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Abstract

Stock assessment of the blue carbon pool of selected patches of
mangrove sediment in the Vembanad Lake was done using the
standard protocols on a per ha basis and multiplied with the
estimated area to derive the blue carbon stock of the particular
fragmented mangrove stands of the species Avicennia officinalis
(Indian Mangrove), twice (in the post and pre-monsoon) during
October 2017-March 2018. The treatments included ‘aged’,
‘recent’, 'healthy’ and ‘degraded’ mangroves of the selected
species and ‘control’ without mangroves. The overall mean
carbon stock in the A. officinalis sediments in selected locations
of the Vembanad Lake area was 136.09 Mg C/ha (Mg=mega
gram=1 tonne). This value is far low compared to the mean
global soil organic carbon stock in the mangrove ecosystem
(386 Mg C/ha). This finding suggests ample opportunity for
more carbon sequestration in the selected mangrove ecosystems
in Vembanad Lake, toward climate change mitigation measures.
The treatments differed significantly in the cumulative stock of
blue carbon and layer-wise blue carbon density in sediment
(p<0.05), the highest seen in ‘healthy’ mangroves in both
seasons. The overall range of layer-wise blue carbon density in
sediment was found to be 0.003 to 0.56 Mg/m?. Spatial maps
prepared for layer-wise blue carbon density in the sediment
revealed its depth-wise increase. Layer wise blue carbon stock in
sediment had a significant correlation with total organic carbon
and organic matter (p<0.01) and with the C/N ratio of the
sediment (p < 0.05). Based on the results, this study suggests
total organic carbon and the C/N ratio of sediment as possible
predictive indicators of sediment blue carbon.

Keywords: Mangrove sediment, blue carbon, dry bulk density, climate
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Introduction

The carbon stored by coastal and oceanic ecosystems is known
by the term blue carbon. The coastal blue carbon includes the
stored carbon in mangroves, salt tidal marshes and seagrass
meadows within the soil as well as in the living biomass
above ground and below ground (Mcleod et al., 2011). Coastal
ecosystems, of which a major part is mangroves, play a key
role in the national wealth of maritime countries, providing
ecosystem goods and services to the coastal community. The
coastal ecosystems sequester more carbon in sediment than
terrestrial ecosystems and the carbon remains trapped for a
very long time adding up the carbon stocks to huge amounts
if allowed to remain undisturbed. This blue carbon can be
freed into the atmosphere as CO, when these ecosystems
are converted or degraded (Pendleton et al., 2012). Hence
these ecosystems need to be conserved to give a boost to
the climate change mitigation efforts.

Mangroves capture and stock up large amounts of carbon
from the atmosphere and the sea (Yee, 2010). The mangroves
fix carbon, depending upon the light intensity, species
composition, nutrient and water availability, salinity, tides,
waves, temperature and climate. The mangroves help in storing
carbon to reduce the impact of climate change (Alongi, 2014).
In India, Patil et al. (2012) reviewed the carbon sequestration
potential of mangroves. Mangroves act as a significant sink for
€0, and so have a considerable role in sequestering carbon
and reducing greenhouse gases.

The carbon sequestration potential of various ecosystems
is of concern as the atmospheric CO, concentration goes on
increasing steadily. But in India, studies on carbon sequestration
potential were mainly on agriculture and forest ecosystems,
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barring a few from seaweed (Kaladharan et al,, 2009), seagrass
(Kaladharan et al., 2020, 2021) and mangrove ecosystems
(Kathiresan et al., 2021).

The total area of mangroves in India is 4921 km? (FSI, 2017).
The area of mangroves in Kerala comes to 2502 ha and
the district of Ernakulam is the second in Kerala to have
patches of mangroves (Vidyasagaran and Madhusoodanan,
2014). Mangrove patches in the Vembanad Lake, which is
one of the most dynamic, life-supporting coastal wetlands
of Kerala, facilitate the production of detritus, organic
matter, recycling nutrients and improvement of coastal
production (Mogalekar et al., 2015). The present study
scrutinized sediment blue carbon stocks of Vembanad Lake,
for mangrove patches of Avicennia officinalis in selected
locations in Ernakulam District.

A. officinalis is one of the common species which could
establish in different mangrove formations in the state of
Kerala (Vidyasagaran and Madhusoodanan, 2014). The
dominance of Avicennia spp. is high (70%) and is found in the
proximal zones of Vembanad Lake (Mogalekar et al., 2015).
Among the different mangroves, A. officinalis represents
41% of the total Important Value Index (the totality of the
relative frequency, relative density and relative dominance)
in Kerala (George et al., 2018).

As per IPCC (2007), by the year 2050, global CO, emissions
must come down by 85% from the levels seen in 2000 to
restrict the global mean temperature increase to 2°C through
mitigation measures, /e., reducing the anthropogenic CO,
sources while supporting CO, intake and storage through the
conservation of natural ecosystems with high C sequestration
rates and capacity. Mangroves store more carbon in the
sediment in comparison to the above-ground parts which
remain stored in several meters of depth for centuries or
more if undisturbed (CCC, 2017). According to Avelar et al.
(2017), the study of carbon stock in soil /sediment is for a
better understanding of the quantity and vulnerability of
carbon stocks in these systems and the results can reveal
potential implications for the management of human activities
in coastal environments.

Scientific evaluation of the carbon sequestration capacity
of mangrove ecosystems and their potential role in climate
mitigation in comparison to terrestrial systems has been
done on the west coast of India in selected estuaries (Vinod
et al., 2018, 2020; Varghese et al., 2021), but not in the
Vembanad Lake.

Hence the present investigation was taken up to estimate
and map the blue carbon stocks in the sediments of Indian

Sediment blue carbon stock of Avicennia officinalis

mangroves in selected locations of Vembanad Lake Ecosystem,
Ernakulam, Kerala. The study also evaluated the impact of
age and health of Indian mangroves, on blue carbon stocks
in sediment.

Material and methods
Location

Samples were collected from selected locations of
Vallarpadam, Kundanoor, Kumbalam, Mangalavanam,
Thevara, Malipuram and Puthuvype areas of Vembanad
Lake. Altogether 25 stations were fixed for the study
as depicted in the location maps (Fig. 1),making use of
Google Earth imageries and delineating the micro-level
boundaries. The sampling was done in two seasons viz.
post-monsoon (October — November 2017) and pre-monsoon
(February- March 2018). The observed stand of A. officinalis
(Indian mangrove) was classified into four treatments
viz. aged, recent, healthy and degraded. Control stations
were taken from the same areas selected for the study but
without mangrove stands. The sites having A. officinalis
with age >15 years were considered as aged (T2) and <5
years as recent (T3), the age being found out through local
enquiry. The treatments ‘healthy’ (T4) and ‘degraded’ (T5)
were classified based on their canopy cover, initially while
fixing sampling locations through the visual interpretation
of Google Earth imageries and further verifying through in
situ visual observation. The A. officinalis stands, having
dense canopy cover, were considered healthy whereas the
A. officinalis stands having sparse canopy cover, as a result
of anthropogenic activities were considered degraded. The
general stand of A. officinalis in the study is taken into
account as different treatments as shown in Fig. 2.

Fig. 1. Locations of mangrove sediment sampling; (a) Post monsoon,
(b) Pre monsoon
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Fig. 2. Typical sampled areas with A. officinalis cover; (a) Aged, (b)
Healthy, (c) Degraded, (d) Recent

Sediment sample collection

The sediment samples were collected using custom-made soil
core samplers of 1.0 m in height and 5.0 cm in diameter, closed
with a pressing lid for both open ends. The core pipes were
inserted into the sediment to a depth of 1m after removing
the lids. After driving the core pipe into the sediment, the
upper end is closed with the lid, then the core is pulled out
carefully and the lower end of the core is also closed with the
lid. In each station, two cores were taken, one exclusively for
analyzing sediment bulk density and the other for analysis of
all other sediment characteristics.

Sediment sample processing
In the laboratory, the cores were cut into 10 cm long sections,

up to a depth of 50 cm, and 25 cm long sections after 50 cm
(0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm, 40-50 cm, 50-75 cm

Table 1. Sediment analytical methods

and 75-100 cm) as per availability of intact sediment in
the cores and were transferred into labelled trays for air
drying. For the determination of pH and Eh, the wet samples
were used. The samples kept for air drying were used
for measuring salinity, total organic carbon, total organic
matter, total nitrogen, total carbon, C/N ratio and sediment
texture. For the analysis of bulk density, the samples were
cut into 10 cm long sections, up to a depth of 50 cm, and
25 cm long sections after 50 cm (0-10 ¢cm, 10-20 cm, 20-30
cm, 30-40 cm, 40-50 cm, 50-75 cm and 75-100 cm) as per
availability of intact sediment in the cores and transferred
into labelled previously weighed glass containers. Then the
samples were kept for oven drying at 60°C, till attaining
constant dry weight. The samples having core compression
and also core sections having water in place of sediment
were not taken for laboratory analysis. Wherever intact
sediment samples were available in the core, blue carbon
stocks up to the maximum available depth were measured.
Core samples up to 30 cm depth with 10 cm intervals were
uniformly available in all the cores and were subjected to
all laboratory analytical procedures and these results were
used for data analysis and interpretation. The sediment blue
carbon is expressed in Mg (megagram je 1 tonne).

Sediment analysis

For the estimation of sediment blue carbon and other sediment
parameters, standard protocols were adopted for sediment
collection, processing and laboratory analyses. Laboratory
analyses were carried out with precision and quality check
following the standard methods (Table 1).

Statistical analysis
Data obtained based on laboratory estimations were statistically

analyzed using R 3.5.1. ANOVA was carried out to find out
significant differences among the treatments and the depths.

Sediment parameters Method Reference
pH pH meter Boyd and Tucker (1992)
Oxidation Reduction Potential ORP tester Hesse (1971)

Total organic carbon Walkley and Black's titration method

Jackson (1958)

Total organic matter 1.724 X % organic carbon

Jackson (1958)

Salinity Mohr and Knudsen titration method

Jackson (1958)

Sediment texture International pipette method

FAO (1976)

Dry bulk density

Mass of dry soil (g) / Original volume of sampled sediment (cm?)

Howard et al. (2014).

Total carbon and Total Nitrogen CHNS analyzer

Howard et al. (2014,

C/N ratio %TOC / % total nitrogen

Howard et al. (2014,

Sediment blue carbon stock in each core Total core carbon (Mg C/ha) = Summed core carbon (g/cm?) *(1 Mg/1,000,000 g) * (100,000,000 cm?/1 ha) Howard et al.

)
)
)
)

2014
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Wherever ANOVA results showed significant differences, post
hoc analysis was carried out to know which treatments were
significantly different from others. Correlation analysis was done
to find out the inter-relationship of the parameters used for the
study. Linear regression models developed based on the depth-
wise change of the blue carbon content were used to extrapolate
the blue carbon stock estimates up to 1 m depth wherever the
sampling up to 1 m depth was hindered due to core compression.

Mapping

The high-resolution imageries available in the public domain
were used to identify the location and to derive the extent of
selected mangrove patches in the study area. These operations
were done in a GIS environment. Sediment profiles of blue carbon
stock up to 1 m depth were used to develop the 3D map of
blue carbon stock. Preparation of 2D and 3D maps of sediment
blue carbon density was done using Arc GIS 10.0 and Voxler 4.

Results

Primary factors considered for
assessment

Sediment blue carbon stock: Cumulative stock of blue carbon
in the sediment of A. officinalis in all sampling locations (Fig.
3) ranged from 6.00 to 39.00 Mg/ha, 6.43 to 83.52 Mg/ha
and 17.10 to 139.96 Mg/ha at 0-10 cm, 0-20 cm and 0-30
m of depth respectively in post monsoon. In pre-monsoon,
the variation of blue carbon stock was from 2.00 to 35.00
Mg/ha, 9.88 to 55.38 Mg/ha and 17.10 to 84.58 Mg/ha at
0-10 cm, 0-20 cm and 0-30 cm of depth respectively. Layer
wise blue carbon density in sediment core sections of all
sampling locations ranged from 0.06 to 0.39 Mg/m?, 0.003
t0 0.49 Mg/m3and 0.02 to 0.56 Mg/m*at 0-10 cm, 10-20 cm
and 20-30 cm of depth respectively in post-monsoon and
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Fig. 3. Layer-wise stock of blue carbon in the sediment of A. officinalis at
selected locations of Vembanad Lake; (a) Post monsoon, (b) Pre monsoon

Sediment blue carbon stock of Avicennia officinalis

from 0.02 to 0.35 Mg/m?, 0.02 to 0.33 Mg/m*and 0.02 to
0.34 Mg/m?at 0-10 cm, 10-20 cm and 20-30 cm of depth
respectively. The values of layer-wise blue carbon density in
sediment in both seasons, at depths of 0-10 cm, 10-20 cm
and 20-30 cm are depicted in Fig. 4. In the top layer (0-10
cm), there was a significant difference among treatments.

Mapping: The maps showing layer-wise blue carbon stock
in the sediment of A. officinalis at selected locations of
Vembanad Lake at 0-10 cm, 10-20 cm and 20-30 cm in
post and pre-monsoon are given in Fig. 5 and 6. The three-
dimensional depiction of the profile of the sediment blue
carbon stock in the mangrove patches of selected locations of
Vembanad Lake is shown in Fig. 7, delineating the difference
in the blue carbon accrue in 1m sediment profile, as per
the selected treatments viz. aged mangrove stand, Recent
mangrove stand, Healthy mangrove stand and the Degraded
mangrove stand. The area of the studied patches varied from
0.01 ha to 59.86 ha with a mean area of 3.2 ha and the total
extent was 80.51 ha. The sediment blue carbon storage varied
from 21.16 Mg C/ha to 325.26 Mg C/ha with an average value
of 136.09 Mg C/ha. Depending on the extent of the mangrove
patches and the carbon storage density, the blue carbon
stock varied from 0.21 Mg Cto 18704.04 Mg C for different
patches and the total blue carbon stock in the studied area
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Fig. 4. Pooled seasonal depiction of layer-wise blue carbon in the
sediment of A. officinalis at selected locations of Vembanad Lake;
(a) 0-10 cm depth, (b) 10-20 cm depth, (c) 20-30 cm depth
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was 20598.15 Mg C. It was found that the mean blue carbon
storage density in the mangrove sediment of the study area
is to the tune of 136.09 Mg C/ha which is far below the mean
global soil organic carbon stock in the mangrove ecosystem
(386 Mg/ha). This finding suggests ample opportunity for
more carbon sequestration potential in our coastal mangrove
ecosystems through proper management thereby enabling
us to contribute more towards climate change mitigation
efforts. If we can enhance the blue carbon stock in the

Vembanad ecosystem to the world average levels, we can
at least sequester an additional amount of 10478.71 Mg C
in the study area (Fig. 8).

Measured stock of sediment blue carbon: The samples
having core compression and also core sections having
water in place of sediment were not taken for laboratory
analysis. Wherever intact sediment samples were available
in the core, blue carbon stocks up to the maximum available
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Fig. 8. Comparison of present and possible sediment carbon storage of
mangrove patches of selected locations of Vembanad Lake

depth were measured. The values of the measured stock of
blue carbon at the maximum possible depth are depicted
in Fig. 9.

Total organic carbon (TOC) in sediment: Layer-wise organic
carbon in sediment core sections (Fig. 10) of all sampling
locations ranged from 0.03 to 6.48% in post-monsoon and
the corresponding values in pre-monsoon were 0.18 to
5.81 %. The treatment means of layer-wise organic carbon
in sediments ranged from 0.64 (T5 Degraded) to 4.71 % (T4
Healthy) in post-monsoon. In pre-monsoon, the treatment
mean values varied from 1.21 (T5 Degraded) to 3.57 %
(T4 Healthy).

Dry bulk density of sediment: Layer-wise dry bulk density

in sediment core sections (Fig. 11) of all sampling locations
ranged from 0.08 to 2.33 Mg/m?in post-monsoon and the
corresponding values for pre-monsoon were 0.08 to 2.60
Mg/m3. The treatment means of layer-wise dry bulk density
of sediments ranged from 0.54 (T4 Healthy) to 1.41 Mg/m?
(T3 Recent) in post-monsoon. In pre-monsoon, the mean bulk
density in sediment ranged from 0.50 (T3 Recent) to 1.65 Mg/
m? (T4 Healthy).

Total organic matter in sediment: Layer-wise organic matter
in sediment core sections (Fig. 12) of all sampling locations
ranged from 0.89t0 11.16 %, 0.05t0 9.47% and 0.31 to 7.09%
at 0-10 cm, 10-20 cm and 20-30 cm of depth respectively in
post-monsoon and from 0.89 to 10.02 %, 1.12to 7.66 % and
0.31to0 7.09% at 0-10 cm, 10-20 cm and 20-30 cm of depths
respectively in pre-monsoon.

Ancillary factors considered

Sediment salinity, pH and oxidation reduction
potential

The treatment means of layer-wise sediment salinity (Table
2) varied from 6.26 (T3 Recent) to 17.16 ppt (T4 Healthy)
in post-monsoon and from 4.08 (T2 Aged) to 15.32 ppt
(T4 Healthy) in pre-monsoon. The variation in layer-wise mean
sediment pH values (Table 2) was from 6.65 (T1 Control) to
7.55 (T2 Aged) in post-monsoon and from 6.34 (T2 Aged)
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Fig. 10. Layer-wise organic carbon in the sediment of A. officinalis at
selected locations of Vembanad Lake; (a) Post monsoon, (b) Pre monsoon

to 7.19 (T4 Healthy) in pre-monsoon. The treatment means
of the layer-wise oxidation reduction potential of sediments
(Eh) varied (Table 2) from -317 mV (T4 Healthy) to -33 mV
(T5 Degraded) in post-monsoon. The corresponding variation
of Eh in pre-monsoon was from -259 mV (T5 Degraded) to
30 mV (T2 Aged). The highest value of sediment Eh was

Fig. 11. Layer-wise dry bulk density of sediment of A. officinalis at
selected locations of Vembanad Lake; (a) Post monsoon, (b) Pre monsoon

seen in aged A. officinalis (T2) at 20-30 cm core section in
pre-monsoon.

Sediment grain size analysis: In post-monsoon, the treatment
mean values of layer-wise clay in sediment (Table 2) ranged from
2.16 (T4 Healthy) to 18.54% (T4 Healthy. In pre-monsoon, the

Journal of the Marine Biological Association of India Vol. 64, No.2, Jul-Dec 2022



I-.I = .II.‘ .I

Treatments

@

Matter (%)

il

nic Matter (%)
6

g T T
. i

DO10TH D1020T1 D2030T1 DO10T2 D1020T2 D203072 DO10T3 D1020T3 D2030T3 DO10T4 D1020T4 D2030T4 DO1OTS DIO0TS D2030.T5
Treatments

Fig. 12. Layer-wise total organic matter in the sediment of A. officinalis
at selected locations of Vembanad Lake; (a) Post monsoon, (b) Pre
monsoon

corresponding range was from 0.34 (T5 Degraded) to 27.64 % (T2
Aged). The treatment means of layer-wise silt in sediments (Table
2) ranged from 6.94 (T1 Control) to 41.88 % (T4 Healthy) in post-
monsoon and from 6.94 (T1 Control) to 22.58 % (T4 Healthy) in
pre-monsoon. The variation of treatment means of sand content of
sediments (Table 2) in post-monsoon was from 34.75 (T4 Healthy)
to 70.44 % (T1 Control). The corresponding pre-monsoon values
ranged from 45.4 (T2 Aged) to 70.44 % (T1 Control).

Total carbon, total nitrogen and C/N ratio: The deviation
of treatment means of the total carbon content of sediment
(Table 2) was from 0.96 (T5 Degraded) to 7.95 % (T4 Healthy)
in post-monsoon and from 1.25 (T5 Degraded) to 3.89% (T4
Healthy) in pre-monsoon. Treatment means of the total nitrogen
content of sediment (Table 2) varied in post-monsoon from
0.08 (T2 Aged) to 0.35 % (T4 Healthy). In pre-monsoon, the
corresponding range was from 0.08 (T5 Degraded) to 0.21%
(T4 Healthy). The variation of treatment means of C/N ratio of

Sediment blue carbon stock of Avicennia officinalis

sediment (Table 2) in post-monsoon was from 3.92 (T5 Degraded)
to 48.68 (T4 Healthy). In pre-monsoon, the values ranged from
3.92 (T5 Degraded) to 21.25 (T5 Degraded).

Discussion

The overall mean carbon storage in the A. officinalis sediments
in selected locations of the Vembanad Lake area was found
to be 136.09 Mg C/ha. This value is very little compared to
the mean global soil organic carbon stock in the mangrove
ecosystem (386 Mg C/ha) (IPCC, 2013), which proposes
abundant opportunity to sequester more carbon by way of
conservation and restoration of these mangrove ecosystems.
Mangrove restoration and conservation are effective tools for
increasing carbon storage (Dung et al., 2016). Augmented
degradation, demands an increased need for mangrove
restoration (Upadhyay et al., 2015). Natural factors also
cause mangrove loss (Jayanthi et al., 2018). Carbon burial
by mangroves was found to be at the rate of 5 mm/year or
1.74 Mg C/ha (Alongi, 2014).

In the present investigation, ANOVA done for post-monsoon
revealed that the blue carbon stock differed significantly among
treatments (p<0.05) and also among depths (p < 0.001). The
highest stock (62.47 Mg/ha) was in T4 (Healthy) at 0-30 cm
depth. The highest stock was seen in 0-30 cm as the cumulative
carbon stock is the sum of layered stocks. Post hoc analysis
revealed that there was a highly significant difference between
T4 (Healthy) and T5 (Degraded), with higher stock being found
in T4 sediment. Weiss et al. (2016) found that the mangrove
degradation caused a decrease in soil organic carbon stocks to
80—132 Mg C/ha from the original values of 271-572 Mg C/ha
in marine mangroves. On degradation, mangrove soils emit CO,
contributing to climate change (IUCN, 2018; MAP, 2018). One
hectare of mangroves on conversion can release 330 mt CO,e
(carbon dioxide equivalent) per hectare per year (Yee, 2010).

Table 2. Treatment-wise variation in selected parameters during post and pre monsoon in A. officinalis sediment of Vembanad Lake

No. Ancillary parameters Treatment mean values
Post-monsoon Pre-monsoon
Min Treatment Max Treatment Min Treatment Max Treatment

1 Salinity, ppt 6.26 T3 17.16 T4 4.08 T2 15.32 T4
2 pH 6.65 T 7.55 T2 6.34 T2 7.19 T4
3 Eh, mV -317.00 T4 -33.00 5 -259.00 5 30.00 T2
4 Clay (%) 2.16 T4 18.54 T4 0.34 15 27.64 T2
5 Silt (%) 6.94 m 41.88 T4 6.94 m 22.58 T4
6 Sand (%) 34,75 T4 70.44 m 45.40 T2 70.44 m
7 Total carbon (%) 0.96 15 7.95 T4 1.25 75 3.89 T4
8 Total nitrogen (%) 0.08 T2 0.35 T4 0.08 75 0.21 T4
9 C/N ratio 3.92 T5 48.68 T4 3.92 T5 21.25 T5

T1: Control T2: Aged T3: Recent T4: Healthy T5: Degraded
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Retrieval of the lost carbon from degraded mangroves will
not be achieved in an equitable amount of time, even after
restoration (Arifanti et al., 2019).

There was also a significant difference between T3 (Recent) and
T5 (Degraded), with higher stock in Recent than in Degraded.
For CO, sequestration, in the mangrove ecosystem, the pertinent
carbon sinks are carbon buried in mangrove sediments as
well as the net growth of the mangrove biomass during the
growth stage (Patil et al,, 2012). As T3 is Recent (<5-year-old)
mangroves, they are in the growing stage and contribute to
sediment carbon pool. On the other hand, degraded mangroves
aid more towards carbon loss from soil.

The treatments differed significantly (p < 0.05) for layer-wise
blue carbon density, in post and pre-monsoon. The highest value
(0.25 Mg/m3) was seen in T4 (Healthy) at 0-10 cm sediment
layer post-monsoon. No significant difference was seen in
sub-surface sediment at 10-20 cm and 20-30 cm depths. The
top layer (0-10 ¢cm) being more dynamic and exposed to
additional physicochemical and biological interactions, was
found to be influenced by the seasonal changes. The organic
carbon density increased with the age of mangroves and the
change in the organic carbon stock was more pronounced in
the upper soil layers (Chen et al., 2018; Biswas et al., 2017).
With increasing soil depths, the soil carbon stock decreased
Nehren and Wicaksono (2018).

The spatial maps indicated higher amounts of layer-wise organic
carbon density in post-monsoon, compared to pre-monsoon.
In post-monsoon, there was a depth-wise increase in layer-
wise organic carbon density, though it was not statistically
significant. This stratification in layered carbon showing a
depth-wise increase was seen only in post-monsoon. This
may be due to the higher amount of rainfall received in the
northeast monsoon which would have facilitated the export of
carbon downwards. It was also observed that the cumulative
stock of carbon in sediment up to 30 cm depth was higher in
post-monsoon than in pre-monsoon. Kathiresan et al. (2013)
found that the rate of carbon sequestration was 7.3-fold
higher in post-monsoon, than that in pre-monsoon. The carbon
accumulating in the mangrove soils need not be full of the local
production by mangroves, but organic matter can be brought in,
during high tide or by runoff (Patil et al., 2012). In the present
study, the mean local (district level) rainfall (IMD, 2018) during
post-monsoon (October-November 2017) was 473.7 mm and
during pre-monsoon (February-March 2018), it was 39.5 mm,
which indicates carbon addition by run-off in post monsoon. A
significant (p <0.05) correlation between annual rainfall and
total organic carbon storage in mangrove soils was observed
(Perera and Amarasinghe, 2019; Etemadi et al., 2018; Schile
etal., 2017; Sanders et al., 2016; Osland et al., 2018).

The 3-D profile depiction of the sediment carbon data on
Vembanad Lake Mangroves derived from the present study
indicated the loss of sediment carbon from degraded mangroves.
The climate change mitigation potential of healthy mangroves,
by way of their higher carbon sequestration capability, was
also distinct. Similarly, the aged mangroves in this estuarine
region showed higher carbon sequestration ability, compared
to their recent counterparts. The conservation and restoration
of estuarine mangroves are of paramount importance in the
climate change mitigation aspect, as the estuarine mangroves
were reported to have more soil carbon stock compared to
those oceanic mangroves (Duncan et al., 2016; Nehren and
Wicaksono, 2018). It was also seen that the highest carbon
stock was at 0-50 cm depth in post-monsoon. The data
revealed that the depth-wise variation in carbon stock was
not according to any obvious trend. The factors controlling
depth-wise variation of soil carbon stock in mangroves is a
complex dynamic function affected by many environmental
agents and eventful disturbances (Alongi, 2008).

In the present research, the highest value of total organic
carbon in sediment was seen in healthy A. officinalis (T4)
at 0-10 cm post-monsoon. ANOVA for layer-wise organic
carbon in post-monsoon revealed highly significant variation
(p<0.01). According to Batley and Simpson (2016), the total
organic carbon indicates the total amount of oxidizable
organic material. Depth-wise variation in organic carbon
in sediment layers was also significant (p<0.05). The top
layer (0-10 cm) was having the highest content of organic
carbon of all the treatments. Post hoc analysis pointed out
that 0-10 cm and 20-30 cm depths differed significantly in the
organic carbon content, indicating a depth-wise decrease in
mean organic carbon; as observed by Mitra et al. (2008) and
Pachpande and Pejaver (2015). The mangrove ecosystems
exhibited a higher capacity for organic matter production
and storage in surface soil than that in terrestrial ecosystems
(Matsui et al., 2015).

During blue carbon stock estimation, the bulk density is used
for the conversion of organic carbon concentrations to mass
per soil area at a chosen depth (Avelar et al., 2017). In the
present analysis, the highest value of bulk density was found
for the sediment of recent A. officinalis (T3) at a 20-30 cm core
section post-monsoon. Depth-wise variation of bulk density
of sediment layers was highly significant (p<0.01). The bulk
density was also seen negatively correlated with total organic
carbon (-0.56*). The increased bulk density in the deeper layer
implies the increased compaction of sediment with depth. In
mangrove sediments, the bulk density depends upon the relative
proportion of sand, silt and clay as well as the specific gravity
of solid organic and inorganic particles and the porosity of the
soil (Mitra et al., 2008, 2012).
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The layer-wise total organic matter in the sediment, in post-
monsoon, varied significantly treatment-wise (p<0.01) and
depth-wise (p<0.05). The top layer (0-10 cm) was having the
highest content of organic matter in all treatments except for
the control. The highest value of total organic matter was seen
in the sediment of healthy A. officinalis (T4) at 0-10 cm. The
variation in total organic matter was similar to that of total
organic carbon in sediment, as the value of the organic matter
in sediment was derived from the organic carbon content based
on the empirical relationship between them.

In pre-monsoon, the highest value of sediment salinity was
seen in healthy A. officinalis (T4) at 20-30 cm. In the present
study, soil salinity was positively correlated (Table 2) with the
silt content of soil (0.61***) and also with pH (0.62***). Rozainah
et al. (2018) demonstrated that mangrove forests differed in
biomass and carbon storage capacity as per changes in their
location due to variable salinity, soil texture and water flow.

There was no clear-cut trend in the variation of sediment pH
in the present study. The mangrove soil seemed to be more
in the neutral to alkaline range compared to the control. This
was in concordance with the finding of Phang et al. (2015),
within the range of pH optima for A. officinalis. The pH was
found positively correlated (Table 2) with silt (0.75***) and
salinity (0.62***), indicating pH regulation by the acidic/basic
salts present in the soil and also the base saturation of the soil.

The Eh in post-monsoon showed a reducing condition in
sediment. This can be attributed to the submerged condition of
the soil post-monsoon. In all mangrove treatments, there was
an increasing trend of Eh towards subsurface layers of sediment

Sediment blue carbon stock of Avicennia officinalis

in post-monsoon as a consequence of the decrease in organic
carbon content. The subsurface layers of sediment showed an
inclination towards an oxidizing condition in pre-monsoon. The
seasonal difference can be due to the more aerated condition of
the soil in pre-monsoon, sediment having more exposure rather
than submergence, which favoured decomposition of organic
matter. A similar result was obtained by Kathiresan et al. (2014).
The correlations of Eh with organic matter (-0.56**), organic
carbon (-0.56™*) and C/N ratio (-0.60***), further substantiated
the relation between Eh and organic matter decomposition in
mangrove sediment.

The highest value of clay was seen in the sediment of healthy
A. officinalis (T4) at 0-10 cm in post-monsoon and the highest
value of silt in the sediment of healthy A. officinalis (T4) at 0-10
cm in pre-monsoon. The highest value of sand was observed
in the sediment of control (T1) at 0-10 cm in post-monsoon.
The sediment with at least 11% clay in the top layer shows
good growth of mangroves (Prema et al., 2013). Mangroves
having significantly lower soil carbon pools were observed by
Kauffman and Bhomia (2017) in coarse-textured soils.

There was no obvious trend in depth-wise variation of total
carbon and total nitrogen in sediment among treatments in both
seasons. Mangrove soils are in general rich in total carbon and
total organic carbon. Total carbon was 98.2% higher in mature
mangroves and 41.8% higher in planted mangroves than that
in non-mangrove soil (Kathiresan et al., 2014). There was a
depth-wise decreasing trend in the C/N ratio in sediment in T4
and T3 in both seasons. The carbon and nitrogen concentrations
were lower at all sediment depths in shorter mangroves,
compared to medium ones, while taller mangroves had still

Table 3. Correlation matrix showing the interrelationship of various parameters during the study period

Correlations BCstock ~ BClayer ~ OClayer ~ BDlayer ~ OMlayer ~TClayer ~ TNlayer ~ CNratioLR Ehlayer  Sandlayer Siltlayer  Claylayer Sallayer
BCstock
BClayer 0.43*
OClayer -0.13 0.51%
BDlayer 0.60 033 -0.56™
OMlayer -0.13 0.51™ 1.00"*  -0.56™
TClayer 0.2 0.34 0.60"*  -0.26 0.60*
TNlayer 0.27 -0.01 -0.03 0.08 -0.03 0.48"*
CNratiolR ~ -0.15 0.40* 0.75%*  -0.40* 0.75"*  0.28 -0.58"**
Ehlayer 0.17 -0.33 -0.56** 0.26 -0.56" -0.11 0.31 -0.60***
Sandlayer -0.25 -0.29 -0.18 -0.06 -0.18 -0.57* -0.04 -0.24 -0.14
Siltlayer 0.25 0.21 0.06 0.23 0.06 0.39* 0.03 0.23 0.00 -0.51™
Claylayer -0.27 -0.03 0.37* -0.47* 0.37* -0.03 -0.07 0.17 -0.07 0.03 -0.49*
Sallayer 0.1 0.1 0.2 0.05 0.2 0.3 -0.04 0.27 -0.41* -0.14 0.61™*  -0.26
pHlayer 0.14 0.22 0.16 0.09 0.16 0.35 -0.03 0.34 -0.24 -0.17 0.75"*  -0.53* 0.62"
**p < .001; ™ p < .01; *p < .05
10

© Marine Biological Association of India



G. S. Arathy et al.

higher soil nitrogen and carbon concentrations (Kauffman and
Bhomia, 2017). The carbon-nitrogen relationship in mangrove
sediments indicated that carbon was the main source of nitrogen
(Matsui et al., 2015). Due to the high C/N Ratio, in mangrove
soils, sometimes the N regulates the mangrove growth (Weiss
etal, 2016).

Correlation analysis (Table 3) revealed that layer-wise blue carbon
was highly significantly correlated with total organic carbon
and organic matter in the sediment layer (p<0.01) positively.
Blue carbon stock was found to be correlated (p<0.05) with
layer-wise bulk density. There was also a positive correlation
between layer-wise blue carbon and C/N ratio in the sediment
(p<0.05). Kathiresan et al. (2014) found a significant positive
correlation between mangrove sediment carbon and with C/N
ratio of sediment. The C/N ratio is regularly used as an indicator
of the organic matter sources in aquatic sediments. Sediments
of marine mangroves had a higher C/N ratio when compared
with estuarine mangroves (Weiss et al., 2016). The present study
suggests total organic carbon and C/N ratio of the sediment
as possible predictive indicators of blue carbon in mangrove
sediments with further investigation in depth.

Conclusion

There is ample opportunity to sequester more carbon in the
coastal mangrove ecosystems of Vembanad Lake through the
conservation and/or restoration of A. officinalis. The results
of this investigation can be used as baseline data for related
future studies in this region, in addition to its usefulness for the
preparation of situation-specific policy guidelines for climate
change mitigation efforts. Further, in-depth investigations need
to be done to assess the sediment carbon stock and carbon
sequestration potential of blue carbon ecosystems in Vembanad
Lake. The total organic carbon and (/N ratio are possible
predictive indicators of blue carbon stock in sediment, which
need to be reinstated with further analysis.
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