologists. Therefore, objectives of the present
study were: i) to estimate the above- and below-ground carbon stock in Sundarbans, ii) to
investigate the variation of carbon stock in different vegetation types and salinity zones in the
forest and iii) to establish a generalized method for assessing the ecosystem carbon stock in

Sundarbans.

Materials and Methods
Description of study area

The study was carried out in the Sundarbans, which lies between 21°30" N and 22°30" N
and 89° 00" E and 89°55” E, in the southwest of Bangladesh (Fig. 3.1). Sundarbans covers an area
of 6,017 km? (Bangladesh part) of which 4,120 km? are the forested areas and the remaining 1,897
km? are rivers, canals and creeks of varying width and depth (Islam, 2011). The soil of the
Sundarbans is silty clay loam with alternate layers of clay, silt and sand (Gopal and Chauhan,
2006). Trees in the Sundarbans include 22 families representing 30 genera. Important tree species
of the Sundarbans along with their life form are presented in Table 3.1 (Iftekhar and Islam, 2004).
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In the Sundarbans there are 10 prominent vegetation types (Table 3.2; Fig.1) (Chaffey et al., 1985;
Iftekhar and Saenger, 2008).

Sampling design

Through systematic grid sampling method, 155 plots (1570.79 m? each) were selected at four-
minute intervals of latitude and two-minute intervals of longitude. Of the 155 plots, five plots were
fallen over water channels, and the remaining 150 sample plots (total sample area of 23.56 ha)
were considered for this study (Fig. 3.1). In each sample plot, five circular plots of 10 m radius
were used for data collection (Fig. 3.3). These five subplots were nested and arranged in a cluster
manner (Fig. 3.2). The cluster plot designs tend to capture more microsite variation in vegetation,
soils, etc., thereby reducing among-plot variation (Pearson, 2005). From the center subplot, the
other four subplots (Fig. 3.3) were arranged towards the four cardinal directions with a distance of
50 m (Ahmed and Igbal, 2011). The vegetation type and salinity zone for each plot were
determined from the Sundarbans vegetation map and salinity map developed by Chaffey et al.
(1985). The formation of salinity zones in Sundarbans is a recognized phenomenon (Wabhid et al.,

2007; See Chapter 2 for salinity map) .

Tree inventory

Within 10 m radius from the center of each subplot, diameter of all trees (live or dead with
diameter > 10 cm at breast height) was measured. The height of three co-dominant trees (canopy
layer tree) within each of the five subplots (Fig. 3.2) was measured with digital range finder.
Species name, diameter at breast height (DBH), living status and height in case of dead and broken
trees was recorded. For saplings (diameter < 10 cm at BH) data were recorded as it was done for
trees but within 3 m radius from the center of each of the five subplots in a sample plot (Fig. 3).
The dead trees and saplings with lean below 45° from true vertical were measured in a similar
manner as live tree and sapling. However, for seedlings (trees < 1.3 m high), the number of
individuals and the dominant species were recorded. Palms with woody trunks, but not reaching

breast height, were counted as seedlings.
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Woody debris survey

Mass of dead tree (that lean at an angle > 45° from true vertical) and downed wood
materials (twigs, branches or stems of trees or shrubs) that have fallen and lie up to a height of 2
meters above the forest floor, was estimated by using planar intersect technique (Harmon and
Sexton, 1996; Van Wagner, 1968). In each subplot (10 m radius), four 10m long transects were
laid out; of which first one was directed to 45° from the true north and the other three transects
were established at clock wise of 90° off from the previous transect. Woody debris was categorized
into 4 size classes according to stem diameter: small (0 - 0.6 cm), medium (0.6 —2.5 cm) large (2.5
— 7.6 cm), and extra-large (> 7.6 cm) (Brown, 1971). Again, the extra-large class was divided into
two subclasses: sound (machete bounces off or sinks only slightly when struck) and rotten (hachete
sinks deeply and wood is crumbly as its decomposition has been in progress).

An aluminum downed-wood gauge (Fuel Gauge) was used to determine the size class of
each piece encountered. Small, medium, and large pieces were tallied as the number of pieces that
crossed the transect tape. For extra-large pieces the actual diameter over which the transect line
was crossed was measured. Small pieces were only tallied for 2 meters of transect (from meter 10
to meter 8), while medium pieces were only tallied for 5 meters of transect (from meter 10 to meter
5) and the large and extra-large pieces were measured along the 10 meters transect.

In order to quantifying specific gravity and quadratic mean piece diameter (small, medium
and large), 21, 22, 20, 19, and 20 pieces of debris were collected respectively for small, medium,
large, extra-large rotten, and extra-large sound size classes. The quadratic mean diameter of each
of small, medium and large sized classes of woody debris was used to calculate volume of these
three classes (Brown, 1971; Kauffman and Cole, 2010).

Non-tree vegetation

Among the non-tree plants, goran (Ceriops decandra) and herbaceous plants were
measured within 2 m radius from the center of each of the five subplots, while other non-woody
palms (e.g., Nypa), pandan, tiger fern and woody shrubs were measured within 4 m radius (Table
1). Groan was tallied by 4 diameter size classes (0-0.6 cm, 0.6-2.5 cm, 2.5-7.6 cm, >7.6 cm). For
lianas dbh measurement was taken with the same method use for trees. Herbaceous vegetation was
visually estimated and recorded as percent ground cover of herbs and grasses separately (Jain and
Fried, 2010). In case of nypa, number of stems rooted in the subplot was counted (not individuals
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or clumps, but separate stems), whereas for pandan and tiger fern the number of clumps in the

subplot was recorded.

Canopy cover
Canopy cover % was estimated by a spherical crown densitometer standing at the subplot
center. To take readings, it was assumed that there are four equi-spaced dots in each of the square
blocks and systematically counted the dots equivalent to quarter-square openings. Next the total
count was multiplied by 1.04 to obtain percent of overhead area not occupied by canopy. The
difference between this and 100 is an estimation of over story density in percent.

Soil sampling

Soil core of 1 m length was pulled out near the subplot center by using a one meter long
open face peat auger. Then two soil samples (5 cm length) were collected at positions centered at
15 cm and 65 cm depths from each of the five subplots for determining soil bulk density and
organic carbon concentration. Soil samples were air-dried in the field, oven-dried to constant mass
at 60°C (to stop microbial decomposition) at the Khulna Integrated Protected Area Co-
Management cluster office for determining bulk density, and then sent to Bangladesh Forest
Research Institute (BFRI), Chittagong for carbon analysis. Soil carbon analyses were conducted
in the laboratory of the soil sciences division of the BFRI. Soil samples were oven dried at 105 °C
before homogenizing and organic carbon concentration was determined by following Walkley-
Black’s wet oxidizing method (Sparks et al., 1996).

Plant mass and carbon computation
Aboveground mass of live trees, poles, saplings and dead ones (decay status 1: having
stem, branch and twigs) was estimated by the following general equation (Egn. 3.1) for mangrove

tree species (Chave et al., 2005).

AGM (Kg) = p * exp (-1.349 + 1.980 x In(D) + 0.207x (In(D))? - 0.0281 x (In(D))?)
(3.1)

where AGM = aboveground mass (kg), p = wood density (g cm), D = tree DBH (cm), -1.349 =

constant, 1.980 = constant, 0.207 = constant, 0.0281 = constant. The wood density data were
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obtained from destructive samples supplemented with local literature, World Agroforestry
Database (Carsan et al., 2012) and the Global Wood Density Database (Chave et al., 2009;
Zanne et al., 2009).

Belowground biomass of trees was computed by using the general mangrove equation
(Egn. 3.2) of Komiyama et al. (2005), while for palms, it was conservatively taking 15% of
aboveground biomass (because general mangrove equation for belowground biomass does not

apply to palms) (MacDicken, 1997).

BGM (kg) = 0.199 - p0899 p2:22 (3.2)
where BGM = belowground mass, p = wood density, D = DBH.

Pearson et al. (2005) applied an equation for computing the aboveground mass of woody
palms that reach breast height. For dead trees having decay status-2 (trees with no twigs/small
branches but had large branches or stem only) whose base diameter was smaller than DBH (due
to decay at base), the standard calculation would result in artificially large top diameter. Therefore,
base diameter for these records (relatively few) was adjusted based on average ratio of DBH: base-
diameter, which was 0.82. It was also followed for heavily buttressed trees, for which standard
calculations yielded artificially low or even negative top diameters; it was defined heavily
buttressed trees as those with a DBH: base-diameter ratio that was two standard deviations below
the mean ratio. For small palms not reaching DBH, these were measured as non-tree understory
and a destructive harvest was carried out to estimate average mass per understory palm. The short
stumps, those not reaching breast height, were simply modeled as a cylinder shape to obtain
volume, and then multiplied by species-specific wood density. For belowground biomass of these
individuals, the base diameter was used to estimate the projected DBH based on the average ratio
of DBH to base diameter (0.82), and then entered this into the equation.

In case of some non-tree vegetation including seedling, subsamples were collected from
each destructively harvested individual to determine moisture content. The wet: dry ratios were
averaged over the whole sample, then this average value applied to each individual (Table 3.3).
Lianas biomass was quantified by using Schnitzer et al.’s (2006), allometric equation.

To calculate the mass of downed wood, it is necessary to know the mean specific gravity
of the downed wood in the mangroves as well as quadratic mean diameters for the wood size
classes < 7.6 cm diameter (debris diameter greater than 7.6 cm were measured in the field)

(Kauffman and Cole, 2010). The quadratic mean diameter for small, medium and large was 0.45

31



cm, 1.21 cm and 3.17 cm, respectively. The mean specific gravity was 0.59 g cm, 0.55 g cm,
0.49 g cm™, 0.25 g cm™ and 0.40 g cm3, respectively for small, medium, large, extra-large rotten
and extra-large sound. By using this specific gravity and mean quadratic data, woody debris
biomass was estimated via standard volumetric equations (Brown, 1971).

Conversion of dry mass of trees, understory, and downed wood to carbon mass was done
by multiplying 0.5 as tree biomass generally contains half carbon by mass (Gifford 2000). Soil C
stock was determined as the product of soil carbon concentration, bulk density, and depth intervals
(Donato et al. 2011). The total carbon stock per plot was calculated by adding each of the carbon
pool of the 5 subplots.

Mg
Total C stock (E) = Ctree AG + CtreeBG + Cdead tree + CSSAG + CSSBG + Cdead SS +

Cnon tree vegetaton + Cwoody debris T Csoil (3-3)
AG= Aboveground, BG= Belowground and SS= Sapling Seedling

Statistical analysis

At first, one sample Kolmogorov—-Smirnov test (K-S test) was performed to check whether
the carbon stock data under the subgroups of vegetation types and salinity zones are normally
distributed. The one-way ANOVA was used to test the significance of the differences among the
carbon stock in different partitions, vegetation types and salinity zones. In addition, the two-way-
ANOVA was performed to investigate the interaction effect with vegetation types nested within
salinity zones. For multiple comparisons among the variables Duncan Multiple Range Test
(DMRT) was used. Finally, correlation analysis was performed to obtain some generalized
regression equations in order to predict above- and belowground carbon stock from vegetation
attributes, such as stand basal area or mean tree height. All the statistical and graphical analyses
were performed using SPSS version 16 and R version 3.1.0 (R Core Team, 2014).
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Results
Vegetation Types and Carbon Stock

(a)Aboveground Carbon

The carbon stock data under the subgroups of vegetation types and salinity zones showed
normal distribution as tested with Kolmogorov-Smirnov test (K-S test). Among the vegetation
types, VT1 showed significantly higher (P<0.05) tree aboveground carbon (TAGC) stock (152.57
Mg ha) than other vegetation types, whereas VT7 showed significantly higher (P<0.05) shrubs
and herbs carbon (SHC) stock (61.35 Mg ha) than other vegetation types (Fig. 3.4). There was
no significant difference (P>0.05) in downed wood carbon (DWC) among the vegetation types
(Fig. 4). If the total aboveground carbon stock were considered, the VT1 again showed
significantly higher (P<0.05) carbon stock than other vegetation types. The lowest carbon stock of
45.24 Mg ha'* was found in VT8 (Fig. 3.4). The aboveground carbon stock showed no significant
interaction effect (P>0.05) between the vegetation types nested within salinity zones as tested with
two-way-ANOVA.

(b)Belowground Carbon

As observed in the aboveground carbon, the belowground root carbon (BGRC) stock also
showed significant differences among the vegetation types: VT1 showed significantly higher
(P<0.05) carbon stock (62.37 Mg ha) than other vegetation types (Fig. 3.4). The minimum
amount (11.72 Mg ha!) of BGRC was observed in VT8. Although the belowground soil carbon
(BGSC) stock showed significant differences (P<0.05) among the vegetation types, the BGSC
stock showed a comparatively high range (90.03 to 134.17 Mg ha™). If the belowground carbon
stock were considered, the vegetation type VT1 showed significantly higher (P<0.05) carbon stock
(196.54 Mg hat) than other vegetation types and the minimum value (90.83 Mg ha) was observed
in VT9 (Fig. 3.4). The belowground carbon stock showed no significant interaction effect
(P>0.05) between the vegetation types nested within salinity zones as tested with two-way-
ANOVA.

Salinity zone and Carbon stock
The fresh water zone (FR) showed significantly higher (P < 0.05) carbon stock among the

three major salinity zones (Fig. 3.5). The ecosystem carbon stock increased from strong salinity
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zone (ST) to moderate salinity zone (MO) to FR (P < 0.05; Fig. 3.5). This trend was observed in
all the partitions (tree species, aboveground, BGRC, BGSC, downed wood, ecosystem) except in
shrubs and herbs carbon (SHC) stock (P < 0.05; Fig. 3.5).

Ecosystem carbon stock

The ecosystem carbon stock ranged from 159.49+6.86 Mg ha™* in Gewa-Goran dominated
vegetation type (VT10) to 360.01+22.71 Mg ha* Sundri dominated VT1 (Fig. 4). VT1 showed
significantly higher carbon stock than any other vegetation types (one-way-ANOVA, P < 0.05).
As tested with DMRT, there was no significant difference in ecosystem carbon stock among the
vegetation types VT2, VT3, VT4, VT5 and VT6 (P > 0.05; Fig. 4), followed by the next
homogenous subset of vegetation types comprising VT7, VT8, VT9 and VT10 (P>0.05; Fig. 3.4).
The spatial distribution of ecosystem carbon stock was shown in fig. 3.8.

If vegetation type is taken into account, it was found that the minimum proportion of
belowground carbon stock constitutes 50.1% of the ecosystem carbon stock in VT9, which reaches
upto 75.4% in VT8 (Fig. 3.6). If salinity zone is taken into account, the salinity showed a positive
influence with belowground carbon partitioning and it was found that the minimum proportion of
belowground carbon stock constitutes 57.2% of the ecosystem carbon stock in fresh water zone
(FR), which reaches up to 71.9% in strong salinity zone (ST) (Fig. 3.6). The ecosystem carbon
stock showed no significant interaction effect (P>0.05) between the vegetation types nested within

salinity zones as tested with two-way-ANOVA.

Vegetation functional attributes and carbon stock

The ecosystem carbon stocks were plotted against several vegetation functional attributes
such as basal area (BA), mean co-dominant tree height (CDTH), tree density and canopy cover
percent (CCP) considering all vegetation types (Fig. 3.7) and all salinity zones (Fig. 3.8). It was
found that BA holds a strong positive relationship (R>= 0.61, P<0.05), which can be expressed by

the following equation:
Ecosystem C = 135.92 + 0.8292 X BA + 0.142 x BA? (3.4).

The CDTH also showed a strong positive relationship (R?= 0.58, P<0.05), which can be expressed
by the following equation:
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Ecosystem C = 119.5705 + 2.1660 X CDTH + 1.2273 X CDTH? (3.5)

However, tree density and CCP did not show significant relationships with ecosystem carbon
stock.

Discussion

The richness of mangrove tree species in Sundarbans restricts the use of species-wise
allometric equations for biomass estimation. Therefore, in this study we used universal allometric
equations (Chave et al., 2005; Komiyama et al., 2005) for estimating the above- and below-ground
biomass of tree species using trees DBH and wood density, in order to avoid destructive sampling
of trees.

The results of this study suggest significant differences (P<0.05) in carbon stock among
different mangrove vegetation types. However, no significant interaction effect (P>0.05) of the
vegetation types and nested within salinity zones was detected, which indicates that the variations
of carbon stock are caused independently by vegetation types or salinity. Among the vegetation
types, Heritiera fomes dominated forest contained the highest amount of ecosystem (above- and
belowground) carbon (360.0 Mg hal) per unit area followed by Heritiera fomes -Excoecaria
agallocha, H. fomes — Xylocarpus mekongensis - Bruguiera sexangulatypes, and so on (Fig. 3.4).
The reason behind this variation could be aboveground vegetation stature as the carbon stock was
found strongly correlated with the size of the trees (height and diameter) and basal area. KlimeSova
et al. (2008), Westoby et al. (2002), Westoby (1998), also observed that trees attaining greater
height out competing their neighbors accumulate more carbon. In natural ecosystems, the diameter
of atree is often a determinant of aboveground biomass (Chave et al., 2004). The dominant species
in each vegetation type may have an effect on aboveground biomass depending on their basal area
(Ruiz-Jaen and Potvin, 2010), as observed in this study (Figs. 3.7 and 3.8). While canopy cover is
a weak indicator of carbon stock as canopy cover is formed by all the sizes of trees in natural
forests. Similarly, tree density forms a weak indicator of ecosystem carbon stock (Figs. 3.7 and
3.8), which is a general phenomenon, because a young forest with high density may show lower
biomass than in a low density mature forest. However, tree density may be a strong indicator of
ecosystem carbon stock when seedlings and saplings are few or absent (Gross et al. 2014). So,
vegetation types with higher canopy height, trees having larger diameter and thus more basal area,
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contain more ecosystem carbon. It is important to note that H. fomes is among the tallest tree
species in the Sundarbans (height 15 to 21 m) (Karim, 1988) and comparatively large diameter
(except Avicennia officinalis and Sonneratia apetala). Therefore, vegetation types with fewer H.
fomes have lower carbon stock.

Significant differences in ecosystem carbon stock were also observed in different salinity
zones in the Sundarbans. The fresh water zone contained the highest amount of carbon followed
by moderately saline zones. The strongly saline zone contained the least carbon (Fig. 3.5). As
salinity increases plants become dwarfed in the Sundarbans. Here, salinity is highly dependent on
the fluctuating volume of freshwater coming from upstream (Wabhid et al., 2007) and literally
absence of fresh water flow creates a strongly saline condition. There is also spatial variation of
nutrients in tidal water (Wahid et al., 2007). Therefore, the variation of carbon stock in different
salinity zones in the Sundarbans could be due to adverse impact of increased salinity on biomass
productivity and due to spatial variation of nutrients in fresh water (Wahid et al., 2007). Generally,
in mangrove ecosystems especially in riverine mangrove forests experiencing incursion of larger
amount of freshwater with fluvial nutrients (Kathiresan and Bingham, 2001), there is a prominent
tradeoff between salinity and distribution of species, productivity and growth of mangrove forests
(Twilley and Chen 1998), and thus on carbon stock (Crooks et al., 2011). In the mangrove
ecosystems, vegetation is more abundant in lower salinity zones where productivity is higher
which is associated with higher biomass and higher carbon stock (Ball, 1998, 2002; Crooks et al.,
2011; Kathiresan and Bingham, 2001).

In this study it was found that, contribution of soil carbon (up to 1 meter) to total ecosystem
carbon stock was similar to that of total aboveground carbon both among vegetation types and
salinity zones. These patterns reveal that mangroves can store larger amount of organic carbon in
the sediment (Bouillon et al., 2003; Donato et al., 2011; Khan et al., 2007). When soil carbon and
root carbon are considered together, contribution of belowground carbon in ecosystem carbon
stock was more than that of aboveground carbon like in other mangrove forest (Adame et al., 2013;
Donato et al., 2011; Kauffman et al., 2011). This is due to high root-shoot ratios in mangrove
forests (Fujimoto et al., 1999; Khan et al., 2007; Komiyama et al., 2008, 2000; Page et al., 2002),
which means that mangroves store a larger amount of carbon in soil at several meters depth
(Bouillon et al., 2003).

Variation of the estimated carbon stock for vegetation types and salinity zones was similar
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to that of Indian Sundarbans and mangrove ecosystems in Northwestern Madagascar (Table 3.4).
However, comparing with Indo Pacific region and Mexican Caribbean mangroves (soil carbon up
to 1m), our results are lower than those at the Sonneratia alba dominated Mangrove in Yab,
Micronesia, the Rhizophora apiculata dominated Mangrove in Babeldoab (Republic of Palau), the
Rhizophora apiculata and Bruguiera gymnorrhiza dominated Mangrove in Kalimatan, Indonesia
and the R. mangle mangroves of the Sian Ka’an Biosphere Reserve, Mexico (Table 3.4). This
difference in mangrove carbon stock would develop due to difference in the amount of peat soil
(Crooks et al., 2011; Siikamaki et al., 2012; Smith, 1983; Smith, 1983), mineral sediment (Crooks
et al., 2011; Siikamaki et al., 2012), stature of aboveground vegetation (Daniel Murdiyarso et al.,
2010), wood density (Baker et al., 2004), forest age (Ceron-Bretdn et al., 2011; Kridiborworn et
al., 2012), disturbance history (Goodale et al., 2002), dominant species (Kasawani et al., 2007),
depth of the organic soil, salinity, available soil phosphorus, etc. (Adame et al., 2013).

For a gross estimation of ecosystem carbon stock, the generalized regression equations
(Eqn. 3.4, 3.5) with variables, such as ‘basal area’ or ‘mean tree height’ could be very useful not
only for Sundarbans mangrove forests but also for other mangrove ecosystems as the results were
obtained from a wide variety of mangrove vegetation types and from sample of large spatial scales.
Rahman et al. (2017), applied the basal area based general equation that developed in this study,
for estimating the ecosystem carbon sequestration in the three protected areas in the Sundarbans
Reserved Forest Bangladesh. In that study, Rahman et al. (2017) estimated that yearly ecosystem
carbon sequestration was equivalent to 1.31 million-ton CO (from 1997 to 2010) in the three
protected areas (90,747 ha). Similarly, this basal area-based equation can be applied to the other
mangrove ecosystems for estimating ecosystem carbon sequestration.

In conclusion, this study presents estimates of ecosystem carbon stock of the mangrove
forest at the Sundarbans using data sets covering widely distributed samples. The results suggest
existence of significant variations of carbon stock in different mangrove vegetation types and
variable salinity regimes. The vegetation attributes (basal area and height) of the dominant
mangrove species in each vegetation type are the key indicator of determining nature of ecosystem
carbon stock. The results also reveal that no matter whether the mangroves are tall or dwarf,
significant amount of carbon is stored the sediment, which is a characteristic feature of mangrove
ecosystems. For a gross estimation of ecosystem carbon stock, the generalized regression

equations (Eqn. 3.4, 3.5) with variables, such as ‘basal area’ or ‘mean tree height’ could be very
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useful not only for Sundarbans mangrove forests but also for other mangrove ecosystems as the
results were obtained from a wide variety of mangrove vegetation types and from sample of large
spatial scales. The results of this study may be of use for policy makers to develop suitable adaptive
measures to cope with the trends of sea level rise (Loucks et al., 2010; Stocker et al., 2013). Future
studies should focus on the driving forces other than salinity of the so called ‘salinity zones’ in the
Sundarbans, which might influence differences in vegetation patterns as well as in carbon

sequestration patterns in these zones.
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Figure and Tables

Table

Table 3.1 Life form characteristics of main flora in the SRF.

Local name Scientific name Life form

Amoor Amoora cucullate small tree

Baen Avicennia officinalis large tree

Bola Hibiscus tiliaceous small tree and semi climbing liana
Dhundul Xylocarpus granatum small tree

Gewa Excoecaria agallocha fair sized tree

Golpata Nypa fruticans palm with soboliferous stem
Goran Ceriops decandra shrub with coppice like growth
Hantal Phoenix paludosa small gregarious palm

Hargoza Acanthus ilicifolius small prickly leaved shrub

Hodo (Tiger fern)  Acrostichum aureum rigid tufted fern under growth
Kankra Bruguiera sexangula medium sized tree

Keora Sonneratia apetala large tree generally with spreading habit
Kewa Kanta Pandanus ordoratissimus gregarious screwpin under-growth
Passur Xylocarpus mekongensis fair sized tree

Sundri Heritiera fomes fair sized tree

Source: (Siddigi 2001)
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Table 3.2 Major vegetation types in the Sundarbans with distribution and area. See table 3.1 for

species scientific and local names.

Code Vegetation type Distribution Area
in Saline zone %

VTl Sundri FR 21.0
VT2  Sundri-Gewa FR, MO and ST 258
VT3  Sundri- Passur- Kankra FR, ST 17
VT4  Gewa Mathal, Passur-Kankra-Baen, Sundri-Passur-Keora, FR, MO and ST 29
VT M

5 Gewa O 5.9
VT6  Gewa-Sundri MO, ST 18.4
VT7  Non- Tree Vegetation (NTV) FR, ST 12
VT8 Goran-Gewa MO, ST 13.7
VT9 Goran ST 16
VT10 Gewa-Goran MO, ST 8.4

Note: FR = Fresh water zone, MO = Moderate saline zone, and ST = Strong saline zone
Source: (Chaffey et al. 1985; Ifthekhar and Saenger, 2008)

Table 3.3 Average aboveground mass of species developed by destructive harvest (30 individuals

for each species). See table 3.1 for species scientific and local names.

Species name Average mass (kg)
Golpatta (per frond) 2.00

Tiger fern (Per clump) 0.30
Hargoza (Per stem) 0.05

Pandan 0.29

Goran (Small) 0.0048

Goran (Medium) 0.37

Goran (Large) 3.64

Goran (Extra-large) 10.55
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Table 3.4: Comparison of ecosystem carbon stock (Above- and belowground; soil carbon up to
1m depth) of current study to other mangrove ecosystems of the world.

Source Site Ecosystem Carbon stock (Mg
C ha)

Present study Vegetation types, Sundarbans 159.5 -360.0
Reserved Forest

Present study Salinity zones Sundarbans Reserved 170.1 - 336.1
Forest

Donato et al. 2011  Indian Sundarbans ~212.5-312.5

Kauffman et al. Mangrove in Yab, Micronesia 897.8

2011

Kauffman et al. Mangrove in Babeldoab, Republic of  618.3

2011 Palau

Murdiyarso et al. Mangrove in Kalimatan, Indonesia 488

2010

Adame et al. 2013  Sian Ka’an Biosphere Reserve, 631.33
Mexico

Jones et al. 2014 Mangrove Ecosystems in 443.2

Northwestern Madagascar
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Figure. 3.1 Location of sample plots (black circles) in Sundarbans mangrove forest,
Bangladesh.
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Figure. 3.2 Cluster plot composed of five nested subplots in a main plot.
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Figure. 3.4 Carbon stock (Mg ha™, Megagram per hectare + SE) in different partitions (TAGC =
Tree Aboveground carbon, AGC = Aboveground Carbon, SHC = Shrubs and Herbs Carbon,
DWC = Downed Wood Carbon, BGRC = Belowground Root Carbon, BGSC = Belowground Soil
Carbon), in vegetation types (VT1= Sundri, VT2 = Sundri-Gewa,VT3 = Sundri—Passure-Kankra,
VT4 = others (Gewa Mathal, Passur-Kankra-Baen,Sundri-Passur-Keora), VT5 = Gewa, VT6 =
Gewa-Sundri, VT7 = Non tree vegetation, VT8 = Goran-Gewa, VT9=Goran, VT10= Gewa-
Goran). The same letter(s) among vegetation types are not significantly different (P> 0.05) as

tested with Dancun Multiple Range Test.
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Figure. 3.6 Proportions of aboveground (purple colored), belowground root (orange colored),
belowground soil (orange colored) carbon stock in relation to vegetation types (codes are same
as Figure 3.4) and salinity zones (codes are same as Figure 3.5)
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Figure. 3.7 Relationships between ecosystem carbon stock (Mg ha™) and mean co-dominant tree
height (m) (R?= 0.58, P<0.05), basal area (m? ha™) (R?>= 0.61, P<0.05), tree density (ha™) (R?=
0.01, P>0.05) or canopy cover (%) (R?= 0.09, P>0.05). Data points (plot) represent vegetation
types (VT1=1,VT2=2,VT3=3,VT4=4,VT5=5VT6=6,VT7=7,VT8=8, VT9=9, VT10=

10; codes are the same as Fig. 4). The curves were fitted using quadratic equations (Eqgns. 4, 5).
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Figure. 3.8 Ecosystem carbon stock in relation to mean co-dominant tree height, basal area, tree
density, or canopy cover among different salinity zones. Data points (plot) represent salinity
zone (1= Fresh water zone, 2= Moderate Saline zone and 3= Strong Saline Zone). The curves

were fitted using quadratic equation (Eqgns. 4, 5).
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Figure. 3.8 Spatial distribution of ecosystem carbon stock in Sundarbans Reserved Forest

(vegetation map 1997 and carbon census 2010).
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Chapter 4 High resolution mangrove assessment using optical and radar imagery in
Sundarbans East Wildlife Sanctuary.

Introduction

The coastal ecosystems, recently termed as Blue Carbon ecosystems are most carbon
dense ecosystems which play an important role in mitigating global climate change by
sequestering significant amounts of carbon into sediments and plant biomass (Alongi, 2012b;
Donato et al., 2011; Fatoyinbo et al., 2017; Herr et al., 2017; Lagomasino et al., 2015). These
ecosystems also provide diverse other ecosystem services to coastal communities including saving
their lives and properties of the citizens at the time of cyclones (see chapter 1). (Alongi, 2008;
Kathiresan and Bingham, 2001; Kathiresan and Rajendran, 2005; Thant et al., 2010; Uddin et al.,
2013). Conservation of these mangrove ecosystems against anthropogenic and natural threats is
now a main focus on climate change mitigation programs such as REDD+, because due to these
threats mangrove ecosystems may alter in stand structure and species composition (See chapter
1; Giri et al., 2008; Hamilton and Friess, 2018). For effective conservation planning, updated
vegetation or species map with horizontal and vertical distribution is necessary which can also be
used as the baseline data for evaluation of conservation programs and monitoring of forest
dynamics (Heumann, 2011; Kuenzer et al., 2011; O’Connor et al., 2015; Pereira et al., 2013;
Petrou et al., 2015).

A traditional approach to assess the mangrove resources has been a field-based inventory.
This type of assessment is the most desired, but it requres substantial economic and logistical
costs (Kamal and Phinn, 2011). This is a result of remote environment settings, difficult terrain,
dangerous conditions, and daily tidal flooding. Considering these constraints, remote sensing has
been playing an important role in augmenting field inventories, by increasing spatial and temporal
mapping of mangrove areas at the level of species or composition of species which can be of help
to sustainable forest management and formation of regional and national policies (O’Connor et
al., 2015).Remote sensing (RS) is also useful in fulfilling international biodiversity conservation
targets such as Aichi Biodiversity Targets 2020 (O’Connor et al., 2015). Commercial satellites
like WordView2 (WV2) & 3, Quickbird, and IKONQOS can provide very high-resolution imagery
and have the potential to detect species compositions (See details in chapter 1).

Several studies have identified mangrove species using high resolution images (mainly
optical) in small areas of natural or plantation mangrove with limited accuracy or few number of
species detection (Heenkenda et al., 2014; Kamal et al.,, 2015; Kamal and Phinn, 2011;

Neukermans et al., 2008; Wang et al., 2004; Zhu et al., 2015). However, the vertical structure of
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forests e.g. canopy height, can also contribute in improving classification accuracy which can be
mapped using radar and LIDAR images (See chapter 1). Thus, application of the high-resolution
imagery by incorporating both multispectral and radar images (less costly than LiDAR and have
large spatial coverage) to a large natural mangrove area like Sundarbans Reserved Forest (SRF)
will generate new knowledge in remote sensing of mangrove species. Furthermore, in the view
point of REDD+, monitoring of biodiversity is necessary to safeguard biodiversity as REDD+ has
dual objective, climate change mitigation as well as biodiversity co benefit (Imai et al., 2014). In
monitoring of biodiversity indicators, remote sensing can play an important role, particularly very
high resolution imagery because some essential biodiversity indication of CBD can directly or
indirectly be monitored by remote sensing such as species, species composition and canopy
structure (Imai et al., 2014; O’Connor et al., 2015; Pereira et al., 2013; Petrou et al., 2015).

In this study, thus, for making a high-resolution species or vegetation type map, using
WV2 and TanDEM-X (TDX) image, | selected Sundarbans East Wildlife Sanctuary (SEWS) as a
pilot study site because of its proximity to three salinity zones because salinity is one of the major
determining factors of species composition in SRF and high biodiversity (Rahman et al., 2015b).
The objectives of my study were 1) to produce a high-resolution vegetation maps in SEWS, 2) to
quantify vegetation canopy height map using TDX image and 3) Combine multispectral and

canopy height data to test the improvements of classification methods in SEWS.

Methodology

Study area

In the SRF in Bangladesh, there are three protected areas under the World Heritage Site,
which was declared by UNESCO in 1997; Sundarbans West Wildlife Sanctuary (SWWS),
Sundarbans South Wildlife Sanctuary (SSWS), and Sundarbans East Wildlife Sanctuary (SEWS).
The three sanctuaries are situated along the coast of SRF and cover a total of 139,699 ha (23% of
the entire SRF; Rahman et al., 2017). In 2017, the country of Bangladesh increased the size of the
three wildlife sanctuaries and it has now a total area of 317,950ha (52% of the whole SRF; BFD,
2107). The main purpose of the expansion of the protected areas was to a provide free breeding
ground for wildlife and help enhance the biodiversity conservation, especially for the Bengal tiger.
The SWWS is in the high saline zone, which is mainly dominated by Ceriops decandra and
Excoecaria agallocha (Rahman et al., 2017). The SSWS falls between a moderate saline and
strong saline zones which make the region more diverse. It is mainly dominated by Heritiera
fomes, E. agallocha, and C. decandra forest type. The SEWS is the closest to the freshwater zone

and is mainly dominated by H. fomes (Rahman et al. 2017; Fig. 4.1). In this study, we concentrated
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on SEWS within the old sanctuary boundary that covers 40,768 ha as delineated by the
Bangladesh Forest Department. The mean annual maximum and minimum temperatures vary
between 32 and 20°C. Mean annual relative humidity varies from 77 to 80 %. The mean annual
rainfall ranges between 1900 and 2500 mm. In 2010, under the financial support of USAID, Forest
Department of Bangladesh conducted a forest carbon inventory at 150 plots. Out of these 150
plots, nine fall in the SEWS which were used in this study as field data (Rahman et al., 2015). As
each plot composed of five nested circular (10 m radius) subplots, the 45 subplots (9 x 5) wise
species data were used in this study. The stand structural parameters of these nine plots were given
in table 4.1 and 4.2.

Remote sensing data processing
For the classification of mangrove species in SEWS, | used two types of earth

observations: (1) passive sensor high resolution (2 m pixel) from WV2 and (2) active sensor e.g.,
TDX SAR images (12 m pixel). The WV2 imagery provides multispectral information about land
cover types, while the TDX imagery is used to produce accurate canopy height models for
mangrove forests (Lagomasino et al., 2016; Lee et al., 2015). WV2 imagery is comprised of 8
multispectral bands that cover wavelengths between 430 and 1050 nm. The spectral range of these
8 multispectral (MS) bands are coastal blue (400-450 nm), blue (450-510 nm), green (510-580
nm), yellow (585-625 nm), red (630-690 nm), red edge (705-745 nm), NIR1 (770-895 nm) and
NIR2 (860-1040 nm) (Rapinel et al. 2014). Three images from December 26, 2015 and one from
January 15, 2016 were acquired from Digital Globe through the NextView License Agreement
(Neigh et al., 2013). Each image was radiometrically corrected in ENVI image analyzing software
and passed on to Fast Line-of-sight Atmospheric Analysis of Hypercubes (FLAASH) to account
for atmospheric effects. After corrections, the three images were mosaicked, and several
normalized band ratios were determined from the multispectral data to provide supplemental
information into the classification. Band ratios can be helpful in reducing errors associated with
land type classification modeling. The band ratios used are:

1. Normalized Difference Vegetation Index

(NIR 1 band - Red band) / (NIR 1 band + Red band) (Eq. 4.1)
2. Normalized Difference Vegetation Index (Green)
(NIR 1 band - Green band)/ (NIR 1 band + Green band)
(Eq. 4.2)
3. Normalized Difference Vegetation Index (Red Edge)
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(NIR 1 band - Red Edge band)/ (NIR 1 band + Red Edge band)
(Eq. 4.3)
4. Normalized Difference Vegetation Index (NIR)
(NIR 1 band - NIR 2 band)/ (NIR 1 band + NIR 2 band)
(Eq. 4.4)
For this classification scheme, we combined information about the land cover types
(multispectral and band ratios) and forest structure (TDX canopy height) to help distinguish
generalized mangrove species types. The forest canopy height data generated from TDX
(originally at a 12 m spatial resolution), by following a novel inversion approach, Random
Volume over Ground (RVoG; see Lee and Fatoyinbo, 2015 for details). This process was done
by using single-polarization TDX yielded top canopy height maps of mangrove forests by taking
an advantage of flat underlying topography (i.e. water surface) in mangrove environments (Lee et
al., 2016; Lee and Fatoyinbo, 2015). The 12 m pixel image was resampled to the same spatial
resolution as the WV2 imagery (approximately 2 m). In total, there were 13 different map layers
that were used in the unsupervised classification scheme; 8 multispectral, 4 band ratios, and 1
height layer.

Unsupervised classification

All the 13 different layers (multispectral, band ratios, and canopy height) were used in an
unsupervised classification scheme (Fig. 4.2). We used the Iso Cluster Unsupervised
Classification algorithm in ArcMap 10.2.1. The ISODATA algorithm is the method of iteration
that makes clusters of similar groups into one by measuring the Euclidean distance between cluster
center and similar groups or data (Dhodhi et al., 1999). In the classification, we set three
parameters: Number of classes = 50, Minimum class size = 10, and Sample interval = 5. The
classification tool returns a 1-band image with numbered land cover types.

Class assigning and filtering

| assigned the vegetation or species and other land cover type in each of 50 classes that
were produced in the unsupervised image classification step. The assignment of vegetation was
done mainly by hand using field inventory data based on the overstory basal area or abundance.
For some classes, cover types were assigned based on field photos, expert knowledge and Google
Earth image visual interpretation because those classes were not found in the 45 subplots (Fig.
4.3.1 and 4.3.2). Those classes were occupied by Sonneratia apetala, Nypa fruticans-mixed and

other non-mangroves such as shrubs, grass waterbody, and mudflat. Once land cover classes were
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identified, those classes that were similar were then combined into one class except the canopy
gaps and shadow classes which are more frequent in fine resolution image. Also, to remove noise
associated with edge effects of standing water we applied two majority filters. The majority filter
selected the highest occurrence of class values within a 3-pixel x 3-pixel kernel for removing
small shadows or canopy gaps, while for removing bigger canopy gaps or shadows | set kernel
size of 11-pixel x 11-pixel only for the canopy gap classes. The bigger kernel sized filter added
the shadows or canopy gap to neighboring dominant class. After application of these two filters,
some canopy gaps or shadows were found particularly within the dominant class of H. fomes
which then added to this class. The class assignment and filtering were performed using ENVI
(Version 5.2).

Accuracy assessment

| randomly generated 356 point following multinomial probability theory as the dominant
class (H. fomes) in my study covering close to 50% (45%) of the whole SEWS. This procedure
allows me to assess accuracy of the approach with 95% CI (Congalton and Green, 2009). The
reference point class type was confirmed by visual interpretation of Google Earth images in the
same year of image acquisition, hand captured photo visualization, and expert field knowledge
(Congalton, 2001; Rahman et al., 2015; Rahman et al., 2017; Yu and Gong, 2012).

Results

Land cover type

A total of 14 land cover classes were identified at SEWS using two datasets: WV2 with
and without TDX. Of the 14 classes, nine were covered by trees, shrubs, and palms (TSP; 65.01-
65.02 %), two were herbs and grasses (HG; 1.17-1.18 %) and three were sandbars, mudflats, and
waterbodies (SMW; 33.80-33.80%; Table 4.3). Three classes were separated at the species level
e.g. HEFO (H. fomes), EXAG (E. agallocha), and SOAP (S. apetala), while four classes were
identified as mixed species types where the first species listed was the dominant species within
the class (Table 4.3). A mixed class also identified which was composed of multiple species
(NYFR MIXED: Nypa fruticans, Sonneratia caseolaris, S. apetala, Phoenix paludosa, Hibiscus
tiliaceous and Avicennia officinalis). This mixed type was mainly found along rivers and canal
banks. The spatial distribution of these land cover classes is shown in Fig. 4.4. The total areas of
the SEWS mapped in this study was 32.930.77 ha where 67.7% was land and the remaining 32.3%
was water according to WV2 and TDX image classification. | did not find any significant

difference between the two classification maps, WV2 and WV2-TDX. The total difference was
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0.10% of the total area (Table 4.3). The most dominant vegetation type in terms of area was HEFO
which covered 44.76-44.82% of the total area of SEWS based on WV2 and WV2-TDX
classification maps, while the other three dominant types EXAG-HEFO, HEFO-EXAG and
EXAG covered, 6.84%, 6.34%, and 3.02%, respectively (Table 4.3).

There was clear zonation found in SEWS, where in most cases, stands became more
monospecific with increasing distance from the shore (Fig. 4.6). For example, from the canal bank
to inland the presence of vegetation types was, NYFR-MIXED followed by EXAG-NYFR, then
either followed by EXAG-HEFO or HEFO-EXAG, followed by HEFO or EXAG (Fig. 4.6).
Several other zones were also found (big canal and river side) such as SOAP or EXAG or EXAG-
HEFO followed by HEFO or EXAG-HEFO and then followed by EXAG or HEFO.

Accuracy assessment

The overall classification showed a strong agreement between the WV2 and WV2-TDX
classification maps and the reference points, yielding an overall accuracy and the Kappa
Coefficient were 89.89% and 0.89, and 89.33% and 0.88, respectively for WV2 and WV2-TDX
based classifications (Table 4.4 and 4.5). The specific land cover accuracy, also revealed that there
was strong agreement between most of the land cover types of WV2 and WV2-TDX and random
reference points (Table 4.4 and 4.5). The SANDBARS had higher producer’s and user’s accuracy.
The most dominant tree species HEFO, had similar producer’s accuracy in both WV2 and WV2-
TDX based classification but slightly lower user ’s accuracy in WV2 than WV2-TDX (Table 2
and 3). While EXAG showed the best User’s and Producer’s accuracy in both WV2 and WV2-
TDX classification among the tree species (Table 4.4 and 4.5). In both WV2 and WV2-TDX
classification, SOAP and NYFR MIXED had lower producer accuracy (Table 4.4 and 4.5).

HEFO dominant vegetation type had higher canopy height (12.30+2.93 m) than other 8
vegetation types, while SHRUBS dominated forest has lowest canopy height (7.37+3.95m; Fig.
4.5).

Discussion

In this study, | applied a hybrid classification scheme for separating vegetation at the
community level in a complex natural mangrove in SRF by combining high resolution optical
(WV2) and radar (TDX) imagery. The classification was performed using the ISODATA
Algorithm and showed a strong agreement with Google Earth visual interpretations and field
inventory data. Both classifications could separate mangrove from non-mangrove, here we termed

it as TSP which covered more than two-thirds of the total areas of SEWS (Table 4.3). Any
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significant difference was found between the two classifications (WV2 and WV2-TDX) in land
cover identification which suggesting that the inclusion of TDX in classification has almost no
contributions in vegetation classification within the area of study (Table 4.3). So, high resolution
WV2 bands along with the four vegetation indices (used in this study), can separate dominant
mangrove species and communities with higher accuracy. Though | did not find any significant
contribution of canopy height in species identification in the current study, it may have some
contribution if the whole SRF is considered, because the canopy height in SRF tends to increase
from seaward to landward and east to west direction (M. M. Rahman et al., 2015b). Furthermore,
tree height can be useful in biomass carbon assessment upon coupling with field data (Aslan et
al., 2016). Also, here | noticed that the canopy height of dominant species (H. fomes) becomes
shorter when it has found in mixed stands, for example in case of HEFO-EXAG and EXAG-
HEFO classes. The reason behind this difference may be due to the variation of site conditions
between monospecific and mixed stand (Fig. 4.6). However, further field-based study may explore
the actual causes of this height difference.

The dominant class (HEFO) in SEWS was identified as H. fomes, among the 14-land cover
types in this study which were also reported by Rahman (2003). However, Islam et al. (2014)
reported that E. agallocha was more dominant than H. fomes in SEWS based on Importance Value
Index (IVI-average value of relative -abundance, -frequency and -dominance of species; E.
agallocha = 35.932 and H. fomes =35.656) which means that both H. fomes and E. agallocha
should be about equal coverage in the SEWS. They laid out 12 transects of 200 m long with two
plots (20m x 50m): one at 0-50m (stream side) and another at 150-200 m (inland side; they called
it “forest proper”) from river or canal bank in SEWS. Within this distance, I found NYFR MIXED
class (stream side of canal) and EXAG, HEFO or EXAG-HEFO or HEFO-EXAG (forest proper).
The spatial distribution of species or groups of species in this study reveals,that H. fomes stands
are mainly found in the inner -most parts of almost all islands (Fig. 4.4). Islam et al. (2014)
reported that the near shore site was the most diverse which I also found in my study. However,
their report suggested that the protected areas were dominated by E. agallocha. My findings
suggest that ~45% of the total area in the SEWS was covered by H. fomes while E. agallocha
covered only 3% (Table 4.3 and Fig. 4.4). Thus, the current approach can overcome some of the
spatial limitations and potential biases of field plot-based studies and represents the spatial
distribution of species or group of species more accurately with the use of high resolution satellite
imagery.

Both the error matrix and visual interpretation reveal that the produced map in the present
study matched well with randomly sampled ground truth points and inventory plots (Table 4.4
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and 4.5; Kamal et al., 2015; Kamal and Phinn, 2011; Neukermans et al., 2008; Wang et al., 2004;
Zhu et al., 2015). The overall accuracy of both data sets (WV2 and WV2-TDX; 89.33% and
89.89%) in my study, were similar to that of Zhu et al. (2015b) that report an overall accuracy of
89% in mapping mangrove species in Lingding Bay of the Pearl River Estuary, Guangdong
Province, China using WV2 image. Heenkenda et al. (2014) also found in Northern Territory,
Australia a high accuracy (89%) where they also used WV2 image for mapping mangrove at
species level following a supervised classification method. While in my study the overall accuracy
was much higher than Kamal et al. (2015), another study in Moreton Bay mangrove in
Queensland, Australia using WV2 image for mapping three Avicennia species, (overall accuracy
of 54%). The above-mentioned studies, followed a supervised classification method in separating
mangrove species in relatively small areas of either natural or restoration sites with clear
homogeneous patches where there was a limited number of species identified. However, in my
study, I used unsupervised method in a large complex natural mangrove ecosystem in SRF
(32930.76 ha) and produced maps with representative dominant and mixed species.

The spatial distribution of species in my study, suggested that there is clear zonation in the
SEWS. This was because | separated big homogeneous patches of three species (H. fomes, E.
agallocha and S. apetala). Also, the six other vegetation types showed a distinct zonation where
in most cases, transition started from shore to inland. For example, from the bank of small river
or canal, we found either Nypa fruticans or mixed stand of N. fruticans, P. paludosa, S. apetala,
and A. officinalis, followed by mixed stands of E. agallocha and N. fruticans, or E. agallocha and
H. fomes or H. fomes and E. agallocha, which ended up with a monospecific zone of either E.
agallocha or H. fomes (Fig. 4.4). While the seaward or big river bank forest margin was formed
with either S. apetala or E. agallocha followed by monospecific stands of either E. agallocha or
H. fomes, then followed by mixed stands of E. agallocha and H. fomes, A. officinalis and E.
agallocha or H. fomes and E. agallocha and ended up with monospecific zone of H. fomes (Fig.
4.4 and 4.6). My findings contrasted with the field-based study on zonation patterns in Sundarbans
Reserved Forest (Ellison et al., 2000) . Ellison et al. (2000). where they examined at 11 blocks by
randomly laying out three random 200-m transects at each block in the whole SRF and concluded
with no specific zonation exist in SRF. Limited number of transects (at two blocks with six
transects within 32930.76 ha) in SEWS, may not be enough for observing species zonation or the
traditional sampling method of sequential quadrats which may not be in line with natural
distribution or species zoning. Further study, may be necessary to explore the reason behind this
zonation. For example, it may occur either by different geomorphology or plant physiology or
climate change or sea level rise or their combined effects.
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Visual interpretation with Google Earth showed that there was minor misclassification
between mudflat, SOAP, EXAG, and GRASS1, and NYFR MIXED especially in open or
sparsely-dense areas. This may be a result of the complicated mangrove environment, where the
spectral reflectance values measured by WV2 over the mangrove vegetation can be affected by
wet soils and water and atmospheric vapor (Adam et al., 2010; Chauvaud et al., 1998; Heenkenda
et al., 2014). SOAP was misclassified mostly by HEFO (12%), followed by GRASS1, EXAG-
HEFO, NYFR MIXED, and WATERBODY MUDFLATS type which also confirmed by Google
earth visual interpretation and expert knowledge (Table 4.4 & 4.5). S. apetala is a pioneer species
in Sundarbans and primarily found in a newly colonized land and along the bank of canals and
creeks, whereas the H. fomes is the climax species and primarily located in the more stable and
high land. However, visually it was found that in some cases, especially in newly formed areas,
the S. apetala was misclassified as H. fomes (Fig. 4.4). This may have been a result from shadow
effects or because of similar height structure or similar spectral signature (Adam et al., 2010). In
its mature state, S. apetala is taller than H. fomes, but at earlier life stages its height is similar to
H. fomes. But, as it was found in both WV2- and WV2-TDX, new methods or further research is
needed to improve the separability to better distinguish S. apetala and H. fomes.

Two more species such as A. officinalis (very large tree with wide spread canopy) from
EXAG-AVOF class and N. fruiticans (usually grows along the canal bank as big clear patches)
from NYFR MIXED class should be separated which was also confirmed by visual interpretation
and expert knowledge that both species appeared as unique at one place but, in another place, they
appeared as combined. However, in ISODATA unsupervised classification in both datasets
(WV2- and -TDX) they appeared in their respective class. In the case of NYFR MIXED,
misclassification was mainly between EXAG-HEFO (13.04%-17.39 %) and EXAG-NYFR (7.41
%- 8.70%; Table 4.4 & 4.5). The misclassification between NYFR MIXED and EXAG-HEFO
may have happened due to the presence of common liana or vines (usually found along the canal
bank or streamline in SEWS) over the canopy of these species which was difficult to be separated
by both WV2 and WV2-TDX. Similarly, this liana and H. tiliaceus may also misclassified as A.
officinalis as their appearance was quite similar and could not be separated in my study.

RS based monitoring of biodiversity indicators has been recognized to global biodiversity
forum such as Convention of Biological Diversity (CBD), as RS has been playing an important
role in cost effective measurement of spatiotemporal distribution of forest species composition or
functional type as biodiversity indicators (Kuenzer et al., 2014; O’Connor et al., 2015; Petrou et
al., 2015). To achieve the Aichi Biodiversity Targets 2020, Pereira et al. (2013) synthesized 22
essential biodiversity variables (EBVs) for monitoring global biodiversity. Out of these 22 EBVs,
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14 can be assessed directly or indirectly by remote sensing (O’Connor et al., 2015). In REDD+,
it is necessary to report even at fine scales deforestation and forest degradation in Monitoring
Reporting and Verification section which can be possible if fine resolution satellite imagery is
used (Herold et al., 2011). Very High Resolution (VHR) satellites e.g. WorldView can be useful
in mapping at the species level or at tree community level (Petrou et al., 2015). Using WV2, | was
able to separate three vegetation types at the species level, while six and other classes were a
combination of two and more species. | mapped these mangrove classes with a high level of
accuracy (Table 4.4-4.5) which directly matched the EBV’s variables such as species abundance
and distribution, ecosystem composition, functional type and ecosystem extent (O’Connor et al.,
2015). The mangrove and non-mangrove were also separated at certain level of accuracy in my
study.WV?2 can also be used in monitoring of deforestation and forest degradation and thereby
contribute to REDD+ MRV. Furthermore, the canopy height (a structural biodiversity indicator)
maps can be coupled with in situ data (see Rahman et al. 2015) for assessing the level of ecosystem
service such as carbon storage, which one of the major requirements of REDD+ MRV. lt is also
related to the EBVs: trends in distribution, condition, and sustainable ecosystem services for
equitable human well-being (Petrou et al., 2015). So, WV2 and radar imagery can be instrumental
in future monitoring of mangrove biodiversity indicators, deforestation and forest degradation

which would be helpful for monitoring, reporting, and evaluation of CBD targets and REDD+.

Conclusion

In this study, 1 combined both high resolution optical WV2 and TDX canopy height
imagery to classify mangrove species and land cover types following an ISODATA unsupervised
approach. The result of my study, showed a strong agreement with field referenced data and
photography, visual interpretation with Google Earth, and expert knowledge. The overall
classification accuracy was 89.89-89.33 % with a kappa coefficient range of 0.89-0.88. | could
not find any significant difference between the land cover classifications with the inclusion of
height layer with WV2 data set. Three species separated at the species level along with six other
mixed classes where H. fomes (44.54%), E. agallocha (3.02 %) and S. apetala (1.41-1.46 %)
covered 49.24 % of total land area of the SEWS. So, H. fomes is the most dominant species in
SEWS not E. agallocha as previously thought. | found clear species zonation in SEWS, though
more information is needed to identify the factors responsible for this zonation. Finally, my study
suggested that mangrove biodiversity indicators (either in the form of species level or functional
type, forest cover and carbon stock change) can be monitored by using WV2 imagery, which

could be supported in policy formulation of REDD+ and CBD.
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Table and Figure

Table

Table 4.1: Plot level species composition and forest characteristics across the SEWS

Relative

Species Number Basal area abiiifdiice Relative Mean DBH Canopy Canopy
tree (m? ha? (%) dominance (%) (cm) Cover % height (m)
1024
HEFO 123 13.98 70.69 48.51 14.47+0.39
EXAG 42 4.13 24.14 14.34 13.58+0.56
SOAP 9 10.70 5.17 37.15 46.79+4 91 94.12£2.04 L1 134058
Total 174 28.81 100.00 100.00 15.93+0.67
1075
HEFO 88 7.54 52.07 57.34 12.88+0.26
EXAG 80 5.54 47.34 42.12 11.65+0.20
AVOF 1 0.07 0.59 0.55 12.00 92.46+3.69 438537
Total 169 13.15 100.00 100.00 12.29+0.17
1076
HEFO 90 14.05 76.92 76.49 16.37+0.71
EXAG 14 1.69 11.97 9.19 15.10+£1.02
XYME 6 1.81 5.13 9.84 21.2545.51
XYGR 4 0.57 3.42 3.08 Ipamess  HERL RAENAG
AMCU 3 0.26 2.56 1.39 12.87+1.58
Total 117 18.36 100.00 100.00 16.38+0.63
1078
HEFO 97 14.03 61.01 65.67 16.33+0.49
EXAG 62 7.34 38.99 34.33 14.72+0.58 84.30+3.71 6.58+0.10
Total 159 21.37 100.00 100.00 15.70+0.38
1080
HEFO 172 21.90 82.69 82.18 15.25+0.36
XYME 18 3.07 8.65 11.51 17.75+1.24
EXAG 18 1.68 8.65 6.30 (Raasge]  Shaoclol ISR
Total 208 26.64 100.00 100.00 15.31+0.33
1082
HEFO 101 16.44 71.13 74.56 17.44+0.47
EXAG 36 5.13 25.35 23.29 16.40+0.69
AMCU 4 0.39 2.82 1.76 13.73+1.45 81.96+5.42 11.57+£0.30
UNSP 1 0.08 0.70 0.38 13.00
Total 142 22.04 100.00 100.00 17.04+0.38
1135
HEFO 187 21.17 84.62 86.32 14.66+0.25
EXAG 32 3.24 14.48 13.21 13.86+0.59
XYME 1 0.06 0.45 0.26 11.40 95.32+1.45 7.39+0.19
AMCU 1 0.05 0.45 0.21 10.20
Total 221 24.53 100.00 100.00 14.51+0.23
1137
HEFO 99 10.20 64.29 63.67 13.86+0.38
EXAG 51, 5.15 33.12 32.15 13.71+0.53
XYME 2 0.52 1.30 3923 21.85+6.35
CYRA I 0.05 0.65 031 10.00 e el
EXIN 1 0.10 0.65 0.64 14.30
Total 154 16.01 100.00 100.00 13.89+0.32
1138
HEFO 148 22.44 79.14 87.05 16.47+0.47
EXAG 39 3.34 20.86 12.95 12.93+0.34 92.01+1.32 16.17+0.21
Total 187 25.78 100.00 100.00 15.74+0.39

HEFO = Heritiera fomes, EXAG =Excoecaria agallocha, SOAP = Sonneratia apetala,
AVOF= Avicennia officinalis, XYME = Xylocarpus mekongensis, EXIN = E. indica, CYRA =
Cynometra ramiflora XYGR = Xylocarpus granatum, XYME = X. mekongensis, UNSPP =
Unknown species
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Table 4.2: Structural composition and mean DBH (£ S.E.) of mangrove species in the SEWS

Species Number Basal area  Relative abundance Relative dominance Mean DBH
P of tree (m? ha'D (%) (%) (cm)
HEFO 1105 15.75 72.18 72.06 15.30+0.14
EXAG 374 4.14 24.43 18.93 13.65+0.19
XYME 27 0.61 1.76 2.77 18.60+1.51
SOAP 9 1.19 0.59 5.44 46.79£4.91
AMCU 8 0.08 0.52 0.35 12.9+60.95
XYGR 4 0.06 0.26 0.29 16.38+2.26
UNSP 1 0.01 0.07 0.04 13.00
AVOF 1 0.01 0.07 0.04 12.00
CYRA 1 0.01 0.07 0.03 10.00
EXIN 1 0.01 0.07 0.05 14.30
Total 1531 21.86 100.00 100.00 15.12 £0.14
Table 4.3. Comparison of land cover areas between WV2- and -TDX in SEWS.
WV2 (E1) WV2-TDX (E2) E1-E2/E1
Landcover type o
Area (ha) Percentage Area (ha) Percentage (%0)
HEFO 14761.14 44.82 14741.15 44.76 0.00
EXAG 993.09 3.02 996.02 3.02 0.00
SOAP 465.92 1.41 479.50 1.46 -0.03
HEFO-EXAG 2086.76 6.34 2090.71 6.35 0.00
EXAG-HEFO 2251.32 6.84 2251.38 6.84 0.00
EXAG-NYFR 200.26 0.61 200.63 0.61 0.00
AVOF-EXAG 48361 1.47 48552 1.47 0.00
NYFR-MIXED 145.84 0.44 146.25 0.44 0.00
SHRUBS 19.81 0.06 20.40 0.06 -0.03
GRASS 1 180.20 0.55 181.70 0.55 -0.01
GRASS2 203.52 0.62 205.90 0.63 -0.01
SANDBAR 54.77 0.17 54.58 0.17 0.00
WBSBMF 43321 1.32 439.28 1.33 -0.01
WATERBODY 10651.32 32.34 10637.73 32.30 0.00
Total 32930.76 100.00 32930.77 100.00 -0.10

HEFO = Heritiera fomes, EXAG =Excoecaria agallocha, SOAP = Sonneratia apetala,

AVOF= Avicennia officinalis, NYFR MIXED: Nypa fruticans, Sonneratia caseolaris, S.

apetala, Phoenix paludosa, Hibiscus tiliaceous, and A. officinalis, GRASS1= Grasss-Tigerfern,
GRASS1= Grasss, WBSBMF= Waterbody, Sandbars and Mudflat
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Table 4.4. Error matrix between WV2 derived land cover class and ground truth point. Elaboration of land cover type code is the same as that in
table 4.3.

Google Earth observation classes

WV2 classes 1 > 3 7 5 6 7 8 9 10 1 B 13 1 Total User % Commission%
1 26 0 3 1 2 0 0 0 0 0 0 0 0 0 32 81.25 18.75
2 0 27 0 1 1 0 1 0 0 0 0 0 0 0 30 90 10
3 1 0 17 0 0 0 0 0 1 0 0 0 1 1 21 80.95 19.05
4 0 2 0 26 0 0 0 0 0 0 0 0 0 0 28 92.86 7.14
5 1 0 1 1 20 1 0 3 0 0 1 0 1 0 29 68.97 31.03
6 0 0 0 0 1 23 1 2 0 0 0 0 0 0 27 85.19 14.81
7 0 0 0 0 0 2 19 0 0 0 0 0 0 0 21 90.48 9.52
8 0 0 1 0 1 0 1 18 0 0 0 0 0 0 21 85.71 14.29
9 0 0 0 0 0 0 0 0 23 0 0 0 0 0 23 100 0
10 0 0 0 0 0 0 0 0 0 24 0 0 0 0 24 100 0
11 0 0 2 0 0 0 0 0 0 1 21 0 0 0 24 87.5 125
12 0 0 0 0 0 0 0 0 0 0 0 25 0 0 25 100 0
13 0 0 1 0 0 0 0 0 0 0 0 0 24 0 25 96 4
14 0 0 0 0 0 0 0 0 0 0 0 0 1 25 26 96.15 3.85
Total 28 29 25 29 25 26 22 23 24 25 22 25 27 26 356
Producer % 9286 931 68 8966 80 8846 8636 7826 9583 96 9545 100 88.89 96.15 Overall Accuracy 89.33
Omission % 7.14 6.9 32 1034 20 1154 1364 2174 4,17 4 4,55 0 11.11 3.85 Kappa 0.88

1=HEFO, 2 =EXAG, 3=S0AP, 4 =HEFO-EXAG, 5= EXAG-HEFO, 6 = EXAG-NYFR, 7 = AVOF-EXAG, 8 = NYFR-MIXED, 9 = SHRUBS,
10 = GRASS], 11 = GRASS2, 12 = SANDBAR, 13 = WBSBMF, 14 = WATERBODY
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Table 4.5. Error matrix between WV2-TDX derived land cover class and Google Earth observation point. Elaboration of land cover type code is

the same as that in table 4.3.

Google Earth observation point classes

WV2 classes 1 > 3 2 5 6 7 8 9 10 1 B 13 12 Total User % Commission%o
1 26 0 1 1 2 0 0 0 0 0 0 0 0 0 30 86.67 13.33
2 0 27 0 1 1 0 1 0 0 0 0 0 0 0 30 90 10
3 1 0 19 0 0 0 0 0 1 0 0 0 1 1 23 82.61 17.39
4 0 2 0 26 0 0 0 0 0 0 0 0 0 0 28 92.86 7.14
5 1 0 1 1 20 1 0 4 0 0 0 0 0 0 28 71.43 28.57
6 0 0 0 0 1 23 1 2 0 0 0 0 0 0 27 85.19 14.81
7 0 0 0 0 0 2 19 0 0 0 0 0 0 0 21 90.48 9.52
8 0 0 1 0 1 0 1 17 0 0 0 0 0 0 20 85 15
9 0 0 0 0 0 0 0 0 23 0 0 0 0 0 23 100 0
10 0 0 0 0 0 0 0 0 0 24 0 0 0 0 24 100 0
11 0 0 2 0 0 0 0 0 0 1 22 0 2 0 27 81.48 18.52
12 0 0 0 0 0 0 0 0 0 0 0 25 0 0 25 100 0
13 0 0 1 0 0 0 0 0 0 0 0 0 24 0 25 96 4
14 0 0 0 0 0 0 0 0 0 0 0 0 0 25 25 100 0
Total 28 29 25 29 25 26 22 23 24 25 22 25 27 26 356
Producer % 92.86 93.1 76 89.66 80 88.46 86.36 73.91 9583 96 100 100 88.89 96.15 Overall Accuracy 89.89
Omission % 7.14 6.9 24 10.34 20 11.54 13.64 26.09 417 4 0 0 11.11 3.85 Kappa 0.891

1=HEFO, 2 =EXAG, 3=SO0AP, 4 =HEFO-EXAG, 5=EXAG-HEFO, 6 = EXAG-NYFR, 7= AVOF-EXAG, 8 = NYFR-MIXED, 9 = SHRUBS,

10 = GRASS], 11 = GRASS2, 12 = SANDBAR, 13 = WBSBMF, 14 = WATERBODY
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Figure 4.1: Positions of field inventory plot and ground truth point in Sundarbans East Wildlife

Sanctuary.
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Figure 4.3.1 Google Earth@ visual interpretation (Image® 2018, DigitalGlove; imagery date
11/05/2014), HEFO = Heritiera fomes, EXAG =Excoecaria agallocha, SOAP = Sonneratia
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apetala, AVOF= Avicennia officinalis, NYFR MIXED: Nypa fruticans, S. caseolaris, S.
apetala, Phoenix paludosa, Hibiscus tiliaceous, and A. officinalis,

SANDBAR

nogis Barth

Figure 4.3.2 Google Earth@ visual interpretation (Image® 2018, DigitalGlove; imagery date
11/05/2014). GRASS1 = Grasss-Tigerfern, GRASS2 = Grasss, WBSBMF = Waterbody,
Sandbars and Mudflat
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Figure 4.4. Spatial distribution of land cover types of Sundarbans East Wildlife Sanctuary
based on WV2. HEFO = Heritiera fomes, EXAG =Excoecaria agallocha, SOAP =
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Sonneratia apetala, AVOF= Avicennia officinalis, NYFR MIXED: Nypa fruticans, S.
caseolaris, S. apetala, Phoenix paludosa, Hibiscus tiliaceous, and A. officinalis, GRASS1=
Grasss-Tigerfern, GRASS2= Grasss, WBSBMF= Waterbody, Sandbars and Mudflat
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Figure 4.5. TanDEM-X derived mean canopy height (xSD) across the nine mangrove
vegetation types in SEWS. VT1=HEFO, VT2=EXAG, VT3=SOAP, VT4=HEFO-EXAG,
VT5=EXAG-HEFO, VT6=EXAG-NYFR, VT7=AVOF-EXAG, VT8=NYFR-MIXED and
VT9=SHRUBS
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code same figure 4.4.
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Chapter 5 Aboveground carbon stock in relation to tree diversity in Sundarbans

Reserved forest Bangladesh.

Introduction

Climate change and biodiversity loss are the two-serious threats to human being (Werf
et al., 2009). These two issues have arisen mainly from fossil fuel burning and large-scale
deforestation in tropical countries (Werf et al., 2009). Among the forested ecosystems in the
tropics, mangroves have been facing severe anthropogenic distraction such as agricultural
expansion, shrimp farming, landfilling, urbanization, upstream fresh water diversion and sea
level rise (Ellison, 2015; Giri et al., 2011). Though the rate of mangrove deforestation per year
has reduced in the recent decades (0.38%) compared to late 20" Century (1-2%) due to
awareness and global conservation effort, still it is a threatening cause of global warming and
biodiversity loss, because mangrove forests store about four to six times higher carbon than
other terrestrial forests in the tropics and the presence of mangrove species is directly correlated
to forest coverage (Duke et al., 2007; Ellison et al., 2005; Hamilton and Friess, 2018). For
combating these two threats under the same platform, payment for ecosystem-based approach
was adopted in 2009 under the United Nation Framework Convention on Climate Change
(UNFCCC) after a decade’s discussion between developed and developing countries e.g.,
Reducing Emissions from Deforestation and forest Degradation, plus the sustainable
management of forests, and the conservation and enhancement of forest carbon stocks
(REDD+; Phelps et al., 2011).

Another international program of the United Nations for conserving global biodiversity
is the Convention of Biological Diversity (CBD) which develops a 10 years’ strategic plan
(2011-2020) where all the 196 signatory countries of CBD, came to a consensus to protect and
enhance their biodiversity (known as The Aichi Biodiversity targets; CBD, 2010). So, almost
all tropical countries (where more than 90 % of the mangrove forests is found) are committed
to both REDD+ and CBD to achieve their climate change mitigation and biodiversity targets
through conservation of biodiversity and thereby enhancement of carbon sequestration
(Turnhout et al., 2017). However, potential for protection of carbon-rich forest such as
mangrove forests with biodiversity co-benefit needs to understand the relationship between
carbon pool and tree diversity, on local and regional scales which can be contributed to

formulate REDD+ policy.
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In community ecology, it is suggested that ecosystem with greater diversity ensures
optimum use of resources resulting in greater productivity and ecosystem services such carbon
stock (Cavanaugh et al., 2014; Isbell et al., 2015; Tilman et al., 2014; Zhang et al., 2012; Zhong
et al., 2017). Standing tree biomass is the dominant portions of total aboveground biomass in
mangrove ecosystem. This biomass is treated as one of the indicators of forest stand
productivity. Thus, the relationship between tree diversity and aboveground biomass carbon
can be a representative part of biodiversity and ecosystem function (Lasky et al., 2014, Manesh
et al 2016).

In most of the biodiversity and carbon relationship studies, species richness has been
mainly used as biodiversity measure (See chapter 1 for details). However, species richness
alone is not a surrogate for actual diversity as it would not consider the special roles of common
and rare species in the community, the evenness of species distribution, species coexistence,
and species-habitat associations (Isbell et al., 2015; Zhang et al., 2012; Zhong et al., 2017).
Therefore, for quantifying the biodiversity and ecosystem function relationship, both species
richness and evenness should be considered which can be accomplished if the Shannon-Wiener
index is used as diversity measure because it involves both richness and evenness (Zhang et
al., 2012; Zhong et al., 2017).

Canopy height in forested ecosystems, plays a pivotal role in figuring forest biomass,
site quality, species richness, and diversity and other ecosystem processes (Moles et al., 2009).
Thus, in modeling the diversity-carbon relationship, incorporation of height information is
necessary (Mensah et al., 2016). Previous studies, considered maximum tree height as it is an
indicator of light uses opportunity among species (Ruiz-Jaen and Potvin, 2011). However, in
the mangrove forests where species usually show zonation or homogeneous patches, mean
canopy height is important rather than maximum tree height as this layer is formed by the
codominant and dominant trees (Ellison et al., 2005; Rahman et al., 2015).

Abiotic factors such as soil properties influence species distribution in natural forests,
which may affect ecosystem functions (aboveground biomass, productivity and carbon storage)
(Cavanaugh et al., 2014; Isbell et al., 2015; Tilman et al., 2014; Potter et al. 2015; Zhong et al.,
2017). Thus, in biodiversity and ecosystem function relationship this site factor may play an
important role which can be explored by setting the random ‘site’ effect in the mixed model
(Manesh et al. 2016). In the mangrove ecosystem, higher net primary productivity (NPP) and
biomass accumulation are associated with freshwater areas compared to hypersaline areas.

Thus, spatial variation of salinity in mangrove forest, determine species distribution, growth
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productivity and carbon sequestration capacity which may also influence the relationship

between tree diversity and aboveground carbon (Rahman et al. 2015; Komiyama et al. 2008)
The aims of this study were 1) to explore the stand structure and diversity in Sundarbans

Reserved Forest, and 2) to quantify the relationship between aboveground carbon stock, tree

diversity forest canopy height and salinity.
Method

Study area
This study was conducted in Sundarbans Reserved Forest (SRF) in Bangladesh which

remain unchanged or not deforested like other mangrove ecosystems (Figure 5.1). This forest
represents 5% of global mangrove coverage and is a biodiversity hot spot. This unique
mangrove ecosystem is a secure habitat of 528 species of vascular plants including 24 true
mangrove species and 70 mangrove associates (Rahman et al., 2015). The faunal diversity of
SRF is also very rich: total recorded species is 1135 including the large community of tigers
(Royal Bangle Tiger), Ganges and Irrawaddy dolphins and saltwater crocodiles which
represents about 35% of the total fauna of Bangladesh (Aziz and Paul, 2015). This forest
provides livelihood support to neighboring people and save their lives and properties from tidal
surge and cyclone. With its higher biodiversity, ecological, and socioeconomic value, 52 % of
SRF has been declared as protected areas in 2017, for providing free breeding ground of diverse
flora and fauna. From its reserved part (48%) only four types of nontimber forest products are
allowed to be extracted for providing the livelihood support to the adjacent community: 1) Fish,

2) Crabs, 3) Honey and 4) Nypa leaves.

Data source and analysis

In 2009-2010, with the financial and technical support from USAID and US Forest
Service, Bangladesh Forest Department had conducted a forest carbon Inventory in SRF
following a systematic grid sampling (M. M. Rahman et al., 2015b). A total 150 cluster plots
were laid out where tree (DBH > 10cm) was census within five 10 m radius circle (See Chapter
3). Here | used the live tree data of 133 plots for linear mixed effect model (17 plots were
excluded because some subplots were under water or subplots with water body, and plots with
dominated by Ceriops decandra (a shrub species in SRF), for examining the relationship
between tree diversity (Shannon, 1948), richness (Margalef, 1958), evenness (Pielou, 1969),
canopy height (Co-dominant tree height) and aboveground biomass carbon (AGC) (Rahman

et al., 2015). Previous study in SRF, showed that basal areas was highly correlated with carbon
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storage. Biomass also has a strong correlation with carbon storage, so | did not use them as a
weight factor in diversity calculation. Rather | used species abundance as weight factor
(Cavanaugh et al., 2014; Rahman et al., 2015). | used co-dominant tree height as a structural
predictor of forest biomass carbon as in mangrove ecosystem. Where species show a clear
zonation, the canopy height tree (co-dominant) plays an important role in ecosystem process
(Ellison et al., 2005; Rahman et al., 2015). Because they act as a foundation species and their
architectural, functional and physiological characteristics control forest structure and
ecological function e.g., alter microclimates, biomass flow and chemical process (Ellison et
al., 2005).

Tree diversity parameters were computed using Vegan Package in R program (R Core
Team, 2018). For estimating AGC | used Hossain et. al.’s (2015) allometric equation for
Excocaria agallocha and for other species, Chave at al.’s (2005) common allometric equation
for mangrove as species specific allometric equation was not available. The wood density data
were collected from Bangladesh Forest Research Institute and the Global Wood Density
Database (Yakub et al., 1972; Zanne et al., 2009). AGC biomass were converted to carbon
mass by multiplying 0.5 as it is assumed that biomass contains 50% carbon of its dry weight
(Penman et al., 2003).

In this study, two types of models were employed for observing the effect of tree
diversity, evenness and canopy height on AGC : multiple linear model because of its simplicity,
and linear mixed effect model as it incorporates multilevel hierarchies in data such as cluster
or spatially correlated data (Nakagawa and Schielzeth, 2013). Here, | considered salinity zone
as a random effect because plots within a given zone may have different carbon stocks due to
salinity gradient, while tree diversity and canopy height were treated as fixed variable. The
variation explained by fixed and random effects was assessed by Marginal and Conditional R?,
respectively using ‘MuMin’ package of Program R (Nakagawa and Schielzeth, 2013). The
normality of AGC was checked by performing one sample Kolmogorov—-Smirnov test (K-S
test) before performing the model calculation. Outlier was checked by cook’s distance where
in general use those observations that have a cook’s distance greater than 4 times the mean may
be classified as influential (Fig. 5.3). Four outliers were identified and removed from modeling
as these plots had some large sized trees which results more carbon stock. By using bivariate
correlation between the predictors, the multicollinearity was tested while homoscedasticity was
tested by plotting standardized residuals against fitted value in-R program and model
diagnostics were shown in Fig. 5.4-8. The fitted models performance were assessed by

following commonly used fit statistics such as Akaike information criterion (AIC) (Nakagawa
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and Schielzeth, 2013). The accuracy of the coefficients of multiple linear regression model was
assessed using bootstrap analysis method with 1000 times random resampling in Statistical
Package for the Social Science (SPSS).

Results

A total of 17758 individuals of live trees (DBH> 10 cm) were found in the study plots
at SRF which belong to 17 species (excluding 9 unidentified species) and 14 families. In the
SRF, the top three dominant species were Heritiera fomes Excoecaria agallocha and
Xylocarpus mekongensis where their relative abundance were 53.15, 40.78 and 2.44 %,
respectively (Table 5.1). The number of species in freshwater, moderate and strong saline zone
were 16, 14 and 11, respectively (Table 5.1). According to relative abundance H. fomes was
most dominant species in the freshwater and moderate saline zone, while in the strong saline
zone the it was E. agallocha (Table 5.1).

Stand level AGC varied highly across the whole SRF (2.59 to 263.09 Mg ha') with a
mean value of 64.43 (Table 5.2). The mean stand level species diversity was 0.97 across the
whole SRF (Table 5.2) which was varied from 0 to 2.47. The canopy height was varied between
4.90 m to 17.25 m with a mean of 9.49 m with (Table 5.2). In case of salinity zones, the
freshwater zone had highest AGC and canopy height while at strong saline zone AGC and
canopy height were found least (Table 5.2). The Margalef richness of freshwater zone was
significantly different from moderate and strong saline zones (p < 0.05; Table 5.2) but it was
not significantly diffident between moderate and strong saline zones (p > 0.05; Table 5.2).
Shannon diversity of freshwater zone were significantly different from strong saline zone (p <
0.05; Table 5.2). There were no signification differences found in case of Pielou evenness and
Shannon diversity between freshwater and moderate saline zone (p > 0.05). However, the
strong saline zone had significantly lower Pielou evenness and Shannon diversity compared to
the other two saline zones (p < 0.05; Table 5.2).

In multiple linear model both Shannon diversity and canopy height had positive effect
on AGC (B = 11.90 and 11.46, respectively for Shannon diversity and canopy height; Table
5.2). In this model the combined effects of Shannon diversity and canopy height can
significantly explain 66% variation in AGC (P <0.5; Table 5.2). However, | did not find any
significant effect of Magalef species richness and Pielou evenness when both diversity
parameters coupled separately with canopy height for finding their effect on AGC in multiple
linear models (P> 0.5). At the three different levels of Shannon diversity (0, 1 and 2), AGC
increased with canopy height (Fig. 5.2).
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A total of three multivariate linear mixed effect models were tested where canopy
height was combined separately with Shannon diversity, Margalef richness and Pielou
evenness and treated as fixed factors. Salinity zones was used as random factor in all the three
models. In these three models canopy height showed significantly positive relationship AGC
(p < 0.05), while none of these three biodiversity parameters showed significant relation with
AGC (p > 0.05; Table 5.3). In both models, the conditional R? values (explain the combined
effect of both fixed and random variables) were same but they were higher than Marginal R?

values (explain the effect of fixed variables; Table 5.3).

Discussion
Comparison of stand structure with other studies needs a unified sampling method as

diversity and species richness are sensitive to plot size and sampling design which was the
limitation to compare finding of the present study to other mangroves. The result of this study
reveals that overstory tree diversity is lower in SRF compared to Islam et al. (2016). The reason
of this lower diversity in my study may be the difference of sampling design and plot size.
Most of the plots were laid out following systematic grid sampling with nested circular in study,
and fell in the inland side. However, Islam et al. (2016), laid out 200 m long transect with two
plots from rivers or canals bank and this zone is more diverse than the inland side. Furthermore,
low diversity can be explained by relative abundance of the species as | found, two species
(Heritiera fomes and Excoecaria agallocha) covers 94% of the total individuals recoded in this
study (17758 individual; Table 5.1). The canopy height in SRF showed an increasing trend
from strong saline zone to freshwater zone which may have occurred due to the salinity
difference. In the mangrove ecosystem, stand becomes more dwarf in association with high
saline areas than low saline areas (Ball et al. 2002; Rahman et al. 2015)

The positive relationship between diversity, and AGC carbon in multiple linear model
in this study, reveals that in the mangrove ecosystems with higher biodiversity promote
aboveground biomass carbon (Fig. 5.2; Table 5.3). The finding of my study similar to different
terrestrial forests that can be categorized as local (Kessler et al., 2012; Martinez-Sanchez and
Cabrales, 2012; Mattsson et al., 2015; Mensah et al., 2016; Ruiz-Jaen and Potvin, 2011; Ruiz-
Jaen and Potvin, 2010), regional (Zhang et al., 2017) and global (Cavanaugh et al., 2014) where
these studies found positive relationship between species richness and diversity and
aboveground biomass carbon. This is the implication of optimum utilization of resources by

diverse species at stand level which is fundamental in the niche complementary theory in
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community ecology (Cavanaugh et al., 2014; Mensah et al., 2016; Ruiz-Jaen and Potvin, 2011;
Tilman et al., 2014).

On the other hand, canopy height was also positively related with aboveground biomass
carbon stock. This result in my study was analogues to previous studies in tropical forests
(Cavanaugh et al., 2014; Mensah et al., 2016; Ruiz-Jaen and Potvin, 2011; Tilman et al., 2014).
The canopy layer in the mangrove, is usually formed by large sized trees with dominant or
fundamental species. Thus, it can be inferred that ecosystem function in the mangrove forests
is also supported by species dominance or selection hypothesis (Cavanaugh et al., 2014;
Mensah et al., 2016; Ruiz-Jaen and Potvin, 2011; Tilman et al.,, 2014). In mangrove
ecosystems, therefore, ecosystem functioning, niche complementarity and selection effect are
mutually inclusive which means ecosystem function (carbon storage) is the result of their
product. These findings therefore, suggest that mangrove tree diversity can positively affect
carbon pool size and consequently contribute to mitigation of global climate change which
should be treated as a key part in payment for ecosystem services policy making like tropical
forests (Poorter et al., 2015).

Forest canopy height is an important parameter for predicting aboveground biomass
which can be used in estimating carbon pools stored in the vegetation (Balzter et al., 2007).
This forest canopy height can be measured by using remote sensing technology with higher
accuracy (Aslan et al., 2016; Balzter et al., 2007; Fatoyinbo et al., 2018; Lagomasino et al.,
2016; Lee and Fatoyinbo, 2015). The positive relationships between canopy height and AGC
in the mangrove ecosystem, also indicate that AGC can be monitored by means of remote
sensing techniques either by LIDAR or SAR imaging where one can map AGC by coupling
RS based canopy height with in situ data calculated from height based allometry (Aslan et al.,
2016; Fatoyinbo et al., 2018; Feliciano et al., 2017; Lagomasino et al., 2015). Thus, accurate
Monitoring, Reporting and Verification (MRV) of spatiotemporal variation of mangrove AGC
can be possible by making a synergy between remote sensing and field inventory data, with
efficient cost and less labor input which are essential for mangrove-based REDD+ as field-
based measurement of mangrove carbon stock is challenging and more time consuming.

The conditional R? (explained the combined effect of canopy height, diversity and
salinity zone on aboveground carbon) in linear mixed models in this study was greater than
marginal R? ( explained the fixed effect of canopy height and diversity on aboveground carbon)
(Nakagawa and Schielzeth, 2013). These findings suggest that modeling the relationship
between carbon storage and canopy height in mangrove forests should consider salinity which

is an environmental factor in case of mangrove forest and controls species distribution and
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richness, tree growth, forest productivity and thereby affects the carbon sequestration capacity
(Adame et al., 2013; Rahman et al., 2015). Thus, for maintaining tree growth, size and
ecosystem function (carbon storage) in SRF, freshwater flow should be ensured during the dry
season. Because due to upstream water removal, freshwater flow significantly decreased in
SRF during this season which increases salinity in SRF. The diversity parameters in SRF had
no significant effect on the AGC (p > 0.05; Table 5.4) because among the three salinity zones
at least two had similar diversity parameters (p > 0.05; Table 5.1). However, further study on
direct soil salinity measurement may unveil what the effect of soil salinity on AGC and

diversity relationship in SRF.

Mangrove tree diversity and mitigation of global warming

Mangrove forest is a store house of carbon most of which are deposited in soil (Donato
etal., 2011). In arecent global mangrove carbon study, Hamilton and Fries (2018) have showed
that 70.65 % of global mangrove carbon are stored in soil while 30% carbon are stored as
biomass (Aboveground and belowground root carbon). Thus, mangrove ecosystems can be a
source or sink of atmospheric carbon dioxide depending on land use change or alteration of
these ecosystems to other land use (Hamilton and Friess, 2018). Protection of mangrove
diversity, is therefore necessary for permeance of this carbon reserve and keeping continuous
carbon flow to sediment from living parts of the mangrove vegetation. Because globally,
mangrove is the most threating ecosystem from anthropogenic distraction point of view.
Payment for Ecosystem Services based mitigation approaches can be effective to conserve this
unique ecosystem such REDD+.

Over the last decades REDD+ was the most debated climate change mitigation program
which aimed at a win—win solution for climate change mitigation, rural development and
biodiversity conservation (Phelps et al., 2012). Several mangrove countries already selected
mangrove ecosystem as a key REDD+ site such as Indonesia, Madagascar, Costa Rica, Ecuador
(Herr et al., 2017). SRF in Bangladesh, also a proposed REDD+ site. However, for gaining
financial rewards from REDD+, parties need to satisfy certain standard (Herr et al., 2017). The
widely accepted standard is Climate Community and Biodiversity (CCB), which main principle
for REDD+ based project is to avoid biodiversity harm and generate positive environmental
impacts (Herr et al., 2017). As in my study, | also found that carbon storage increases with
increased species diversity (Table 5.3 and fig. 5.2) in mangrove, by conserving mangrove
REDD+ objective. Therefore, a participatory REDD+ program either in natural mangrove or
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in restored mangrove forests with mixed species would be created a triple win situations where
conservation of mangrove biodiversity would be ensured through climate change mitigation
and livelihoods support for adjacent forest -dependent community from the non-timber forest
products including fishery and carbon credit (Turnhout et al., 2017). This triple win REDD+
concept would help tropical mangrove countries achieve their targets of two other UN driven
programs:1) Aichi Biodiversity Targets 11 of CBD, part of which directly related to
conservation of mangrove ecosystems aimed at conserving at least 10 per cent of coastal and
marine areas, especially areas of particular importance for biodiversity and ecosystem services
by 2020 (CBD, 2010), and 2) two Sustainable Development Goals : i) climate change
mitigation (Goal 13) which aimed at taking urgent action to combat climate change and its
impacts, and ii) biodiversity conservation for better environment (Goal 15) a part of which
aimed at adopting sustainable forest management and halting deforestation and biodiversity
loss by 2020 (SDG, 2015).
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Figures and Tables

Table 5.1 Relative abundance of species in the three salinity zones and whole SRF

Salinity zones

Number tree

Relative abundance

Freshwater

Heritiera fomes
Excoecaria agallocha
Xylocarpus mekongensis
Bruguiera sexangula
Avicennia officinalis
Amoora cucullata
Sonneratia apetala
Intsia bijuga

S. caseolaris

Unknown

X. granatum

E. indica

Cynometra ramiflora
Aegiceras corniculatum
Pongamia pinnata
Hibiscus tiliaceous

Moderate saline zone
Heritiera fomes
Excoecaria agallocha
Xylocarpus mekongensis
Xylocarpus granatum
Avicennia officinalis
Amoora cucullata
Sonneratia apetala
Lumnitzera racemosa
Pongamia pinnata
Aegiceras corniculatum
Rhizophora mucronata
Cynometra ramiflora
E. indica

Unknown

Strong saline zone
Excoecaria agallocha
Heritiera fomes
Xylocarpus mekongensis
Avicennia officinalis
Xylocarpus granatum
Bruguiera sexangula
Sonneratia apetala
Rhizophora mucronata
Aegiceras corniculatum
Cynometra ramiflora
Amoora cucullata

SRF

Heritiera fomes
Excoecaria agallocha
Xylocarpus mekongensis
Bruguiera sexangula
Avicennia officinalis

X. granatum

Amoora cucullata
Sonneratia apetala
Intsia bijuga

S. caseolaris
Cynometra ramiflora
Aegiceras corniculatum
Unknown

E. indica

Pongamia pinnata
Rhizophora mucronata
Lumnitzera racemosa
Hibiscus tiliaceous

Total

Total

Total

Total

5003
2137
266

63.69

27.21
3.39
3.11
0.90
0.69
0.22
0.15
0.15
0.10
0.10
0.09
0.08
0.05
0.05
0.03

100.00

62.36
34.85
1.24
0.57
0.29
0.28
0.19
0.06
0.05
0.03
0.03
0.02
0.02
0.02
100

82.69
11.98
2.55
1.07
0.87
0.26
0.20
0.14
0.09
0.09
0.06
100

53.15
40.78
2.44
1.42
0.72
0.42
0.42
0.20
0.07
0.07
0.06
0.05
0.05
0.05
0.04
0.04
0.02
0.01
100.00




Table 5.2 Descriptive statistics of Margalef species richness (D), Pielou species evenness (J'), Shannon species diversity (H'), canopy height and

aboveground carbon (AGC). 95% confidence intervals derived from 10,00 bootstrap resamples of the data (sampling with replacement) are shown in

parentheses.

Stand structure

Salinity zones

Freshwater (n=48)

Moderate saline (n=47)

Strong saline (n=34)

SRF

Margalef richness (D)
Pielou evenness (J"
Shannon diversity (H")
Canopy height (m)

Aboveground Carbon (Mg ha?)

0.65 (0.55-0.75) 2

0.62 (0.55-0.67)2

1.17 (1.03-1.30) @
11.99 (11.24-12.73)

98.48 (88.67-108.39) 2

0.50 (0.42-0.58)®
0.63 (0.58-0.67)2
1.01 (0.93-1.10) @
8.68 (8.18-9.24)b

59.75 (50.81-68.55)

0.40 (0.31-0.51)"
0.44 (0.33-0.55)"
0.66 (0.48-0.86)"
7.23 (6.80-7.71)°

22.83(19.30-26.44)°¢

0.53 (0.47-0.58)
0.57 (0.53-0.61)
0.98 (0.89-1.06)
9.53 (9.03-10.00)

64.43 (57.46-71.73)
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Table 5.3: Result of multiple linear model in assessing the effect of canopy height Shannon diversity (H’) on Above Ground Carbon (AGC).

Model

Estimated coefficients

Bootstrap (1000 times resampling)

2 i 2
95% Confidence Interval P value R Adjusted R AlC
Intercept -56.426 +17.4 0.001
H' 11.90 +10.21 0.023 0.66 0.65 1242.90
Canopy height 11.46 +1.88 0.001

Table 5.4 Combined linear mixed effect of Margalef richness (D), Pielou evenness, Shannon species diversity (H’) and canopy height on
aboveground carbon (AGC).

Fixed effect

p value

Random effect

i 2 i 2
Parameters Estimated coefficients SE Salinity zone RMSE Marginal R Conditional R AIC
D & Canopy Height
Intercept -27.61 14.53 0.05 15.62 24.29 0.47 0.64 1179.43
D 3.23 4.67 0.4906
Canopy Height 9.14 0.99 0.0000
J’ & Canopy Height
Intercept -27.43 14.69 0.06 15.93 24.36 0.46 0.64 1178.147
J 6.02 9.01 0.5052
Canopy Height 9.08 0.98 0.0000
H’ & Canopy Height
Intercept -27.61 14.53 0.05 17.02 24.60 0.44 0.64 1179.16
H' 3.23 4.67 0.4906
Canopy Height 9.14 0.99 0.0000
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Figure 5.1 Distribution of sampling plots in Sundarbans Reserved Forest.
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Figure 5.2 Interaction of Shannon diversity in aboveground carbon and canopy height. The

three lines were generated at three fixed diversity level using fitted multiple linear regression
(Table 5.3).
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Figure 5.3 Detection of influential observations based on cook distance: the four numbered
observations (red) above the redline were the outliers.
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Figure 5.4 Diagnostic plots for multiple linear regression (Table 5.3)

87




Normal Q-Q Plot
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Figure 5.5 Q-Q plot of residuals indicating normality of response variable (aboveground
carbon) of Shannon diversity and canopy height based linear mixed effect model (Table 5.4).
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Figure 5.6 Fitted values versus standardized residuals of Shannnon diversity and canopy

height-based model (test of homogeneity; Table 5.4).
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Figure 5.7 Q-Q plot of residuals indicating normality of response variable (aboveground
carbon) of Pielou enveness and canopy height based linear mixed effect model (Table 5.4).

90



2 oo
o}
<
<
o)
<
Je:r] o o =
o)
o o
o} o
(]
-]
° g
8 ¢
s o
U p
@ 0 o
N o 7
E R =
[} ' Py
o @&
C o
@ o
)
& o} )
: &
3 3, < -
14 A -
&£
[e)
2 B
o}
T T T T
0 50 100 150

Fitted values

Figure 5.8 Fitted values versus standardized residuals of Pielou evenness and canopy height-
based model (test of homogeneity; Table 5.4).
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Chapter 6 General discussion

For halting global warming and biodiversity loss, the importance of protected area has
been agreed by the scientific community and the policy makers. To evaluate protected area-
based forest management approach, monitoring of biodiversity, forest stand structure and
ecosystem function need to be explored. The SRF mangrove forest is a reserved forest where
more than 50% of its total coverage is protected and from the reserved part of the forest only
NTFPs are allowed to be harvested as timber harvest is forbidden from 1989. Thus, this thesis
focused on estimation of horizontal variation in carbon stocks in SRF as it is a heterogeneous
ecosystem where species zonation is prominent (Chapter 3), on evaluation of vegetation and
forest canopy mapping with high resolution optical (WorldView2) and active imagery
(TanDEM-X) because both of these forest parameters are important in assessment of
ecosystem services such as biodiversity and carbon (Chapter 4), and on understanding of the
relationship among tree diversity, forest structure and carbon storage, the key ecosystem
processes which are important in the ecosystem based climate change mitigation and adaptation
standpoint (Chapter 5).

In Chapter 3, | found that ecosystem carbon stock across the SRF was heterogeneous
depending on vegetation type and ecological zonation based on salinity. Among the 10-
vegetation types, the H. fomes dominant vegetation type had higher carbon stock while E.
agallocha-C. decandera dominant forest had the least carbon stock. This variation was due
to aboveground structure as | found carbon stock was strongly correlated with size of the trees
(height) and basal area (Figs. 3.7 and 3.8). So, vegetation types with higher canopy height,
larger tree diameter and thus more basal area, contain more ecosystem carbon. In each natural
forest there are some key or indicator species which regulates the ecosystem process and
thereby affects the carbon storage capacity. In SRF H. fomes is the main indicator species
which is the tallest tree species (Fig. 4.4) and have large diameter (except A. officinalis and S.
apetala). Thus, carbon stock becomes lower depending on vegetation type with fewer or no H.
fomes. In terms of salinity, the fresh water zone showed the highest ecosystem carbon stock
followed by moderate and strong salinity zones. Salinity was found to enhance belowground
carbon stock as revealed by the lowest proportion of belowground carbon stock (57.2 %) with
respect to ecosystem carbon in fresh water zone and by the highest (71.9 %) in strong salinity
zone. The results also reveal that no matter whether the mangroves are tall or dwarf,
significant amount of carbon is stored into the sediment.

As carbon stocks varied depending on species composition or functional type that is

common in mangrove ecosystem, the so-called zonation, a high-resolution vegetation map
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would contribute to accurate estimation of carbon stock in the spatial stand point. Thus, for
developing high-resolution vegetation map, | used WorldView2 (WV2) and TanDEM-X
(TDX) imagery as a pioneer study in SRF in Chapter 4. | focus on SEWS as a pilot study site
because of its proximity to the three salinity zones which is one of the major determining
factors of species composition in SRF. A total of 13 layers (All eight bands of WV2, four
Normalized Difference Vegetation Indices and TDX based canopy height) were used for
classifying land cover type following the Iterative Self-Organizing Data Analysis Technique
Algorithm. I could not find any difference in vegetation or species identification WV2 with
or without TDX data combination as in both cases similar overall accuracy, the Kappa
Coefficient (WV2-TDX: 89.89% and 0.89, and WV2: 89.33% and 0.88) and change statistics
(Table 4.2, 4.3 and 4.1) were found. Therefore, the WV2 image bands and their derivatives
(different indices-NDVI) can separate mangrove communities without inclusion of height
layer. However, in vegetation classification, height information may be effective if the whole
SRF is considered because height difference is prominent in SRF from seaward (Southern)
to landwards (Northern) and Eastern to Western depending on salinity and freshwater flow.
The combination of different layers in my study separated tree vegetation types at a species
level which cover almost 50 % of total area of SEWS (along with six other vegetation types
as mixed stand which composed of two or more species: H. fomes (45%), E. agallocha (3
%), S. apetala (1.47%)). | found H. fomes as the most dominant which contrasted with the
field-based study and had higher mean canopy height (12.30 m) than other eight mangrove
types. In remote sensing-based biodiversity monitoring, both species composition and canopy
structure are essential biodiversity variables or indicators set by CBD. Thus, the WV2 image
can be effective in mangrove biodiversity indicators monitoring. | observed a clear zonation
that initiated from canal or river bank to inland areas which is contrasted to the field-based
study. Thus, high resolution optical imagery can overcome the spatial limitation of field-
based study on spatial distribution and species composition. As I indicated, further field study
is needed to check the zonation and unveil responsible factor for these zonation by laying out
spatially distributed plots which would represented to total areas of SRF.

Quantification of the relationship between biodiversity and ecosystem function such as
carbon stock is important in both ecological and policy formulation perspective (Cavanaugh et
al., 2014; Ferreira et al., 2012; Mensah et al., 2016). Though this emerging research has been
studied much in grassland and in terrestrial ecosystems (Ferreira et al., 2012), studies in the
most carbon rich mangrove forests (Donato et al.,, 2011) address a key knowledge gap

regarding that relationship (Ferreira et al., 2012); such as in Sundarbans Reserved Forest,
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Bangladesh. Here I found that overstory diversity was less as two dominant species H. fomes
and E. agallocha represented 94 % of total individuals. Though mangrove tree diversity is poor
in SRF, | found that diversity (Shannon) and canopy height positively influence live
aboveground carbon (AGC) stocks, which indicates mangrove with higher species diversity
have higher carbon storage. Thus, my findings suggest that carbon stock in mangrove
ecosystem is regulated by both niche complementarity and selection effects. Therefore,
conservation of mangrove biodiversity would ensure climate change mitigation and adaptation
because they can sequestrate atmospheric carbon at a higher rate and transport it to sediment
which makes mangrove as store house of carbon and provide safeguard against tidal surge and
cyclone.

Overall findings of my thesis would contribute to ecology, forest management and
international conservation and climate change mitigation approach. Almost 90 % of the
mangrove countries (mostly developing countries) lead global conservation and climate change
mitigation approaches such REDD+, CBD, Kyoto Protocol, and SDG where they need to report
biannually their update on conservation status such as forest cover and carbon change with
spatial and temporal distribution of forest species as the biodiversity indicator. The accurate
and cost-effective monitoring approach would be appreciated of the above-mentioned
conservation and mitigation strategy. As | was able to separate dominant vegetation at species
level and other vegetation at two or multiple species mixed stand using WV2 based forest
vegetation classification, this method can be applied to whole SRF and other mangroves
globally. This approach will contribute directly to REDD+ in terms of monitoring of
deforestation and forest degradation as | also separated mangrove from non-mangrove and to
CBD in monitoring essential biodiversity variables. On the other hand, the TDX based forest
canopy height can be applied to height based allometry for spatial mapping biomass and carbon
stock distribution across the whole SRF and similar method can be applied to other mangroves
which ultimately help in policy making of REDD+ and CBD of Mangrove dwelling countries.

The positive correlation between mangrove biodiversity and carbon stock suggests that
mangrove biodiversity conservation has direct benefit to climate change mitigation. Thus, my
study finding suggests that a participatory REDD+ program in mangrove forests would create
a triple win situation where conservation of mangrove biodiversity would ensure climate
change mitigation and livelihoods support for adjacent forest dependent community from the
non-timber forest products including fishery, and carbon credit.

As | found that carbon stocks in SRF varied depending on ecological zonation which is

regulated by salinity and freshwater flow, the upstream freshwater from the Ganges river
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system plays an important role in carbon sequestration in the Sundarbans. The total coverage
of Ganga basin is 1,080,000 km? which spans through India (79%), Nepal (14%), Bangladesh
(4%) and China (3%) (Rahman and Rahaman, 2017). Among the four countries, Bangladesh
is the most downstream. Recently, Rahman and Rahman (2017), found that compared to pre-
Farakka Barrage period (1935-1975), in post-Farakka Barrage period (1976-2015), the
maximum, average and minimum discharges reduced around 22, 48 and 72%, respectively, in
dry season (January—May). This reduction of freshwater due to Farakka Barrage, the south-
western region of Bangladesh has been suffering from environmental harm through disruption
to fisheries, forestry, agriculture, navigation and salinity intrusion towards inland (Rahman and
Rahaman, 2017). Thus, not only the SRF but also Indian Sundarbans are degrading gradually
due to this freshwater reduction and thereby affecting carbon stock capacity of the Sundarbans;
the cause of top dying of H. fomes, most dominant tree species in Sundarbans was also reported
as salinity change (Iftekhar and Islam, 2004; Mitra et al., 2011; MOEF, 2010; Rahman and
Rahaman, 2017). Therefore, a regional treaty among India, Bangladesh, Nepal and China is
urgently needed on upstream freshwater sharing which should be in favor of sufficient
environmental flow in SRF and unified Sundarbans for better forest health and environment.
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