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Abstract: This work quantified the total carbon and 12 other sediment
characteristics at 10 soil depths, in planted and or natural mangrove
forests in comparison with non-vegetated soil for four seasons of the year
2009-2010 in the Vellar-Coleroon estuarine complex, India. The sedi-
ment characteristics varied significantly between mangrove-vegetated
and non-vegetated habitats or seasons of analysis, but not between soil
depths. The mangrove sediments were rich in total carbon and total or-
ganic carbon as compared to non-mangrove sediments (p <0.01). Total
carbon was 98.2% higher in mature mangroves and 41.8% in planted
mangroves than that in non-mangrove soil. Total organic carbon was as
much as 2.5 times greater in mature mangroves and 2 times greater in
planted mangroves than that in unvegetated soil. Carbon contents also
varied many fold by season. Total carbon content was 8.6 times greater
during pre-monsoon, 4.1 times greater during post-monsoon and 2.5
times greater during monsoon than during summer (p <0.01 in all cases).
Similarly, total organic carbon was 5.9 times greater during pre-monsoon,
3.1 times greater during post-monsoon and 69% greater during monsoon
than during summer. In general, higher levels of sediment carbon were
recorded during pre and post-monsoon seasons than during other seasons.
Total carbon concentration was correlated negatively to temperature,
sand and phosphorus (p <0.01); positively correlated with redox potential,
silt, clay, C/N ratio, potassium (p <0.01) and nitrogen (p <0.05); but not
correlated with soil depth, pH or salinity. This work revealed that the
carbon burial was rapid at the annual rate of 2.8% for total carbon, and
6.7% for total organic carbon in mangrove-planted sediment. Clearing of
mangroves can result in significantly and rapidly reduced carbon stores.
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Introduction

Covering about 60%—75% of tropical coasts, mangrove forests
are among the world’s most productive ecosystems (Kathiresan
and Bingham 2001). Their position at the land-sea interface and
their role in exchange of material with coastal waters suggests
that mangrove forests make important contributions to carbon
biogeochemistry in the coastal zone (Bouillon et al. 2008). Man-
groves and other coastal vegetation type account for 10% of
organic carbon burial in the global coastal domain (Duarte et al.
2005) but they are neglected from accounts of the global oceanic
carbon cycle for the main reason that these macrophytes occupy
less than 2% of the oceanic surface (Duarte and Cebrain 1996).
Mangroves store large amounts of organic carbon to several
meters in depth (Alongi 1998; Matsui 1998; Lallier-Verges et al.
1998; Fujimoto et al. 1999; Chumura et al. 2003). Organic car-
bon in sediment is a crucial indicator of the productivity of the
coastal zone (Hasrizal et al. 2009). Besides acting as a sink for
carbon, mangroves might also be a source of carbon in that they
can supply significant amounts of carbon to adjacent coastal
ecosystems and thus play a vital role in coastal fisheries (Ong
1993). Carbon burial in sediments beneath mangroves was,
however, ignored in earlier assessments of carbon burial in
oceans due to the dearth of information. Seasonal changes in
carbon storage in mangrove sediments have been little under-
stood in relation to other soil characteristics and in comparison
with mangrove-free soils (Duarte et al. 2005; Kristensen et al.
2008; Bouillon et al. 2009; Xue et al. 2009). This information is
needed for management and conservation of mangroves and their
stubstrates in the context of global warming and sea level rise,
and to respond to anthropogenic damage to mangrove habitats
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(Gilman et al. 2008). Our objective in the present study was to
compare carbon content of sediments beneath natural and/or
planted mangroves with the carbon contents of coastal soils
lacking mangrove cover, and to describe the influence of other
sediment characteristics on soil carbon content by season.

Materials and methods
Study area

Our study area was the Vellar—Coleroon estuary, along the Bay
of Bengal on the southeast coast of the state of Tamil Nadu, In-
dia (Fig. 1). There were two mangrove forest areas: one a natural
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formation at Pichavaram on the south side of the estuarine com-
plex and other a planted forest along the Vellar estuary on the
north side. Both mangrove forests were dominated by Avicennia
marina and Rhizophora mucronata. The mangrove forests of the
estuarine complex covered an area of 1300 hectares, of which
50% was forest, 40% was waterways, and the remainder was
sand-flats and mud-flats. Local tides were semi-diurnal varied in
amplitude from about 15 to 100 cm, reaching the maximum dur-
ing monsoon and post- monsoon and the minimum in summer.
Water depths in the waterways ranged from 0.3 to 3 m. The
mean annual temperature of this area was 27°C and annual pre-
cipitation was 1465 mm with 52 rainy days each year (Kathire-
san 2000).
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Fig. 1: Location of mangrove sediments at Pichavaram, Vellar estuary and non-mangrove area sampled in four seasons of summer (May 2009),

pre-monsoon (July 2009), monsoon (December 2009) and post-monsoon (January 2010)

Sediment collection and analysis

Sediments were sampled at three different sites: (1)
non-mangrove barren area (11°29'29.42"N; 79°45'58.13"E) out-
side the forest along the Vellar estuary, (2) planted mangrove
forest aged 15 years along the Vellar (11°29'21.59"N;
79°45'53.12"E), and (3) natural mangrove forest >100 years old
at Pichavaram (11°25'46.68"N; 79°47'38.24"E). Sediment sam-
ples were drawn using a 1.5 m long stainless steel corer during
low tide at 10 depths (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100
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cm), for four seasons - Summer (May 2009), pre-monsoon (July
2009), monsoon (December 2009) and post-monsoon (January
2010). Soils were sampled during low tide when the mangrove
substrate was fully exposed. Sediment parameters such as tem-
perature, hydrogen ion concentration (pH) and redox potential
(Eh), salinity (%o) of pore water were analyzed in situ. Tempera-
ture was measured using a thermometer with 0.5°C accuracy; pH
and redox potential (Eh) were measured using a millivoltmeter
with platinum electrode (pH 3151/ SET, Wissenschaftlich
Technische Werkstatten, Germany); and pore water salinity was
measured using a hand refractometer (Erma INC, Tokyo). In the
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laboratory, sediment samples were analyzed for percent compo-
sition of silt, clay and sand particles using the pipette method
(Buchanan 1984) and for total organic carbon (EI Wakeel and
Riley 1956). Sediment samples, dried in an oven at 110°C to a
constant weight were ground to fine powder for analysis of total
carbon and C/N ratio in a CHN/O analyser (Perkin Elmer-series
IT 2400), potassium (Guzman and Jimenez 1992), nitrogen and
phosphorus using Kjeldahl method (Subbiah and Asija 1956). A
suite of statistical analyses was made to quantify the significance
of differences in parameters between soil types, seasons, and/or
soil depths, and to identify correlations between the parameters.

Results

Levels of total carbon and other sediment characteristics in man-
groves and/or barren areas at different soil depths and seasons
are shown in Tables 1 and 2. Total carbon content varied signifi-
cantly between soil types and seasons (p <0.01 in both cases).

Differences were insignificant between soil depths. Interaction
effects between soil type, season and/or soil depths were also
insignificant. Total carbon content in sediment was 1.09% in
mature mangroves and 0.78% in planted mangroves, 98.2%
higher in the former and 41.8% in the latter than that in unvege-
tated soil (0.55%). Total carbon varied by season. It was highest
in pre-monsoon (1.71%) and lowest in summer (0.2%). Com-
pared to carbon content in summer, pre-monsoon levels were as
much as 8.6 times greater, post-monsoon levels 4.1 times greater,
and monsoon levels 2.5 times greater.

Total organic carbon (TOC) was 0.193% in mature mangrove
sediments and 0.155% in plantation sediments, and the values
were 2.5 times greater in the former and 2 times greater in the
latter, as compared to levels in non-mangrove soil, which had
TOC of 0.076% (Table 1). TOC also varied by season: it was
higher during pre-monsoon and post-monsoon than during sum-
mer. Compared to TOC levels in summer, pre-monsoon content
reached 5.9 times greater, post-monsoon content reached 3.1
times greater, and monsoon levels reached 69% greater.

Table 1: Levels of total carbon, total organic carbon (TOC), C/N ratio, nitrogen, phosphorus and potassium in sediments of mangroves and/or

non-mangroves at different soil depths and by season.

Soil types Carbon (%) TOC (%) C/N Ratio Nitrogen (g.m'z) Phosphorus (g.m'z) Potassium (g.m’z)

Barren (Non-Mangrove area) 0.55+0.13 0.076+0.02 3.50+0.52 10.15£0.75 6.29+0.55 88.36+5.29

Planted mangrove area 0.78+0.12 0.155+0.02 6.91+1.26 12.98+0.92 6.84+0.65 102.98+4.17

Mature mangrove area 1.09+0.14 0.193+0.02 6.08+3.25 13.24+0.31 4.97+0.18 117.09+2.45

Seasons

Premonsoon 1.71+0.17 0.189+0.01 11.35+1.45 15.89+0.81 4.36+0.14 122.58+0.65

Monsoon 0.49+0.11 0.054+0.01 0.12+0.01 13.79+0.87 4.67+0.16 86.72+6.72

Postmonsoon 0.82+0.12 0.099+0.02 8.21+1.84 12.92+0.40 12.724+0.50 95.13+7.41

Summer 0.20+0.02 0.032+0.01 2.30+0.54 3.68+0.31 4.53+0.26 78.2546.22

Soil depth (cm)
10 1.14+0.38 0.21+0.05 7.86+3.42 12.69+1.52 5.91+0.96 111.82+5.17
20 1.03+0.40 0.16+0.05 4.41+1.14 12.25+1.36 5.25+0.84 109.45+6.70
30 0.82+0.24 0.17+0.04 11.67+5.99 11.38+1.09 6.38+0.85 100.67+8.22
40 0.84+0.25 0.19+0.04 5.49+1.60 11.25+0.96 5.80+0.90 104.57+8.42
50 0.98+0.29 0.19+0.04 6.73+£13.91 12.87+1.75 5.65+0.93 97.62+10.01
60 0.67+0.22 0.15+0.04 5.13+2.21 13.35+1.87 6.12+0.92 101.47+9.27
70 0.68+0.19 0.14+0.04 7.75+4.02 12.2+0.98 6.39+0.89 95.1049.50
80 0.73+0.21 0.14+0.03 4.53+1.81 11.57+1.28 5.93+0.81 108.94+7.42
90 0.69+0.23 0.15+0.03 4.06+1.41 12.83+1.69 6.66+1.35 97.8249.99

100 0.76+0.20 0.15+0.03 10.91+5.03 12.49+1.32 6.26+1.13 100.65+8.03

Soil types ** ok NS ok * ok

SCaSOnS kck sk * ks ks kk

Soil depth (cm) NS NS NS NS NS NS

Soil types x Seasons NS * NS *k *k *

Soil types x Depth NS NS NS NS NS NS

The C/N ratio varied significantly (p<0.05) only between sea-
sons. The ratio was highest (11.4) in pre-monsoon and lowest
(0.12) in monsoon. It was as high as 94.6 fold in pre-monsoon,
68.4 fold in post-monsoon and 19.2 fold in summer, as compared
to levels during monsoon (Table 1).

Sediment nutrients (nitrogen, phosphorus and potassium) var-
ied significantly (p<0.01) between soil types and between sea-
sons, and soil type interaction with season. Nutrient levels did

not vary by soil depth and interactionwere insignificant between
soils depth and other parameters (Table 1). Sediment nitrogen
content was greatest in mature mangrove (13.2 g-m?) followed
by planted mangrove (12.0 g-m?) (Table 1). The content was
higher by 30.4% in the former and 27.9% in the latter than that in
unvegetated soil. The sediment nitrogen also varied seasonally
with maximum content in pre-monsoon (15.9 g-m>) and mini-
mum in summer (3.68 g-m?) (Table 1). Compared to levels in
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summer, N was 4.3, 3.7, and 3.5 times greater in pre-monsoon,
monsoon, and post-monsoon, respectively.

Sediment phosphorus content was 8.7% higher in planted
mangroves (6.84 g-m?) and 21% lower in mature mangroves
(4.97 gm) than that in barren soil (6.29 g-m™). Sediment phos-
phorus content varied seasonally, with the highest value in
post-monsoon (12.72 g- m™) and lowest in pre-monsoon (4.36 g
m?) (Table 1). Compared to pre-monsoon levels, P content was
2.9 times, 7.1% and 3.9% greater in post-monsoon, monsoon,

and summer, respectively. Sediment potassium was higher in
mangrove areas than in unvegetated areas. The content was
higher by 32.5% in mature mangrove sediment and 15.4% in
planted mangrove sediment than in non-mangrove soil. Season-
ally, the level of sediment potassium also varied, with the maxi-
mum in pre-monsoon (122.6 g:m?) and minimum in summer
(78.3 g:m?) (Table 1). Potassium levels were 56.7% higher in
pre-monsoon, 21.6% in post-monsoon and 10.8% in monsoon
than in summer.

Table 2: Temperature, redox potential, pH, salinity and soil composition in sediments of mangroves and non-mangroves at different soil depths and

seasons
Soil types Temperature (°C) Eh (mV) pH Salinity (%o) Silt (%) Clay (%) Sand (%)
Soil types
Non-Mangroves 29.97+0.67 -12.64+4.12 7.08+0.06 45.10+1.85 4.15+0.28 21.55+1.13 60.95+3.20
Planted mangroves 28.00+0.50 7.45+4.19 6.89+0.02 47.05+1.57 27.45+1.31 46.50+2.13 33.47+2.84
Mature mangroves 26.82+0.43 28.7343.45 6.76+0.04 37.69+2.42 19.77+1.36 53.10+£1.47 19.70+2.72
Seasons
Pre-monsoon 26.51+0.62 36.81+3.10 6.98+0.01 49.70+2.04 17.33£2.05 38.30+2.92 33.76+4.34
Monsoon 27.20+0.45 -10.24+2.18 6.95+0.01 29.13+1.58 19.53+2.30 40.06+3.34 35.00+5.95
Post-monsoon 27.21+0.59 -6.61£5.51 6.62+0.05 43.12+1.94 22.504+2.33 65.00+2.19 37.23+4.60
Summer 32.13+0.44 11.44+5.46 7.09+0.08 51.16+1.56 9.13+1.08 36.66+3.19 63.1+£2.65
Soil depth (cm)
10 28.70+1.04 12.2+5.57 6.86+0.09 43.91+4.89 17.33+£3.92 40.16+5.35 42.08+8.99
20 30.01£1.55 6.50+7.84 6.85+0.09 44.41+4.68 17.58+3.63 40.75+5.66 42.50+9.15
30 27.49+0.89 0.94+8.68 6.98+0.09 44.46+4.12 17.50+3.43 41.41+5.38 41.50+8.66
40 28.04+0.98 -0.08+7.84 6.87+0.13 42.66+3.98 17.90+3.45 40.83+5.17 41.25+8.28
50 28.05+1.18 3.84+8.64 6.85+0.08 45.37+3.49 17.16%£3.70 40.83+4.91 41.25+8.30
60 27.27+0.85 8.60+9.62 6.89+0.04 44.35+3.76 16.25+3.54 38.66+4.93 43.33+8.12
70 26.95+0.92 10.09+9.30 6.98+0.09 43.69+3.65 16.66+3.49 40.83+4.80 42.91+7.79
80 27.26+0.85 10.87+10.03 6.97+0.09 42.40+3.41 16.66+3.49 39.25+4.78 42.25+7.64
90 28.15+1.23 12.06+10.30 6.95+0.10 40.25+2.90 16.66+3.49 40.83+4.62 42.91+7.54
100 27.40+0.85 13.44+9.90 6.90+0.12 41.03+3.63 16.66+3.49 40.41+4.62 42.91+7.54
S()ll types ES ok sk * ek sk sk
Seasons sk sk sk sk 3k £ sk
Soil depth (cm) NS NS NS NS NS NS NS
S()ll types X Seasons sk ek sk sk ek 23 sk
Soil types x Depth NS NS NS NS NS NS NS

Sediment proportions of silt, clay and sand varied significantly
(»<0.01) by soil type and season, and interaction between soil
type and season was significant. Sediment composition did not
vary by soil depth and no interactions with other parameters were
significant (Table 2). Silt content was higher in planted (27.5%)
and mature (19.8%) mangrove sediments than that in barren area
(4.2%). The content was 6.6 fold higher in planted mangrove and
4.8 fold in mature mangroves than in barren area. Silt content
also varied significantly by season with the highest value in
post-monsoon (2.5%) and lowest in summer (9.13%). Silt con-
tent was higher by 2.5 fold during post-monsoon, 2.1 fold during
monsoon, and 1.9 fold during pre-monsoon than in summer.
Clay content in mature mangrove soil was as high as 2.5 times
greater and in planted mangrove 2.2 times greater than in
non-mangrove soil. Clay content also varied seasonally with the
highest value (65%) in post-monsoon and the lowest (36.7%) in
summer (Table 2). The content was higher by 77.3% in
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post-monsoon, 9.3% in monsoon, 4.5% in pre-monsoon than in
summer. Sand content was higher (61%) in non-mangrove soil
than in plantation (33.5%) and mature (19.7%) mangrove sedi-
ments. Sand content was lower by 67.7% in mature mangroves
and 45.1% in planted mangroves than in unvegetated soil. Sand
content also varied by season, with the highest value in summer
(63.1%) and lowest in pre-monsoon (33.8%) (Table 2). The con-
tent was higher by 86.6% in summer, 10.3% in post-monsoon
and 3.7% in monsoon than in pre-monsoon.

Salinity, pH, redox potential and temperature varied signifi-
cantly (p <0.01 in all cases) by soil type and season. Interaction
between soil type and season was significant. None of these four
parameters varied by soil depth and none interacted significantly
with soil depth (Table 2). Salinity was higher (47.1%o) by 4.3%
in planted sediment and lower (37.7%0) by 16.4% in mature
mangroves than in barren soil. Salinity was 76% greater in sum-
mer, 71% in pre-monsoon, 48% in post-monsoon than during
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monsoon. Sediment pH was higher in barren soil than in man-
grove sediments and it was lower by 97% in planted and 95% in
mature mangrove sediment than in non-mangrove soil. pH was
high (7.09) in summer, declining by 1.97% in post-monsoon,
1.55% in monsoon and 6.6% in pre-monsoon. Redox potential
was higher in mangrove sediment than that in barren soil, and it
was high in pre-monsoon and summer in comparison to
post-monsoon and monsoon. Temperature was lower in man-
grove sediments than in barren area. It was 1.97°C lower in
planted and 3.15°C lower in mature mangroves. Sediment tem-
peratures were highest in summer at 32.13°C, declining by
4.92°C in post-monsoon, 4.93°C in monsoon and by 5.62°C in
pre-monsoon.

Discussion

Natural and plantation mangrove sediment stored more total
carbon than did barren soil (Table 1). This confirms reports from
other mangrove sites. The mangroves store more carbon per unit
area by releasing negligible amounts of greenhouse gases. The
average soil carbon density of mangrove sediments
((0.055+0.004) g~cm’3) is reported to be 41% higher than the salt
marsh average ((0.039+0.003) g-cm™) at 154 sites from the
western and eastern Atlantic and Pacific coasts, as well as the
Indian Ocean, Mediterrancan Ocean, and Gulf of Mexico
(Chmura et al. 2003). The efficiency of carbon burial in sedi-
ments increases from 16% to 27% from the youngest to the old-
est forest in peninsular Malaysia (Alongi et al. 2004a). This low
carbon content in sediments of recently planted mangroves was
attributed to the organic matter which was rapidly and efficiently
mineralized to a depth of 1 m in Malaysian mangrove forest.
Low carbon content was also reflected in the percentage of the
ratio of total sediment carbon oxidation to forest net primary
productivity, where the ratio declines with increasing age of the
forest. Thus the amount of sediment carbon stock is related to the
age of mangrove forest (Alongi et al. 2004b). Our results showed
that carbon content in mature mangrove forest was higher than in
15-year old planted forest (Table 1).

Mangroves are detritus-based ecosystems and their sediments
can store large amounts of organic carbon (Fujimoto et al. 1999;
Matsui 1998), and some mangrove ecosystems have organic-rich
sediments several meters in depth (Lallier-Verges et al. 1998).
Total organic carbon (TOC) values were, however, low at our
study area in comparison to other reports. The range of TOC
reported is 0.6-1.5% for mangroves of Zhangjiang Estuary,
China (Xue et al. 2009) and 1.4-7.0% for western Australian
mangroves (Alongi et al. 2000), as compared to the range of
0.032% to 0.193% in the Vellar-Coleroon estuarine complex,
India (Table 1). This low value might have been due to the sensi-
tivity of the method used for the analysis. Moreover, our study
area experienced high salinity, high wind action, lacking of
freshwater, and anthropogenic pressures (Kathiresan 2000;
Alongi et al. 2005).

We recorded 2.5 times more total organic carbon (TOC) in
mature mangrove sediment and 2 times more TOC in planted

sediment than in non-mangrove soil (Table 1). The source of
carbon for the mangrove sediments depends on the supply of
organic matter derived from mangrove litterfall, bacteria, marine
algae, terrestrial plants, protozoa etc., depending on local condi-
tions (Alongi 1998; Volkman et al. 2000; Bouillon et al. 2004;
Kristensen et al. 2008). The mangroves may also be a source of
carbon in that they may supply significant amounts of carbon to
adjacent coastal ecosystems (Ong 1993; Kristensen et al. 2008).

The waters of the present study area are fertile and productive,
with high phytoplankton biomass and rates of net phytoplankton
production as high as 6.3 gm™.d"'. Mangrove ecosystems can
efficiently trap suspended organic material from the water col-
umn (Alongi et al. 1998; Kathiresan 2000). Further, our man-
grove sites were carpeted by thick mats of leaf litter indicating
little export by the small tides. Both litter and algae can eventu-
ally be transported downwards and mixed into the soil by crabs
and other fauna (Alongi et al. 2005). Based on the mean sedi-
mentation rates of 2.3—5.6 mol-m2-a™" and total carbon decom-
position rates of 43—199 mol-m>a™', we estimate carbon burial
rates at 3%—5% of total carbon input for our study area. This is
apparently little carbon burial, attributed to the vast bulk of the
organic carbon being oxidized by soil microbes (Alongi et al.
2005). Organic carbon that escapes microbial degradation is
stored in sediments (Kristensen et al. 2008). However, in many
mangrove forests, the rate of soil respiration is low possibly be-
cause of anaerobic soil conditions, making these forests highly
efficient carbon sinks in the tropics (Komiyama et al. 2008).

Carbon content of sediment appears to be determined to a
large extent by the degree of linkage of mangroves to adjacent
aquatic systems. Mangroves in areas of low tidal amplitude or
those high on shorelines have little chance to export organic
matter, and also little other material brought in; such systems
typically have high carbon contents, and the organic matter ac-
cumulating is locally produced (Bouillon et al. 2009). Thus the
tidal amplitude and extent of the intertidal zone are important
factors determining the carbon content in mangrove sediments.
Our study area, however, had low tidal amplitude and limited
intertidal area (Kathiresan, 2000).

The total carbon content was <1% in the sediments of our
study area (Table 1), which was lower than other mangrove areas
(Boto 1992; Alongi et al. 2005). The amount of carbon stored
within sediments of individual mangrove ecosystems varies
widely from <0.5% to 40% with a global median value of 2.2%
(Kristensen et al. 2008). The levels of total carbon and TOC
were found significantly higher in premonsoon (Table 1). A sim-
ilar observation has been made in Terengganu Near shore coastal
area, Malaysia, with the highest TOC content of 1.14%+0.29%
in premonsoon (Hasrizal et al. 2009).

The ratio between carbon and nitrogen was high in the sedi-
ments which were also high in organic carbon (Table 1). A simi-
lar observation has been made in the mangroves of Coringa
Wildlife Sanctuary in the Godavari Delta, India and Galle and
Pambala, south-west Sri Lanka (Bouillon et al. 2003). The C/N
ratio was found higher in mangrove sediments (6.91 for mature
and 6.08 for planted mangroves) than that in non-mangrove soil
(3.5), but the values between the soil types were not significant
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(Table 1). A similar non-significant difference between forest
sediments and bare flat sediments in C/N ratio was recorded in
the Zhangjiang Estuary mangrove wetland, China. However, the
C/N ratios of all samples are relatively high in the forest sample
and low in the bare flat sample in the estuary (Xue et al. 2009),
as also observed in the present study. The molar C/N ratios are
similarly constant down core sediment in Matang mangrove
forest of peninsular Malaysia (Along et al. 2004a). This supports
the present study that there was no significant variation of C/N
ratio between different soil depths (Table 1).

Compared with other mangrove sediments, C/N ratios were
low at our study area. In the previous studies, most mangrove
sediments have C/N ratios above 8 (Xue et al. 2009) and this can
be attributed to the rich organic carbon (Kennedy et al. 2004;
Kristensen et al. 2008). The low C/N ratios of the present study
indicated the presence of relatively higher nitrogen content in the
mangrove sediment (Table 1).

Regarding the seasonal changes, C/N ratio was high due to
high content of carbon in pre-monsoon, and the ratio was low
due high input of nitrogen from monsoonal discharges to the
mangrove habitats (Kathiresan 2000). The C/N ratio is a measure
to identify the source of organic matter. The C/N ratios of sedi-
ment are less than 8 for a typical marine origin, but more than 12
for terrestrial sources of organic matter (Bordovskiy 1965; Mey-
ers 1994; Muller and Voss 1999). In our study, the ratio ranged
from 0.12 to 11.35 in different seasons (Table 1). These values
did not exceed 12 and fell in the average of 5.5, indicating or-
ganic matter was derived from marine sources rather than terres-
trial sources. A similar observation has been made in the Zhang-
jiang Estuary mangrove wetland, China which has soil C/N ra-
tios in a range from 6 12 with mean of 8.19 (Xue et al. 2009),
as against mean of 5.5 in the present study. This difference in
mean value of C/N ratio can be attributed to the analysis which is
based on the surface sediments (Xue et al. 2009) and ours was in
the sediment up to 1 m depth.

Sediment carbon content was negatively correlated to tem-
perature, sand and soil phosphorus (p <0.01 in all cases); posi-
tively correlated with total organic carbon, redox potential, silt,
clay , C/N ratio, soil potassium (p <0.01 in all cases) and soil
nitrogen) (p <0.05); but was not correlated to soil depth, pH or
salinity.

The redox potential was negative (-12.6mV) in barren soil, but
positive in planted (7.5mV) and mature (28.73 mV) mangrove
sediments, indicating that unvegetated soil was less aerated as
compared to the vegetated sediment and the latter was
well-aerated due to the presence of aerial roots equipped with
lenticels. The redox potential also varied by season: redox was
positive in pre-monsoon (36.8 mV) and summer (11.4 mV), and
negative in post-monsoon (-6.6 mV) and monsoon (-10.2 mV),
indicating that sediment was well-aerated during pre-monsoon
and summer, and less-aerated in the other two seasons, during
which there was frequent submergence of sediment by flooding.
Oxmann et al. (2009) reported that the nutritional status of refor-
ested mangrove stands in the Saigon River delta is driven pri-
marily by sediment pH, which in turn is affected by the redox
potential (Eh). The latter is influenced by inundation and organic
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matter decomposition. A lack of organic matter decomposition
resulting from destruction of the mangrove vegetation can cause
sediment oxidation with an accompanying phosphorus (P) defi-
ciency through sediment acidification. Sediment pH can also
produce drastic effects on phosphorus cycling within the rela-
tively narrow pH range 6—7. A predominantly pH-driven P cy-
cling in the mangrove stands deviates from a major Eh influence
on P cycling in regions subjected to frequent or permanent sub-
mergence. Sediment reduction is generally thought to increase
available P levels. Nevertheless, transformation processes during
reduction and their effects on P solubility are still a matter of
debate (Golterman 2001). In the present study, sediment phos-
phorus correlated positively with Eh and negatively with pH and
this supports the findings of Oxmann et al. (2010) that sediment
pH and Eh have impacts on controlling nutrient status, especially
phosphorus, in mangrove stands.

In mangrove sediment, total carbon content varied with sedi-
ment characteristics, in particular nitrogen, phosphorus, potas-
sium, redox potential, pH and salinity. Nitrogen, phosphorus and
potassium are the nutrients that support growth of mangroves,
associated microorganisms and fauna. The bioavailability of
nutrients is regulated by redox potential, pH and salinity in the
sediment. The nutrient dynamics sustain the pristine mangrove
ecosystem with significant storage of carbon.

The organic matter concentration is controlled by the particle
size of the sediments (Hasarizal et al. 2009). The abundance of
greater surface areas of fine particles of silt and clay are respon-
sible for high concentrations of carbon, nitrogen and potassium,
whereas the sand particles with large surface areas stock only
lesser contents of carbon and nutrients (Ramanathan 1997). Dis-
tribution of grain size differed between mangrove vegetated and
barren sediment samples. There was a predominance of clay
particle in the mangrove sediments of the study area, accounting
for 46.5%—53.1%, whereas the sand particle dominated the un-
vegetated sediment, constituting 61% (Table 2). Silt is predomi-
nant in the sediments of the Zhangjiang Estuary mangrove wet-
land, China, accounting for 61%—72% in the mangrove forest
and 59%—76% in the bare flat. Sand content is low with less than
16% in mangrove sediment and 1%—25% in the bare flat, and
there was no clear change pattern of grain sizes in the surface
sediments of the estuary (Xue et al. 2009). The content of sand
particle in the core sediment increases with increasing depth,
whereas the content of clay in the core sediment decreases with
increasing depth (Xue et al. 2009). However, in the present study,
there was no significant difference between the soil depths for
clay and sand particles (Table 2).

This work revealed that the mangrove vegetation has an im-
pact on sediment carbon storage. The 15-year old planted man-
grove sediment could store the total carbon by 41.8% and total
organic carbon by 100% and the annual rate of carbon burial in
the sediment would be calculated at 2.8% for total carbon and
6.7% for total organic carbon. Thus the carbon burial rate was
rapid, which is in agreement with other reports (Ong 1993;
Alongi et al. 2004b). Carbon burial perhaps reduces the problems
that go with the 'green house gases’ and global warming. Man-
groves are among the most productive ecosystems and their car-
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bon stock per unit area is significant (Twilley et al. 1992).
Clearing of mangroves can rapidly result in significantly reduced
carbon stores (Bouillon et al. 2009). Cebrain (2002) estimated
that about 35% of the world’s mangroves have been destroyed
and this has resulted in a net loss of 3.8 10'*g C stored as man-
grove biomass. Hence, rehabilitating the degraded mangrove
areas would contribute to carbon sequestration to mitigate the
global warming threat. Thus, the restoration of lost mangrove
forests would be a new countermeasure of global warming.
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