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Present work enumerated nine groups of microorganisms in the soil samples drawn at 10depths from
two mangrove sites for four seasons in two years, along with 23 physicochemical characteristics in a
mangrove forest. The microbial density was higher in dense mangrove sediments than that in sparse
ones. Among the microorganisms, actinobacteria, total heterotrophic bacteria (THB), thraustochytrids,
yeasts and fungi were high in dense mangrove sediments. Microbial counts reduced with increasing soil
depth. Physical factors displayed profound effect on microbes than chemical factors did. Among the
physical factors, the dense mangrove sediment exhibited many fold higher silt, clay, redox potential,
lower sand and higher pore water salinity than sparse mangrove sediment did. Among the chemical
factors, total organic carbon (TOC) was 52% and soil nitrogen was 4.5% higher in dense mangrove sedi-
ment than that in sparse mangrove sediment. This work reiterated significance of mangrove forest for

conserving marine microbiota for maintaining carbon and nutrients in coastal sediment.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Mangroves are the only tall tree forest on the earth lying at the
boundary between land and sea in the tropical regions. The man-
grove forests are among the world's most productive ecosystems.
(Kathiresan and Bingham, 2001; Kathiresan and Qasim, 2005). This
is mainly because of the fact that mangroves provide a unique
ecological niche to diverse group of microbes which play a major
role in transformation of organic matter into nutrient supply to the
many organisms associated with the mangrove ecosystem. Microbial
processing of litter is an important mechanism for preserving nu-
trients and energy in the mangrove ecosystem (Holguin et al., 2001a,
2001b; Rajendran and Kathiresan, 2007; Sahoo, 2009; Kathiresan,
2011). The mangrove habitats continue to disappear globally at a
rate of 0.66% per year during the 2000-2005 periods (FAO, 2007).
Mangroves associated soil bacteria are important participant in
carbon, sulfur, nitrogen, and phosphorous cycles in mangroves
ecosystem (Toledo et al,, 1995; Rojas et al., 2001). Soil phosphate
solubilizing bacteria are associated with black mangroves roots
systems and are involved in carbon recycling under the both oxic
and anoxic conditions (Das et al., 2012). Fungi are prerequisite for
the decomposition of the mangroves litter and nutrient conserva-
tion. The mangroves associated soil microbe Trichoderma species is
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known to involved in soil phosphate solubilization and improve the
growth of mangroves species Avicennia marina (Saravanakumar
et al,, 2013). In addition, Mangroves habitat loss has put at 16% of
mangrove plant species and 40% of the animal species globally at an
elevated risk of extinction (Kathiresan, 2010) and such of the data for
mangrove associated microbes are yet to be known. In generally,
microbial load in the forest ecosystem could changes the properties
of the habitat (Zifcakova et al., 2016). It is critically important to
understand the microbial ecology of the mangrove sediments in the
present context of global warming and sea level rise, besides man
made threats to the ecologically sensitive mangrove habitats (Gil-
man et al,, 2008). Soil biochemical and microbial characteristics are
important indicators for the vegetations of mangroves (Dinesh et al.,
2013). Especially best of our knowledge there is no scientific report
about the relationship of the major group of mangroves associated
microbes (Cyanobacteria, Actinobacteria, Azotobacters, Lactobacilli,
Fungi, Trichoderma, Thraustochytrids and Yeasts) and their relation
with physicochemical parameters. In spite of widespread occur-
rence, marine microorganisms are only poorly understood for their
ecology in mangrove biotope. In order to study the relation of
physicochemical and microbial variation in mangroves habitat at
different soil depth, site, and season's, the present study was un-
dertaken to enumerate microbial loads such as Cyanobacteria, Ac-
tinobacteria, Azotobacters, Lactobacilli, Fungi, Trichoderma, Thraus-
tochytrids and Yeasts followed by physico-chemical characteristics
in mangrove habitat at different soil depth, seasons, and sites. In
addition, this study aimed to analysis the relation between microbial
load and physicochemical aspects.
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2. Materials and methods
2.1. Description of study area

The study area is Pichavaram, located along the Bay of Bengal
on the southeast coast of India (Fig. 1). It is an estuarine type of
mangrove habitat, situated at the Vellar-Coleroon estuarine com-
plex. The forest occurs on 51 islets, ranging in size from 10 m? to
2 km?, separated by intricate waterways that connect the Vellar
and Coleroon estuaries. The southern part near the Coleroon es-
tuary is predominantly mangrove vegetation, while the northern
part near the Vellar estuary is dominated by mud-flats. The Vellar
estuary opens into the Bay of Bengal at Parangipettai and links
with the Coleroon River, which is a distributary to the River
Cauvery. The Pichavaram mangrove is influenced by mixing of
three types of waters: (i) neritic water from the adjacent Bay of
Bengal through a mouth called ‘Chinnavaikkal’; (ii) brackish water
from the Vellar and Coleroon estuaries; and, (iii) fresh water from
an irrigation channel (‘Khan Sahib canal’), as well from the main
channel of the Coleroon river.

The mangrove covers and area of about 1100 ha, of which 50%
is covered by forest, 40% by water-ways and the remaining filled
by sand-flats and mud-flats. The year for convenience is arranged
into four seasons: post-monsoon (January-March); summer
(April-June); pre-monsoon (July-September); and monsoon
(north-east monsoon; October-December). The tides are semi-
diurnal and vary in amplitude from about 15-100 cm in different
regions during different seasons, reaching a maximum during
monsoon and post-monsoon and a minimum during summer. The
rise and fall of the tidal waters is through a direct connection with
the sea at a river mouth and also through the two adjacent estu-
aries. The depth of the water-ways ranges from about 0.3-3 m.

2.1.1. Collection of soil samples

Sediment soil samples were collected using a corer (1.5 m long
stainless steel corer with 50 cm dia.) during low tide in 10 differ-
ent depths (10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 cm) from two
sites: luxuriant area with dense mangrove forest, (Lat. 11° 25'38.4
N; Long. 79° 47’ 35.5 E) and degrading area with sparse mangrove
forest (Lat. 11° 25'55.4 N; Long. 79°49’' 16.2 E) in Pichavaram
mangrove forest. The sampling was made for four seasons (pre-
monsoon, monsoon, post-monsoon, and summer) respectively
during the months of August, November, February and May for the
two years of 2010 and 2011.

2.1.2. In situ analysis of temperature, pH, redox potential and pore
water salinity

The soil samples were analyzed in the field itself for soil tem-
perature using a thermometer with 0.5 °C accuracy. Hydrogen ion
concentration of the soil sample was measured using a pH meter
with platinum electrode with an accuracy of + 0.1, (pH 315i/ SET,
Wissenschaftlich Technische Werkstatten, Germany) and cali-
brated with standard buffer solution prior to use. Redox potential
(Eh) was measured by using a milli voltmeter with platinum
electrode (pH 315i/ SET, Wissenschaftlich Technische Werkstatten,
Germany). Pore water salinity was recorded by using a hand re-
fractometer (Atago hand refractometer, Japan), after crushing a
small amount of soil through a Whatman No.1 filter paper by using
a syringe. For this, a known amount of sediment samples was
moisturized with double distilled water up to the moisture sa-
turation level of the sediment. The soil samples were transferred
to laboratory immediately in sterile polythene bags and analyzed
for soil texture. The plant roots and other debris were removed
from the sediment samples and were ground to fine powder and
dried in an oven at 110 °C to a constant weight for further analysis
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Fig. 1. Study area, located along the Bay of Bengal on the southeast coast of India.
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of soil composition, total organic matter, major elements and trace
elements.

2.1.3. Soil texture analysis

The soil texture was analyzed in terms of composition of clay,
silt and sand using a hydrometer method (Bouyoucos, 1962). Le-
vels of nitrogen phosphorus and Potassium in sediment samples
were analyzed using Kjeldahl method (Subbiah and Asija, 1956)
and colorimetric method (Olsen et al., 1954), (Guzman and Jime-
nez, 1992) respectively. Total organic carbon in sediment was es-
timated by adopting the method of EI Wakeel and Riley (1956).
Heavy metals in sediments (Aluminum (Al), Boron (B), Cadmium
(Cd), Cobalt (Co), Chromium (Cr), Copper (Cu), Iron (Fe), Magne-
sium (Mg), Manganese (Mn), Nickel (Ni), lead (Pb) and Zinc (Zn)
was analyzed by using method of Chester and Hughes (1967) in
Inductive coupled plasma emission spectrometer (ICP; Jobin Yvon-
JY24, France).

2.14. Soil microbiological analysis

Fresh soil samples collected were transferred to 4 °C and ana-
lyzed for microbial groups within 4-6 h of sampling. The soil
samples were serially diluted and specific methods and media
were used for enumeration of the microbial counts of different
groups of microbial flora: salt nutrient media for cyanobacteira
(Waterbury et al., 1986; Waterbury and Willey, 1988). Zobell
marine agar for total heterotrophic bacteria (THB), MRS medium
for lactobacilli (Deman et al., 1990), starch casein agar medium for
actinobacteria (Ravikumar et al., 2004), Winogradsky medium for
azotobacters (Bergeys manual, 1974), YM Agar medium for yeasts
(Yeast malt Agar) (Fell, 2005) and Potato Dextrose Agar Medium
for fungi (Ravikumar et al., 2004), yeast peptone agar medium for
thraustochytrids (Raghukumar, 2005), selective medium for Tri-
choderma (Askew and Laing, 1993). Enumeration of all the mi-
crobes was done by adopting spread plate method. In this method,
sterile media were poured into Petri dishes aseptically and allowed
to solidify. One milliliter of the serially diluted sample was pipette
out into sterile Petri-dishes. It was made spread in the plate first
by rotating it in clockwise and then anti-clockwise directions for
three times and then spread with the help of “L” rod. The plates
were incubated in an inverted position at 28 + 2 °C. All the de-
termination was carried out in triplicates. After the incubation
period of 2-3 days for THB, 7-10 days for azotobacters, actino-
bacteria, lactobacilli and yeasts, and 2-3 weeks for cyanobacteria
colonies were counted. The plates were examined and counted for
the number of colonies per plates. The microbial load in the given
sample was calculated using the following formula and it is ex-
pressed as Colony Forming Unit (CFU) per gram of the sample.

Total microbial load in the given sample (CFU/g)

Total number of colonies

= Sample of volume plated (0.1 ml) x Dilution xTotal Volume

2.15. Statistical analysis

A suite of SPSS 11.5 software (IBM) was used for the statistical
analysis to find the significant differences of parameters between
soil depths or seasons or soil depths, Univariate 4-way ANOVA was
followed by post hoc test (SNK and Tukey's) and to find correlation
matrix between the parameters used Pearson's correlation
method.

3. Results
3.1. Microbial flora of mangrove sediment

The counts of nine groups of microflora namely cyanobacteria,
total heterotrophic bacteria (THB), lactobacilli, azotobacters, acti-
nobacteria, fungi, yeasts, thraustrochytrids and Trichoderma as
influenced by soil depths of two mangrove sites for four different
seasons in two years (2010 and 2011) are shown in Table 1 and
Fig. 2a—j. In general, the counts between sites, depths, seasons and
years of analysis were highly significant (p < 0.01).

Cyanobacterial count was higher in luxuriant site than that in
degrading site. It was 1.32 x 10> CFU g~ ! in luxuriant site and
1.08 x 10> CFUg~! in degrading site (Fig. 2a). Cyanobacterial
counts varied from 0.79 to 1.72 x 10> CFU g~ ! at different soil
depths. The count was maximum in 10 cm depth and minimum in
100 cm depth (Fig. 2j). Cyanobacterial counts ranged between 1.09
and 1.40 x 10% CFU g~ ! at different seasons. The count was max-
imum in post-monsoon and minimum in monsoon. Cyanobacterial
count was higher (0.80 x 10*> CFU g~ ') in the year 2010 than that
(0.63 x 10% CFU g~ ') in 2011 (Table 1).

Total heterotrophic bacteria (THB) counts were higher in lux-
uriant site than that in degrading site. It was 19.46 x 10> CFU g~ !
in luxuriant site and 11.71 x 10 CFU g~ ! in degrading site (Fig. 2b).
THB counts varied from 4.75 to 31.16 x 10> CFU g~ ! at different soil
depths. The count was maximum in 10 cm depth and minimum in
100 cm depth (Fig. 2j). THB counts ranged between 4.92 and
31.04 x 10% CFU g~ ! at different seasons. The count was maximum
in post-monsoon and minimum in monsoon. THB counts were
higher (15.92 x 10®) in the year 2011 than that (15.25 x 103
CFU g~ 1) in 2010 (Table 1).

Lactobacilli counts were higher in luxuriant site than that in
degrading site. It was 7.06 x 10> CFU g~ ! in luxuriant site and
5.08 x 10°> CFU g~ ! in degrading site (Fig. 2c). Lactobacillus counts
varied from 0.83 to 13.11 x 10> CFU g~ ! at different soil depths.
The count was maximum in 10 cm depth and minimum in 100 cm
depth (Fig. 2j). Lactobacilli counts ranged between 1.87 and
9.89 x 10° CFU g~ ! at different seasons. The count was maximum
in post-monsoon and minimum in monsoon. Lactobacilli counts
were higher (6.47 x 10> CFUg™!) in the year 2011 than that
(5.66 x 103 CFU g~ 1) in 2010 (Table 1).

Azotobacters counts were higher in luxuriant site than that in
degrading site. It was 4.04 x 10*> CFU g~ ! in luxuriant site and
3.32 x 10% CFU g~ ! in degrading site (Fig. 2d). Azotobacters counts
varied from 0.86 to 6.89 x 10 CFU g~ ! at different soil depths. The
count was maximum in 10 cm depth and minimum in 100 cm
depth (Fig. 2j). Azotobacter counts ranged between 2.12 and
6.23 x 10° CFU g~ ! at different seasons. The count was maximum
in monsoon and minimum in pre monsoon. Azotobacter counts
were higher (4.04 x 10> CFUg~!) in the year 2011 than that
(332 x 10° CFU g 1) in 2010 (Table 1).

Actinobacterial counts were higher in luxuriant site than that in
degrading site. It was 6.35 x 10> CFU g~ ! in luxuriant site and
3.75x 10> CFUg ! in degrading site (Fig. 2e). Actinobacterial
counts varied from 0.72 to 10.46 x 10> CFU g~ ! at different soil
depths. The count was maximum in 10 cm depth and minimum in
100 cm depth (Fig. 2j). Actinobacterial counts ranged between 1.39
and 12.00x 10> CFUg~ ' at different seasons. The count was
maximum in premonsoon and minimum in monsoon. Actino-
bacterial counts were higher (6.69 x 10> CFU g~ 1) in the year 2010
than that in 2011(Table 1).

Fungal counts were higher in luxuriant site than that in de-
grading site. It was 717 x 10> CFUg™ ! in luxuriant site and
4.58 x 103 CFU g~ ! in degrading site (Fig. 2f). Fungal counts varied
from 0.88 to 14.74 x 10> CFU g~ ! at different soil depths. The count
was maximum in 10 cm depth and minimum in 100 cm depth
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Table 1

Microbial counts in two mangrove sites at 10 soil depths in four seasons for two years (2010 and 2011).

Soil microbial counts ( CFUx 10% g~ ! of soil)

Source Cynobacteria THB Lactobacilli Azotobacters Actinobacteria Fungi Yeasts Thraustrochytrids Trichoderma
Mangrove site

Degrading site 111+0.2° 11.72+2.3% 508+12° 333+12% 375406 458+0.3% 284+05" 389+12° 4.82+12°

Luxuriant site 132403  1947+12" 706+12" 4.04+12° 636+03° 717 +04°  451+04° 6.36+15° 6.19 + 1.4°
Soil depth (cm)

10 1734029  3116+128 1311+12° 690+13° 1047 +12¢ 1475+ 12° 12.64+0.5° 1217 +1.2° 1943 +23F

20 162+03°  2719+13% 1186+12° 623+14° 812+1.3¢ 12.80+1.2° 7.98+03° 10.81+14° 12.95 +2.4°

30 146 +0.1°  2338+14" 983+14° 545+12° 730+12¢ 836+12¢9 587+04Y 860+12¢ 6.83 +2.4¢

40 137+04° 1883 +127 881+12° 477+12° 620+0.7° 676 +1.39 3.23+04° 6.51+14¢ 522 +2.3¢

50 119+ 03¢ 1591 +13° 6.66+12° 4.09+11°  534+0.7° 579+0.8° 218+0.3° 443+12° 3.08 +2.5¢

60 117 +£0.2¢ 12.82+14° 470+13° 276+14°  447+09° 437+02° 1.62+03" 333+12° 2.69 +2.4°

70 1.03+04° 9554129 259+12° 225+12° 486+12° 2.03+04° 1.07+03° 166+0.9° 156 + 1.2°

80 096+03* 696+13° 142+11° 211+11° 211+19° 1.62+09* 0.74+04* 156+0.7° 1.06 + 1.4°

90 0.83+01* 537+13° 090+02° 142+12* 0.96+04° 138+0.7° 0.77+0.3* 110+0.6° 111 +24°

100 079+02% 475+14> 084+01*° 087+03* 0.72+0.2° 0.89+0.3% 0.64+02* 111+05% 113 +2.5%
Season of analysis

Post-monsoon 140+03¢  31.04+12¢ 9.90+129 295+0.08" 4.52+12° 2.63+02° 3.81+01° 10.81+049 4,65+ 1.2°

Summer 123+03° 1706+ 13° 753+13° 342+06° 230+04° 418+03° 3.72+01° 8.60+0.5° 6.38 +1.4°

Pre-monsoon 114+03°  934+12° 499+13° 624+11° 1201+02°  957+069 136+02* 6.51+03° 4,67 +1.4°

Monsoon 1.09+02* 493+14* 188+12* 213+0.8* 140+0.3° 713+08° 580+03% 443+08° 6.32+14°
Year of sampling

2010 0.80+02° 1526+12® 567+11* 332+07*° 670+08° 554+0.6% 3.27+03% 4.60+0.9° 4.57 +2.5%

2011 063+01° 1593+13° 648+12° 4.05+04° 541+12° 6.21+0.8> 4.08+02° 565+0.8° 6.45 +2.3°

Site - . - - - - - . -

Depth - - - - - - - - .

Season e o e e o . . . .

Year e e e e - . - . .

Site x Depth NS - - - - - - - .

Site x Season NS e e e o . . . .

Depth x Season NS o e e - . o . .

Site X Depth x Season NS > . . o . o > >

Site x Year NS NS NS NS NS NS NS NS NS

Depth x Year NS NS NS NS NS NS NS NS NS

Site x Depth x Year NS NS NS NS NS NS NS NS NS

Season x Year . > > . o > . NS NS

Site x Season x Year NS NS NS NS NS NS NS NS NS

Depth x Season x Year NS NS NS NS NS NS NS NS NS

Site X Depth x Season X Year NS NS NS NS NS NS NS NS NS

Values not sharing a common superscript differ significantly at p > 0.05; **= p <0.01; *= p <0.05; NS= Not Significant.

(Fig. 2j). Fungal counts ranged between 2.62 and 9.56 x 10°
CFU g~ ! at different seasons. The count was maximum in pre-
monsoon and minimum in post monsoon. Fungal counts were
higher (5.54 x 103> CFUg~!) in the year 2011 than that in 2010
(Table 1).

Yeast counts were higher in luxuriant site than that in de-
grading site. It was 4.51 x 10> CFUg™! in luxuriant site and
2.83 x 10®> CFU g~ ! in degrading site (Fig. 2g). Yeast counts varied
from 0.63 to 12.64 x 10> CFUg~! at different soil depths. The
count was maximum in 10 cm depth and minimum in 100 cm
depth (Fig. 2j). Yeast counts ranged between 1.36 and 5.80 x 103
CFU g~ ! at different seasons. The count was maximum in mon-
soon and minimum in premonsoon. Yeast counts were higher
(4.08x 10> CFUg™ ') in the year 2011 than that (3.26 x 10°
CFU g~ 1) in 2010 (Table 1).

Thraustochytrids counts were higher in luxuriant site than that
in degrading site. It was 6.36 x 10°> CFU g~ ! in luxuriant site and
3.88 x 10> CFU g~ ! in degrading site (Fig. 2h). Thraustochytrids
counts varied from 1.09 to 12.16 x 10> CFU g~ ! at different soil
depths. The count was maximum in 10 cm depth and minimum in
90 cm depth (Fig. 2j). Thraustochytrids counts ranged between
3.97 and 6.74 x 10> CFU g~ ! at different seasons. The count was
maximum in monsoon and minimum in premonsoon. Thraus-
tochytrids counts were higher in 2011 than that in 2010. It was
5.64 x 10° CFU g~ ! in year of 2011 and 4.60 x 10> CFU g~ ! in year

of 2010 (Table 1).

Trichoderma counts were higher in luxuriant site than that in
degrading site. It was 6.19 x 10> CFU g~ ! in luxuriant site and
4.81 x 10° CFU g~ ! in degrading site (Table 1; Fig. 2i). Trichoderma
counts varied from 1.13 to 19.43 x 10> CFU g~ ! at different soil
depths. The count was maximum in 10 cm depth and minimum in
90 cm depth (Fig. 2j). Trichoderma counts ranged between 4.64and
6.38 x 10°> CFU g~ ! at different seasons. The count was maximum
in summer and minimum in postmonsoon. Trichoderma counts
were higher (6.44 x 10> CFU g~ ') in the year 2011 than that in
2010 (Table 1).

3.2. Physical characteristics of mangrove sediment

Temperature, pH, redox potential, pore water salinity as influ-
enced by soil depths of two mangrove sites for four different
seasons in two years (2010 and 2011) are shown in Table 2. All the
parameters were significant between mangrove sites or seasons or
depths or years of analysis. However, temperature, pH and phos-
phorus were not significant between mangrove sites; and redox
potential and pore water salinity did not vary between years of
analysis (Table 2).

Soil temperature varied from 26.11 to 28.49 °C at different soil
depths. It was maximum in 10 cm depth and minimum in 90 cm
depth. It ranged between 24.18 and 28.12 °C at different seasons. It
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Table 2
Physical and chemical characteristics of mangrove sediments in two sites at 10 soil depths in four seasons for two years (2010 and 2011).
Source Temperature (°C) pH Redox potential (mV) Pore water Salinity  Silt (%) Clay (%) Sand (%) Nitrogen Phosphorus Potassium TOC (mgCg~!
(ppt) (gm~?) (gm~?) (gm~2) soil)
Mangrove site
Degrading site 26.96 + 1.12 7.64 +0.4% 83.25+12.6° 2752 +1.2° 162+10° 877+12° 9134+23% 973 +12° 5.03+1.3° 115.64 + 11.2¢ 1.90 + 0.4°
Luxuriant site 27.06 + 1.5° 7.71 405> 29.81 +12.1° 3049 + 1.3° 2476 +1.8° 3899 +1.9¢ 38.71+21% 1017 +1.4¢ 497 +1.9° 115.02 + 12.39 2.89+0.3¢
Soil depth (cm)
10 28.50 + 1.5¢ 813 +02° 303.79 +27.1°¢ 35.69 + 1.8¢ 1314 +2.1° 2427 +21° 63.97+2.9° 892+ 18" 411+18? 120.65 + 11.2f 4,04 +0.2¢
20 2824+ 12°¢ 8.014+03° 132.82+282° 30.22 + 1.6° 13.60 +1.9° 2507 +2.8° 6291+21°> 772+ 112 5.57 + 1.8° 117.57 + 11.5° 3.92 +0.6¢
30 27.63 + 1.1°¢ 767 +02° 12222 +26.67° 30.94 + 1.5° 15.05+1.9° 26.09+3.1° 61.88+2.7° 7.68+0.8° 445+ 1.6° 120.56 + 11.2f 3.36 +0.8¢
40 27.50 + 2.3 768 +0.3° 119.28 + 23.80° 29.86 +1.2° 1298 +1.27 2434+ 1.8 64.23+21° 825+0.7° 5.41 + 1.0° 120.67 + 11.9F 3.06 +1.29
50 27.29 + 1.2 752 +04% 96.25 +21.89° 28.89 + 1.8° 13.66 + 1.7° 24.59 +22° 63.55+2.5° 10.94 4+ 1.2¢ 4.86 + 1.2° 103.57 + 9.8% 2.51+0.6°
60 27.08 + 1.5 7.55+0.1% 70.55 +20.1° 27.57 + 122 13.00 +1.0° 23.62+1.7° 64.84+2.3° 9.88 + 1.6 572 +1.2° 115.52 + 9.7¢ 1.96 +0.3°
70 2642 +1.4° 739+02% —-100.26+12.7° 28.94 + 1.8° 13.09 +1.2° 2246 +2.3 67.08+2.1° 936+1.2° 482 +13° 114.14 + 6.5 1.71+0.5°
80 2516 + 1.9° 764+02° —67.03+128° 2629 +2.1° 1249 +1.2% 22.33+2.'* 6854+21° 12.50 + 1.8¢ 522+ 1.3 116.33 + 4.9° 1.60 +0.2°
90 2612+ 1.8 7614+02° —5094+2212 26.00 + 1.9° 1242 +1.6° 22.83+12° 66.39+2.7° 1245+ 1.2¢ 490+ 1.2° 114.66 + 7.6 0.99 + 0.6
100 26.16 + 1.7 757 +03* —61.39+12.9° 25.67 + 1.8° 1246 +12° 2318+ 13" 66.82+21° 11.81+1.7¢ 495+ 1.4° 109.64 +9.7° 0.80 +0.2°
Season of analysis
Post-monsoon 27.74 +2.5° 782 +04° 103.28 +12.8° 3013 +1.5° 18.40 + 1.3° 34.57 +23% 4954+ 12 1144 +12°¢ 5.09 +1.3° 120.03+36° 2.47 +0.4°
Summer 2812+ 1.2° 827 +02° 3575+89° 33.23 + 1.9¢ 1170+ 1.7 2575+ 18" 6577 +1.7° 896+ 13 5.52+0.8° 117.50 + 4.5¢ 2.34+0.6°
Pre-monsoon 2418 +11° 725+0.7° 1634+12.3° 2739+21° 180+ 1.6 333+12% 96.04+23 838+12° 4.67 £ 0.6° 110.36 + 5.4% 2.81+0.6°
Monsoon 27.99 +2.1° 737+02* 70.75+11.12° 2526 + 1.9° 20.87 +1.6° 3186+ 129 4874+19° 11.03 +14° 472 +05% 113.44 + 8.9° 1.96 + 0.6
Year of analysis
2010 26.69 + 1.7° 7.35+03% 5592+ 111° 28.67 + 1.8° 12.75+1.8% 2346+ 17° 64.70 +2.3° 9.63 +1.9° 4.68 +1.8° 115.00 + 9.9¢ 2.06 + 0.5
2011 27.33 +2.5° 8.00+0.5° 5714+ 78" 2934 +1.9° 13.63 +1.7° 24.30+19° 65.34+2.7° 10.28 + 1.8¢ 532 +1.2° 115.66 + 8.0¢ 2.74+0.3¢
Site NS NS . o o o o e NS e o
Depth - - . - - - - - - - -
Season o o . . o . o o o o o
Year e o NS NS o . o e e e e
Site x Depth " NS o « o . o o o o e
Site x Season . > NS * . . o . NS . NS
Depth x Season o NS > o ok o ok o ok ok NS
Site x Depth x Season  ** NS NS . > > o > > > NS
Site x Year NS NS NS NS NS NS NS NS NS NS NS
Depth x Year NS NS NS NS NS NS NS NS NS NS NS
Site x Depth x Year NS NS NS NS NS NS NS NS NS NS NS
Seasons X Year NS NS NS NS o > o . . . o
Site x Season x Year NS NS NS NS NS NS NS NS NS NS NS
Depth x Season x Year NS NS NS NS NS NS NS NS NS NS NS
Site x Depth x Season x NS NS NS NS NS NS NS NS NS NS NS

Year
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Values not sharing a common superscript differ significantly at p > 0.05; **=p <0.01; *=p < 0.05; NS=Not Significant.
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was maximum in summer and minimum in premonsoon. It was
higher (27.33 °C) in the year 2011 than that (26.68 °C) in 2010
(Table 2).

Soil pH varied from 7.38 to 8.13 at different soil depths. It was
maximum in 10 cm depth and minimum in 70 cm depth. It was
ranged between 7.25 and 8.26 different seasons. It was maximum
in summer and minimum in premonsoon. It was higher (8.0) in
the year 2011 than that (7.35) in 2010 (Table 2).

Redox potential was higher in degrading site than that in lux-
uriant site. It was in luxuriant site 29.81 mV in luxuriant site and
83.24mV in degrading site. It was varied from —-50.93 to
303.79 mV at different soil depths. It was maximum in 10 cm
depth and minimum in 90 cm depth. It ranged between 16.33 and
103.28 mV different seasons (Table 2).

Pore water salinity was higher in luxuriant site than that de-
grading site. It was in luxuriant site 30.48 ppt in luxuriant site and
27.52 (ppt) in degrading site. It varied from 25.67 to 35.68 ppt at
different soil depths. It was maximum in 10 cm depth and mini-
mum in 100 cm depth. It ranged between 25.26 and 30.13 ppt in
four different seasons. It was maximum in postmonsoon and
minimum in monsoon (Table 2).

3.3. Mangrove soil composition

Silt, clay and sand as influenced by soil depths of two mangrove
sites for four different seasons for two years (2010 and 2011) are
shown in Table 2. The soil composition was found significant be-
tween site or depths or seasons or years of analysis.

Silt was higher in luxuriant site than that in degrading site. It
was 24.76% '™ luxuriant site and 1.62% in degrading site. It varied
from 12.41 to 13.66% at different soil depths. It was maximum in
50 cm depth and minimum in 90 cm depth. It ranged between
1.80 and 20.86 at different seasons. It was maximum in monsoon
and minimum in premonsoon. It was higher (13.2%) in the year
2011 than that (12.75%) in 2010 (Table 2).

Clay was higher in luxuriant site than that in degrading site. It
was 38.98% in luxuriant site and 8.76% in degrading site. It varied
from 22.32 to 26.08% at different soil depths. It was maximum in
30 cm depth and minimum in 80 cm depth. It ranged between
3.32% and 34.56% at different seasons. It was maximum in post-
monsoon and minimum in premonsoon. It was higher (24.29%) in
2011 than that (23.45%) in 2010 (Table 2).

Sand was higher in luxuriant site than that in degrading site. It
was 38.70% in luxuriant site and 91.33% in degrading site. It varied
from 61.88 to 68.53% at different soil depths. It was maximum in
80 cm depth and minimum in 30 cm depth. It ranged between

TOC (mg C/gsoll)
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Degrading Luxuriant

48.73% and 96.01% at different seasons. It was maximum in pre-
monsoon and minimum in monsoon. It was higher (65.33%) in the
year 2011 than that (64.70% ) in 2010 (Table 2).

3.4. Nitrogen, phosphorus, potassium and total organic carbon in
mangrove sediment

Nitrogen, phosphorus, potassium and total organic carbon as
influenced by soil depths at two mangrove sites for four different
seasons in two years (2010 and 2011) are shown in Table 2. The
parameters were found in general significant between site or
depths or seasons or years of analysis. However, soil phosphorus
did not vary between mangrove sites.

Soil nitrogen was higher in luxuriant site than that in degrading
site. It was 10.17 g m~2 in luxuriant site 9.73 g m~?2 in degrading
site (Fig. 3b). It varied from 7.68 to 12.49 g m 2 at different soil
depths. It was maximum in 80 cm depth and minimum in 30 cm
depth. It ranged between 8.38 and 11.43 g m~? at different sea-
sons. It was maximum in postmonsoon and minimum in pre-
monsoon. It was higher (10.27 g m~2) in the year 2011 than that
(9.62 g m~2) in 2010 (Table 2).

Soil phosphorus varied from 4.10 to 5.71 g m~2 at different soil
depths. It was maximum in 60 cm depth and minimum in 10 cm
depth. It ranged between 4.66 and 5.51 g m~2 at different seasons.
It was maximum in summer and minimum in premonsoon. It was
higher (5.32 g m~2) in the year 2011 than that (4.67 gm~2) in
2010 (Table 2).

Soil potassium was higher in degrading site than that in lux-
uriant site. It was 115.02 g m~?2 in luxuriant site and 115.64 g m 2
in degrading site. It varied from 103.57 to 120.66 g m~?2 at differ-
ent soil depths. It was maximum in 40 cm depth and minimum in
50 cm depth. It ranged between 113.43 and 120.03 g m~? at dif-
ferent seasons. It was maximum in postmonsoon and minimum in
monsoon. It was higher (115.66 g m~?2) in the year 2011 than that
(115.00 g m~2) in 2010 (Table 2).

Total organic carbon was higher in luxuriant site than that in
degrading site. It was 2.89 mgCg~' in luxuriant site and 1.89
mgCg~! in degrading site (Fig. 3a). It varied from 0.80 to 4.04
mgC g~ 'at different soil depths. It was maximum in 10 cm depth
and minimum in 100 cm depth. It ranged between 1.95 and 2.81
mgC g~ ! at different seasons. It was maximum in premonsoon and
minimum in monsoon. It was higher (2.73 mgCg~! ) in the year
2011 than that (2.05 mgCg~! ) in 2010 (Table 2).

40

30 4

20 «

Nitrogen (g/m2)

N= = 7
Degrading Luxuriant

Fig. 3. Levels of total organic carbon (a) TOC; mgC/g~')and (b) Nitrogen (g m~2) in luxuriant and degrading mangroves.
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3.5. Micronutrients in mangrove sediments

Aluminum (Al), Boron (B), Cadmium (Cd), Cobalt (Co), Chro-
mium (Cr), Copper (Cu), Iron (Fe), Magnesium (Mg), Manganese
(Mn), Nickel (Ni), lead (Pb) and Zinc (Zn) as influenced by soil
depths at two mangrove sites for four different seasons in two
years (2010 and 2011) are shown in Table 3. All the micronutrients
except Cd, Mn, Ni varied significantly between mangrove sites.
Micronutrients such as Al, Cd, Co, Fe, Mg and Pb varied sig-
nificantly between soil depths, but not others. Micronutrients such
as Al, Cr, Cu, Fe, Mg, Mn and Zn varied significantly between
seasons, but not others. All micronutrients varied significantly
between the years of analysis.

Aluminum were found higher (13.918 mgg~!) in degrading
site than that (8.804) in luxuriant site. It varied from 5.35 to
1613 mg g~ ! at different soil depths. It was maximum in 10 cm
depth and minimum in 60 cm depth. It was ranged between 8.75
and 15.24 mg g~ ' at different seasons. It was maximum in mon-
soon and minimum in summer. It was higher (11.68 mg g~ ') in the
year 2011 than that (11.03 mg g~ ') in 2010 (Table 3).

Boron was found significantly higher (0.635) in degraded site
than that (0.605) in luxuriant site. It was higher (1.19 mg g~!) in
the year 2011 than that (1.04 mg g~ ') in 2010 (Table 3). Cadmium
varied from 5.35 to 16.13 mg g~ ! at different soil depths. It was
maximum in 10 cm depth and minimum in 60 cm depth at the
four seasons of two years. It was higher (11.68 mgg~!) in 2011
than that (11.03mgg~!) in 2010 (Table 3). Cobalt was higher
(0.607) in degrading site than that (0.582) in luxuriant site. It
varied from 0.53 to 0.64 mg g~ at different soil depths. It was
maximum in 70 cm depth and minimum in 10 cm depth. It was
higher (0.008 mg g~') in 2011 than that (0.007 mgg~"') in 2010
(Table 3).

Chromium was higher (0.633) in degrading site than that
(0.599) in luxuriant site. It ranged between 0.59 and 0.64 mg g !
at different seasons. It was maximum in postmonsoon and mini-
mum in premonsoon. It was higher (0.01 mgg~') in 2010 than
that (0.03 mg g~ ') in 2011 (Table 3). Copper was higher (0.762) in
degrading site than that (0.608) in luxuriant site. It ranged be-
tween 0.63 and 0.72 mg g~ ! at different seasons. It was maximum
in summer and minimum in premonsoon. It was higher
(0.24 mg g~ 1) in 2011 than that (0.12) in 2010 (Table 3).

Iron was higher (7.392 in degrading site than that (6.323)) in
luxuriant site. It varied from 3.65 to 9.60 mg g~ at different soil
depths. It was maximum in 10 cm depth and minimum in 60 cm
depth. It ranged between 5.73 and 8.25 mg g~ ! at different sea-
sons. It was maximum in monsoon and minimum in summer. It
was higher (719 mg g~ ') in 2011 than that (6.52 mg g~ ') in 2010
(Table 3). Magnesium was higher (2.817) in degrading site than
that (2.501) in luxuriant site. It varied from 1.48 to 3.67 mgg~! at
different soil depths. It was maximum in 10 cm depth and mini-
mum in 60 cm depth. It was ranged between 2.12 and 3.14 mg g !
at different seasons. It was maximum in monsoon and minimum
in summer. It was higher (3.03mgg~') in 2011 than that
(2.28 mgg~! ) in 2010 (Table 3).

Manganese ranged between 0.62 and 0.68 mg g~ ! at different
seasons. It was maximum in post monsoon and minimum in
premonsoon. It was higher (0.22mgg~') in 2011 than that
(0.08 mg g~ ') in 2010 (Table 3). Nickel was higher in 2011 than
that in 2010. It was (0.18 mg g~ ') in 2011 and (0.02mgg~! ) in
2010 (Table 3). Lead was higher (0.612) in degrading site than that
(0.582) in luxuriant site. It varied from 0.60 to 0.64mgg~" at
different soil depths. It was maximum in 70 cm depth and mini-
mum in 40 and 60 cm. It was higher (0.18 mgg~! ) in 2011 than
that (0.01 mgg~! ) in 2010 (Table 3). Zinc was higher (0.636) in
degrading site than that (0.597) in luxuriant site. It ranged be-
tween 0.58 and 0.64 mg g~ ! at different seasons. It was maximum

in summer and minimum in premonsoon. It was higher
(019 mg g~ 1) in 2011 than that (0.03) in 2010 (Table 3).

3.6. Correlation between microbial flora and sediment
characteristics

The values of correlation coefficient and their level of sig-
nificance between any two variables are shown in Table 4. The
microbial counts reduced in counts significantly (p <0.01) with
increasing depth of soil (Fig. 2j). There was a high negative cor-
relation between soil depths and density of any particular micro-
bial flora.

Microbial density (except actinobacteria) increased in counts
significantly (p <0.01) with increasing redox potential value of
soil. There was a high positive correlation between redox potential
and density of microbes (Table 4). A narrow increase in soil tem-
perature increased significantly (p <0.01) the density of cyano-
bacteria, THB, lactobacilli, yeasts, thraustochytrids, Trichoderma
and these groups of microbes seemed to be tolerant to tempera-
ture variation. However, actinobacteria appeared to be sensitive to
temperature as evident by a negative correlation between acti-
nobacterial density and soil temperature (Table 4).

A narrow increase in soil pH significantly (p < 0.01) increased
the density of cyanobacteria, THB, lactobacilli, azotobacter, yeasts,
thraustochytrids, Trichoderma and these groups of microbial flora
seemed to be tolerant to pH variation (Table 4). A narrow increase
in pore water salinity increased significantly (p < 0.01) the density
of all microbes studied. This revealed that the microbial flora were
salinity tolerant (Table 4).

Silt increased the density of cyanobacteria, THB, yeast, thraus-
tochytrids, but reduced the density of azotobacters and actino-
bacteria. Clay increased the density of cyanobacteria, THB, lacto-
bacilli, yeasts, thraustochytrids and Trichoderma, but reduced the
density of azotobacters and actinobacteria, similar to clay. Sand
reduced the density of cyanobacteria, THB, lactobacillus, yeasts,
thraustochytrids, Trichoderma and increased azotobacters and ac-
tinobacteria contrary to clay or silt (Table 4).

Soil nitrogen reduced the counts of azotobacters, fungi, yeasts,
thraustochytrids and Trichoderma. Soil phosphorus increased the
density of cyanobacteria but reduced aztobacters, fungi and Tri-
choderma. Potassium increased the density of THB, lactobacillus,
yeasts, thraustochytrids and Trichoderma (Table 4). Total organic
carbon increased significantly (p < 0.01) the density of all micro-
bial flora studied. This revealed that the microbial flora was sti-
mulated by the TOC (Table 4).

Density of cyanobacterial density increased with increasing
concentrations of micronutrients such as boron, cadmium, cobalt,
chromium, copper, manganese, nickel, lead and zinc. Other trace
metals also increased the microbial flora, as evident by correlation
coefficients. For instance, iron increased cyanobacteria, THB, azo-
tobacters, actinobacteria, fungi, yeasts, traustochytrids, Tricho-
derma. Magnesium increased the counts of cyanobacteria, THB,
lactobacilli, azotobacters, actinobacteria, fungi, yeasts, thraus-
tochytrids and Trichoderma. Aluminum increased counts of
thraustochytrids, Trichoderma and yeasts (Table 4).

3.7. Discussion

Mangroves provide a unique ecological environment for di-
verse microbial communities, which are fundamental to the
functioning of the habitats. In the mangrove system, activities of
microbes are predominant in decomposing organic matter, making
protein rich detritus food for fishes, recycling of nutrients, carbon
fluxes as well as climate change. A variety of abiotic and biotic
factors influenced the density of microorganisms. All these factors
change with time and spatial heterogeneity. The microbes are



Table 3

Levels of micronutrients in mangrove sediments of two sites at 10 soil depths under four seasons for two years (2010 and 2011).

Micro nutrients (mg g~ ')

Source Al B cd Co Cr Cu Fe Mg Mn Ni Pb Zn
Degrading site 13.92+12¢  064+02° 060+012 0.61+0.2° 0.63 +0.1° 0.76 + 0.2° 739+0.1° 2.82+14° 067+02° 062+03° 0.61+0.1° 0.64 +0.02°
Luxuriant site 8.80 + 1.5¢ 0.61+02% 0.58+0.2% 0.58 +0.1° 0.60 +0.2° 0.61+0.1° 6.33+02° 250+11° 064+02% 0.60+0.2° 0.58 +0.2° 0.60 +0.01°
Soil depth (cm)

10 1614+13°  059+01*  0.53+0.2% 0.53+0.1° 055+ 0.1° 0.64+0.1° 9.61+03% 367+23° 062+02* 0.55+0.3° 0.54+0.1° 0.58 +0.2°

20 12.02+14¢  059+02° 0.56+03? 0.57 +0.1° 0.60 +0.2° 0.66 +0.2° 817 +01¢  310+1.9° 0.63+03% 062+0.2° 0.57 +0.22 0.59 +0.1°

30 13.08+15¢ 062+02° 060+01° 0.60 +0.2° 0.62 +0.2° 0.68 +0.1° 633+12° 3.00+13° 064+01° 062+0.2° 0.61 +0.2° 0.62 +0.2°

40 1262 +1.8% 064+02° 061+01° 0.62 +0.2° 0.62 +0.1° 0.68 + 0.1 787+11° 298+11°  069+03* 0.61+02% 0.61+0.2° 0.62 +0.1°

50 7.72 +1.5° 059+03* 0564012 0.57 +0.1° 0.60 +0.2° 0.67 +0.2° 522413 182408 066+02° 0574012 0.57 +0.1° 0.58 +0.2°

60 5.36+ 1.2° 0.62+02%  0.60+0.2° 0.60 +0.2° 0.62+0.1° 0.71+0.1° 3.66+21* 149+03* 0.63+02* 0.61+01° 0.61 +0.2° 0.62 +0.1°

70 8.95 + 1.2¢ 0.66+0.3  0.64+0.2° 0.64 +0.2° 0.66 +0.2° 0.69 + 0.1 618+12° 222+02° 068+03* 0.66+0.2° 0.64 +0.2° 0.67 +0.2°

80 1154+ 14  063+02° 060+0.2° 0.60 +0.2° 0.63 +0.1° 0.72 +0.2% 799+21°  290+05° 067+02° 0614022 0.61 +0.1° 0.63 +0.2°

90 1225+14%  062+01*  0.60+0.2° 0.61+0.2° 0.63 +0.1° 0.68 +0.2° 568+21* 251403 064+02° 062+01° 0.61 +0.1° 0.62 +0.2°

100 13.93+13%  064+02° 060+0.2° 0.60 +0.2° 0.63 +0.2° 0.73+0.2% 792+21°  290+02° 069+01* 063+02° 0.62 +0.2° 0.65+0.3?
Season of analysis

Post-monsoon 11.51 + 1.2 0.64+03”  0.60+0.2° 0.61+0.2% 0.64+0.2° 0.72 +0.1° 713 +1.2¢ 293+03° 068+03° 063+012 0.61+0.22 0.63 +0.2¢

Summer 8.75 + 1.6¢ 0.64+02° 0.60+0.2° 0.60 +0.2° 0.62 +0.2° 0.73+0.1° 573+12% 212+02° 068+02° 0614022 0.61+0.22 0.64 +0.1¢

Pre-monsoon 9.94 + 1.2¢ 059+02%  057+0.2° 0.57 +£0.1° 0.59 +0.2* 0.63+0.2° 633+13° 244+04° 063+03* 058+012 0.58 +0.1° 0.59 +0.2°

Monsoon 1524+ 14° 061+01°> 059+01° 0.59 + 0.1 0.61+0.1° 0.66 + 0.2° 826+219 315+01° 064+03* 061+0.2° 0.60 + 0.2° 0.61+0.2°
Year of analysis

2010 11.03+12¢  1.04+03° 001+0.001° 0.01+0.001* 004+0001° 012+001* 653+12° 228+02° 009+02° 003+001* 001+001° 0.04+01°

2011 11.69+134  120+02° 0.18+0.01° 0.01+0.001°  0.02+0.001* 025+0.01° 720+11¢ 3.04+01° 022+05” 019+002° 018+0.01° 0.20+0.2°

Site o . NS . o o - . NS NS " "

Depth o NS o * NS NS * * NS NS * NS

Season > NS NS NS * > o o * NS NS *

Year . “ e o . . o o . " e o

Site x Depth o * * * * NS o+ w* NS NS * *

Site x Season o NS NS NS NS NS * * NS NS NS NS

Depth x Seasons . “ e o o o o o o ¥ « e

Site x Depth x Season . . e o o NS - - « , e e

Site x Year NS NS NS NS NS NS NS NS NS NS NS NS

Depth x Year NS * * * * NS NS NS NS NS * *

Site x Depth x Year NS NS * * NS NS NS NS NS o * NS

Seasons X Year > * NS NS * > o o * . NS *

Site x Season x Year NS NS NS NS NS NS NS NS NS NS NS NS

Depth x Season x Years NS . o o . NS NS NS * * * *

Site x Depth x Season x Year NS * > > > NS NS NS * * * *

Values not sharing a common superscript are differ significantly at p > 0.05; **= p <0.01; *= p <0.05; NS= Not Significant.
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Table 4

Correlation coefficient values between microbial counts and physicochemical variables.

Microbial counts ( CFUx 10> g~ of soil)

Sources Cynobacteria THB Lactobacilli ~ Azotobacters  Actinobacteria  Fungi Yeasts Thraustrochytrids  Trichoderma
Depth —.406(*) —.526(**)  —.703(*") —.712(*) —.A457(*") —714(**)  —.673("™)  —.739(*") —.676(**)
Temperature (°C) 0.316(**) 0.275(**) 0.282(*) —0.032 —.175(*) 0.032 0.393(*)  0.283(*) 0.248(**)
pH 0.698(**) 0.281(*") 0.366(**) 0.235(**) —-0.01 0.078 0.269(**)  0.171(**) 0.209(**)
Redox potential (mV) 0.215(**) 0.365(**) 0.435(*) 0.280(**) 0.046 0.306(**)  0.447(*) 0.416(**) 0.402(**)
Pore water Salinity (ppt)  0.327(**) 0.468(**) 0.471(**) 0.363(*") 0.167(*) 0.251(**) 0.347(*) 0.361(™) 0.379(*)
Silt (%) 0.185(*) 0.340(**) 0.095 —.152(*") —.143(%) 0.008 0.291(*) 0.273(*) 0.089
Clay (%) 0.199(**) 0.406(**) 0.149(**) —.184(*") —.204(*) —0.028 0.298(**)  0.265(**) 0.120(*)
Sand (%) —.158(**) —.381(*)  —.122(%) 0.180(™) 0.178(**) 0.01 —.301(*)  —.271(*) —.115(%)
Nitrogen (g m~2) 0.012 —-0.015 —0.078 —.190(**) —0.092 —.204(**)  —196(*)  —.141(%) —.141(%)
Phosphorus (g m~2) 0.391(**) 0.023 0.047 0.004 —0.089 —.150(**)  —0.109 —0.098 —.127(%)
Potassium (g/m~2) 0.109 0.209(**) 0.171(**) 0.054 0.032 0.063 0.161(*) 0.159(™) 0.117(*)
TOC (mgC g~ soil) 0.732(*) 0.571(*) 0.704(**) 0.799(**) 0.586(**) 0.696(**) 0.573(*) 0.676(**) 0.528(**)
Al (mgg™1) 0.091 0.039 0.041 0.038 0.026 0.09 0.115(%) 0.150(**) 0.150(**)
B(mgg ") 0.580(*) 0.022 0.06 0.097 0.015 0.004 0.082 0.066 0.102

Ccd (mgg™") 0.546(**) 0.01 0.047 0.083 0.01 —0.004 0.07 0.054 0.091
Co(mgg™") 0.547(*) 0.013 0.051 0.08 0.008 —0.008 0.07 0.053 0.09
Cr(mgg™") 0.563(*) 0.021 0.056 0.08 0.007 —0.012 0.072 0.055 0.09
Cu(mgg™") 0.581(**) 0.007 0.062 0.078 —-0.015 —-0.035 0.053 0.033 0.087

Fe (mgg~") 0.206(**) 0.164(**) 0.106 0.149(**) 0.129(%) 0.189(**) 0.174(**) 0.202(**) 0.199(*)
Mg (mgg™ 1) 0.430(**) 0.189(*) 0.163(*) 0.214(**) 0.154(*) 0.209(**) 0.203(**)  0.248(*") 0.215(**)
Mn (mgg™") 0.596(*) 0.041 0.071 0.1 0.018 0.005 0.083 0.06 0.092

Ni (mgg~") 0.562(**) 0.027 0.055 0.087 0.01 0.005 0.084 0.072 0.099

Pb (mgg™ 1) 0.548(**) 0.01 0.048 0.081 0.008 —0.008 0.069 0.052 0.089

Zn (mgg~") 0.559(*) 0.012 0.052 0.082 0.001 —0.007 0.071 0.054 0.097
Cyanobacteria 1 0.404(**) 0.492(**) 0.492(**) 0.297(*) 0.355(**) 0.405(**)  0.403(**) 0.319(*)
THB 0.404(**) 1 0.835(**) 0.342(**) 0.302(**) 0.154(*) 0.468(**)  0.442(**) 0.362(**)
Lactobacilli 0.492(**) 0.835(**) 1 0.555(**) 0.426(**) 0.347(*) 0.484(**)  0.509(**) 0.485(**)
Azotobacters 0.492(**) 0.342(*") 0.555(**) 1 0.799(**) 0.804(**)  0.322(**)  0.497(*) 0.478(*)
Actinobacteria 0.297(*) 0.302(**) 0.426(**) 0.799(**) 1 0.575(**) 0.072 0.253(**) 0.257(*)
Fungi 0.355(**) 0.154(**) 0.347(*) 0.804(**) 0.575(**) 1 0.591(**) 0.690(**) 0.610(**)
Yeasts 0.405(**) 0.468(**) 0.484(**) 0.322(*) 0.072 0.591(") 1 0.792(**) 0.677(*)
Thraustochytrids 0.403(**) 0.442(**)  0.509(**) 0.497(**) 0.253(**) 0.690(**) 0.792(**) 1 0.691(*)
Trichoderma 0.319(**) 0.362(*") 0.485(**) 0.478(**) 0.257(*) 0.610(**) 0.677(**) 0.691(*) 1

Significant at p > 0.05; **= p <0.01; *= p <0.05; NS= Not Significant.

adapted to varied physical and chemical conditions of mangrove
systems (Kathiresan, 2000; Holguin et al., 2001a, 2001b; Kathir-
esan and Bingham, 2001; Kathiresan and Qasim, 2005; Rajendran
and Kathiresan, 2007; Sahoo and Dhal, 2009; Kathiresan, 2011).
Microbial density in relation to soil depth and type of mangrove
forests are largely unknown for mangrove sediment, although it is
known for seasonal changes. Bearing this in mind the present
study was undertaken to analyze the microbial density in relation
to the soil physical and chemical characteristics in a mangrove
forest, located in southeast coast of India.

Mangrove is a detritus-based ecosystem and hence is colonized
with a rich population of saprophytic microorganisms, distributed
all through the seasons in order to decompose the organic matter,
available in the biotope. For instance, the highest counts of azo-
tobacters or fungi were recorded in premonsoon, yeasts or
thraustochytrids in monsoon, Trichoderma in summer, and THB or
lactobacilli in postmonsoon. The counts of nitrogen fixing auto-
trophic cyanobacteria were recorded maximum in postmonsoon
and the nitrogen fixing azotobacters in monsoon (Table 1). In
general wet seasons appeared to be favourable for microbial co-
lonization. This is accordance with the fact that the degree of
wetness is an important factor regulating microbial cycling of or-
ganic matter in the mangrove soil (Alongi et al., 1993, 20053,
2005b).

Saprophytic fungi and bacteria contribute to decomposition of
the mangrove material and to the transformation of cycling of
nutrients. Fungi are the primary litter invaders in the mangrove
sediment, reaching their peak in the early phases of decomposi-
tion. Bacterial colonies appear shortly after the litter has been
colonized by fungi. The bacteria grow quickly and can reach very

high densities (Rajendran and Kathiresan, 2007). Zhuang and Lin
(1993) have measured bacterial densities from 2x10° to
10 x 10° g~ ! on Kandelia candel leaves that decomposed for 2-4
weeks in the sediment. This is about 100 times higher than den-
sities of filamentous fungi. This finds support of our data that the
density of total heterotrophic bacteria was higher than that of
fungi in mangrove sediment (Table 1). In spite of variations in
densities of microorganisms, they are living together in association
within the mangrove biotope. Individual group of microorganisms
increased the counts of other microbial floras. For instance, total
heterotrophic bacteria (THB) or lactobacilli or cyanobacteria or
azotobacters or fungi or actinobacteria increased the density of all
other microbial flora studied (Table 4). This was also evident that
the dense mangrove sediment exhibited significantly higher mi-
crobial counts than the sparse mangrove sediment did (Table 1).
Based on the counts of microbes in dense mangrove over sparse
mangrove sediments, it was inferred that the dense mangroves
influenced the microorganisms in a decreasing order:
Actinobacteria > THB > Thraustochytrids > Yeasts > Fungi > Lact-
obacilli > Trichoderma > Azotobacters > Cyanobacteria respec-
tively with 69.5%, 66.1%, 63.5%, 58.9%, 56.6%, 38.9%, 28.4%, 21.4%
and 19.4% higher counts over sparse mangrove sediment. This can
be attributed to litter decomposition process which releases the
nutrients which in turn help in multiplication of both autotrophic
and heterotrophic microorganisms in the mangrove sediment
(Rajendran and Kathiresan, 2004, 2007).

Actinobacteria are Gram positive bacteria and produce cotton-
like structures and they are best known for their ability to produce
antibiotics, vitamins, enzymes, pigments, nutrients and also in
decomposition of mangrove litter (Zhuang and Lin, 1993).
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Mangrove habitat, by virtue of its fluctuating physical and che-
mical conditions are a potential source for isolating the actino-
bacteria (Kala and Chandrika, 1993; Kathiresan et al., 2005; Ka-
thiresan and Manivannan, 2007; Balagurunathan et al., 2010).

Thraustochytrids are perhaps the only group of eukaryotes of
an obligate marine occurrence. Starting from 1950s, substantial
evidences for the presence of thraustochytrids in marine sedi-
ments have been known (Raghukumar, 2002). They can be isolated
from various substrates and appear to be abundant in the sedi-
ments of coastal and estuarine environments (Ulken, 1981; Bon-
giorni, 1999; Raghukumar and Schaumann, 1993). Such wide-
spread occurrence, together with their density and ability to feed
on diverse complex organic substrata, suggests that thrautochy-
trids play an important ecological role within the microbial loop
and in the carbon cycle of marine ecosystems.

Yeasts are ubiquitous saprophytic microorganisms and they
also form part of the microbiota of mangrove ecosystems. The
counts ranged from 0.63 to 12.64 x 10> CFU g~ ! in the present
study. Our laboratory has earlier enumerated their counts in a
range from 1 x 10% to 1.4 x 10* CFU g~ ! of rhizosphere soil of Pi-
chavaram in the same study area (Manivannan and Kathiresan,
2009). This reduction in yeast density might be due to sampling at
different soil depths in the present study. Maximum counts of
yeasts were recorded during monsoon in the present study (Ta-
ble 1), similarly to the previous study (Manivannan and Kathir-
esan, 2009).

Marine cyanobacteria are an important component of micro-
biota in the mangrove ecosystem. The dense mangrove site was
found colonized with higher counts of cyanobacteria than the
sparse mangrove site in Pichavaram (Table 1). Besides density, our
previous study recorded that the diversity also varies with man-
grove forests. The luxuriant mangrove forest in Pichavaram are
represented with 63 species of cyanobacteria; whereas the de-
grading mangroves in Ariyankuppam is colonized with 40 species
of cyanobacteria (Palaniselvam and Kathiresan, 1998). The present
study recorded the cyanobacteria in a range of
0.630 x 10°—~1.725 x 10> CFU g~ ! (Table 1). Our laboratory has
earlier enumerated their counts in a range between 3.1 x 10° and
4.1 x 10* CFU g~ ! of rhizosphere soil in the same study area (Na-
beel et al., 2009). The reduction in cyanobacterial density might be
due to sampling at different soil depths in the present study. Cy-
anobacterial density was maximum in post-monsoon and mini-
mum in monsoon, in contrast to the previous report that summer
has recorded the maximum and postmonsoon does the minimum
count of cyanobacteria (Nabeel et al., 2009).

Lactobacilli are beneficial bacteria that occur abundant in the
root-soil of mangroves (Kathiresan and Thiruneelakandan, 2008).
The present study recorded the lactobacilli in a range of
0.838 x 10>—13.111 x 103 (Table 1). Our laboratory has earlier en-
umerated their counts in a range between 3 x 10 and 3.1 x 10*
colony forming units per gram of rhizosphere soil of Pichavaram in
the same study area. The reduction in cyanobacterial density
might be due to sampling at different soil depths in the present
study Similar to the present study, lactobacilli density has been
reported to be the maximum in post monsoon (November).

The microbial counts reduced in counts significantly (p < 0.01)
with increased depth of soil, as was also evident by a high negative
correlation between soil depths and density of any particular mi-
crobial flora (Tables 1 and 4). This reduction of the microbial
density in the deep soil is due to oxygen deficiency for prolifera-
tion of the aerobic microbes, as evident by a high positive corre-
lation between redox potential (availability of oxygen) and density
of microbial flora (Table 4). The mangrove substrate is unique to be
rich in anaerobic domain which may be colonized by anaerobic
bacteria such as sulphur reducers, methanogens, iron reducers,
manganese reducers etc. (Alongi et al., 2000) and these anaerobes

are likely to contribute greatly to the productivity of anaerobic
domain of mangrove ecosystem, which deserve a special study.

Physical factors of mangrove sediment exhibited profound ef-
fects on microorganisms. In general, the microbial density in-
creased with soil temperature, pH, salinity, silt and clay compo-
sitions, as evident by significant correlation between them (Ta-
ble 4). This revealed the tolerance of soil microbes to temperature,
pH and salinity and hence, the microbial density may not be af-
fected with the sea level rise and global warming issues in the
mangrove sediment. However, actinobacteria appeared to be
sensitive to temperature as evident by a negative correlation be-
tween them (Table 4). All the microbial density increased with
increasing levels of silt and clay and decreased with increasing
level of sand, but the density of azotobacters and actinobacteria
exhibited a reverse trend. It is not clear why the sand increased
their density, in contrast to clay or silt (Table 4).

Chemical factors of mangrove sediment also exhibited pro-
found effects on microorganisms. Mangrove habitats are naturally
nitrogen-deficient as the salinity reduces the availability of nitro-
gen (Kathiresan, 2000) and hence the system is dependent on the
nitrogen fixing microorganisms such as cyanobacteria and azoto-
bacters (Alongi et al., 1993; Vazquez et al.,, 2000; Bashan and
Holguin, 2002). In the present study, soil nitrogen reduced the
counts of azotobacters, fungi, yeasts, thraustochytrids and Tricho-
derma. Soil phosphorus increased the density of cyanobacteria but
reduced aztobacters, fungi and Trichoderma. Soil potassium in-
creased the density of THB, lactobacillus, yeasts, thraustochytrids
and Trichoderma (Table 4).

Soil micronutrients also increased the microbial flora, as evi-
dent by correlation coefficients. For instance, iron increased cya-
nobacteria, THB, azotobacters, actinobacteria, fungi, yeasts, traus-
tochytrids, Trichoderma. Magnesium increased the counts of cya-
nobacteria, THB, lactobacilli, azotobacters, actinobacteria, fungi,
yeasts, thraustochytrids and Trichoderma. Aluminum increased
counts of thraustochytrids, Trichoderma and yeasts (Table 4). The
sparse mangrove sediment had significantly higher levels of Al, B,
Co, Cr, Cu, Mg, Fe, Pb and Zn than the dense mangrove did (Ta-
ble 3). This may be attributed to the higher microbial count in the
luxuriant site which perhaps accumulate and process the metals.
In general, monsoon and post monsoon recorded the maximum
levels of micronutrients in the sediment, while summer did the
maximum levels of Zn and Cu (Table 3).

Sub-surface bacterial communities may sequester nutrients
and bind them within nutrient-limited mangrove mud (Kathiresan
and Bingham, 2001). Thus the microbes are important in con-
trolling the chemical environment of the mangrove system (Hol-
guin et al., 2001a, 2001b; Iwamoto et al., 2000; Jiang et al., 2007;
Zhang et al., 2008). However, physical factors appeared to have
strong influence on the microbial density rather than chemical
factors as evident by correlation analysis among the factors (Ta-
ble 4). Among the physical factors, the dense mangrove sediment
exhibited 15.3 fold higher silt, 4.4 fold more clay, 2.9 fold in-
creasing redox potential, 42.3% lower sand and 10.8% higher pore
water salinity than the sparse mangrove sediment did. Among the
chemical factors, TOC was 52% higher in dense mangrove sediment
than that in sparse mangrove sediment and soil nitrogen was4.5%
higher in the former than in the latter.

Total organic carbon increased significantly (p <0.01) the
density of all microbes studied, as most of them were hetero-
trophically dependent upon the external source of carbon (Ta-
ble 4). The mangroves are able to store large amounts of organic
carbon several meters in depth (Alongi, 1998; Matsui, 1998; Lallier-
Verges et al., 1998; Fujimoto et al.,, 1999; Chmura et al., 2003).
Organic carbon in sediment is a crucial indicator for productivity
of the coastal area (Hasrizal et al., 2009). The mangroves are sig-
nificantly rich in total organic carbon due to the supply of organic
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matter derived from mangrove litter fall and associated micro-
organisms (Alongi, 1998; Volkman et al., 2000; Bouillon et al.,
2004; Kristensen et al., 1998). The mangrove sediment is rich in
the microbial counts due to the availabilities of the higher quan-
tities of organic matters (Rajendran and Kathiresan, 2004, 2007;
Kathiresan and Masilamani, 2005; Nabeel et al., 2010). Thus the
microorganisms appeared to play vital role as a net carbon sink in
the mangrove sediments. Maintenance of a high microbial density
through conservation of dense mangrove forests is essential to
store carbon in the tropical mangrove habitats, in the present
context of increasing level of carbon dioxide in the atmosphere.
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